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   Abstract 

 Our study of biological systems increasingly depends on our 
ability to dynamically and quantitatively measure the molec-
ular processes with high sensitivity, speed, fl exibility, multi-
plexity, throughput, and reproducibility, usually within the 
context of a complex biological and chemical mixture of tiny 
amount. To address these major challenges, plasmon-reso-
nant nanostructure biomolecule hybrids (nano-bio hybrids), 
so-called plasmonic nanobiosensors, are being developed 
and viewed as one key breakthrough area for real-time and 
parallelized biomedical analysis with high sensitivity and 
selectivity. Hereby, we present a solution of integrated 
plasmonic system by synergizing three core techniques: 
(i) nanoplasmonics that manipulates electromagnetic radia-
tion (light) at dielectric-metal interfaces by tuning properties 
of nanomaterials, (ii) nanofabrication and controlled synthe-
sis of nanomaterials containing noble metals (e.g., Au, Ag, 
Pt, and Cu), and (iii) bioconjugates techniques that modify 
surface of nanomaterials with various bioprobes (e.g., anti-
bodies, enzymes, aptamers, and molecular imprint polymers). 
Applications of these plasmonic nano-bio hybrid structures 
are also discussed.  

   Keywords:    genomic sensing;   localized surface 
plasmon spectroscopy (LSPR);   nano-bio hybrids;   plasmonic 
nano-resonance;   plasmonic structures;   proteomic sensing; 
  surface-enhanced Raman spectroscopy (SERS);   surface 
enhancements;   surface plasmons.    

   1. Introduction 

 In view of basic science, to understand biological systems 
increasingly depends on our ability to dynamically and quanti-
tatively measure the molecular processes with high sensitivity, 
speed, fl exibility, multiplexity, throughput, and reproducibil-
ity, usually within the context of a complex biological and 
chemical mixture of tiny amount. A living cell responds to its 
changing environment both inside and outside itself in such a 
dynamic way that hundreds and thousands of signaling pro-
teins, enzymes, siRNA, DNA, mRNA, and transcription and 
translation factors are constantly modifi ed or synthesized, 
transferred from one organelle to another, and perform appro-
priate cell functions in macromolecule complexes, behaving 
like an army of molecular machines working in perfect syn-
chronicity and harmony. These biomolecular complexes are 
not only heterogeneously distributed, recombined, modifi ed, 
and reassembled continuously, but perpetually changed over 
time with the change of surrounding microenvironments  [1] . 
To quantitatively follow the biochemical reactions within 
multi-molecule complexes, it is vital for the general goal of 
intimately following molecular machines in cell signaling, 
growth, differentiation, apoptosis, cell developmental pro-
cesses, and relevant diseases. In the biotechnology industry, 
combinatorial methods are increasingly applied to synthesize 
new biocatalysts or drugs, demanding simultaneous analysis 
of thousands of pathogens, mutants, drug target enzymes, or 
therapeutic drugs themselves. Furthermore, in personalized 
medicine, as dictated by economic reasons, mass application 
of screening and diagnostic tools have to be fast, convenient, 
and low-cost, requiring miniaturization, parallelization, inte-
gration, as well as automation of biosensing devices. 

 To address these major challenges, the best hope lies in cut-
ting edge biosensing research. Among all the biosensors, plas-
mon-resonant nanostructure biomolecule hybrids (nano-bio 
hybrids), so-called plasmonic nanobiosensors  [2, 3] , are being 
developed and viewed as one key breakthrough area for real-
time and parallelized biomedical analysis with high sensitiv-
ity and selectivity. Hereby, we present a solution of integrated 
plasmonic system by synergizing three core techniques: (i) 
plasmonics that manipulates electromagnetic radiation (light) 
at dielectric-metal interfaces by tuning properties of nanoma-
terials, (ii) nanofabrication and controlled synthesis of nano-
materials containing metals (e.g., Au, Ag, Pt, and Cu), and (iii) 
bioconjugates techniques that modify surface of nanomaterials 
with various bioprobes (e.g., antibodies, enzymes, aptamers 
 [4, 5] , and molecular imprint polymers  [6] ). Biomaterials such 
as proteins, DNA, or RNA, have dimensions of 2 – 20 nm, 
similar to those of plasmonic nanostructures, thus, the two 
classes of material are structurally compatible. Plasmonic 
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nanomaterials exhibit unique electronic, photonic, and cata-
lytic properties, providing electronic or optical transduction 
of biological phenomena, whereas biomaterials have unique 
recognition and catalytic properties. Their integration yields 
plasmonic nano-bio hybrid sensors with multiple synergetic 
advantages over traditional molecular imaging techniques: 
sensitivity, stability, biocompatibility, selectivity, and spectro-
scopic imaging capability. Furthermore, recently, signifi cant 
advancements in controlled synthesis and nanofabrication 
 [7 – 9] , theory and electrodynamic modeling of optical prop-
erties  [10 – 12] , and surface functionalization  [13 – 15]  of plas-
monic nanomaterials greatly enhance the ability to control and 
tune the unique optical and electronic properties of plasmonic 
nanostructures through their sizes, structures, composition, and 
shapes, enabling the utilization of huge libraries of probes for 
different analytes in formats such as microarray, microfl uidics, 
MEMS, etc. Thus, plasmonic nanobiosensors promise a great 
potential in the development of high-throughput techniques 
for the parallel analysis of multiple components in samples. 

 These recent advancements in nanotechnology and nano-
plasmonics also enable hybrid plasmonic nanostructures as 
powerful subnanometer and nanometer tools to directly inter-
face with intracellular processes. The plasmonic nanobiosen-
sors focus electromagnetic fi elds to signifi cantly enhance 
spectral information for localized surface plasmon spectros-
copy (LSPR)  [16, 17] , surface-enhanced Raman spectroscopy 
(SERS)  [18, 19] , plasmon resonance energy transfer (PRET) 
 [20 – 22] , and integrated photoacoustic-photothermal contrast 

agents  [23] . In this way, we can obtain quantitative spectral 
snapshots of the complex biochemical reaction over time as 
a result of local biochemistry-induced plasmonic changes. In 
this review, we will discuss nanoplasmonic theory, summa-
rize major nanosynthesis and nanofabrication techniques, and 
describe surface functionalization of plasmonic nanobiosen-
sors. We will then give examples of the applications and sum-
marize the synergetic relationships among these three core 
techniques contained in plasmonic nanobiosensing to address 
the major aforementioned challenges in biosensing research.  

  2. Theoretical background 

 Nanophotonics is defi ned as  “ the science and engineering 
of light matter interactions that take place on wavelength 
and subwavelength scales where the physical, chemical or 
structural nature of natural or artifi cial nanostructured matter 
controls the interactions ”   [24] . One of the major subfi elds of 
nanophotonics is plasmonics, in which manipulation of light 
is based on interaction processes between electromagnetic 
radiation and free-electron plasma (or conduction electrons) 
at dielectric-metal planar interfaces or nanocurved interfaces, 
resulting in surface plasmon-polaritons (SPPs) or localized 
surface plasmon-polaritons (LSPs)  [25] , respectively. A plas-
mon is a quantum quasi-particle representing the elementary 
excitations, or modes, of the charge density oscillations in a 
free-electron plasma  [26] . As shown in Figure  1  A, SPPs are 
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 Figure 1    Illustration of (A) a typical experiment setup (bottom) using surface plasmon polaritons (or propagating plasmon) and a resulting 
refl ectivity spectrum (top) obtained in an angle-solved mode and (B) a typical measurement setup (bottom) using localized surface plasmons 
to refl ect the DNA binding on gold nanoparticles can dramatically shift the scattering peak wavelength of a single gold nanoparticle, and a 
resulting scattering spectrum in biosensing (top)  [27] . Au-Ph are phosphine-coated Au nanoparticles, where phosphine acts as a surfactant to 
solubilize uncoated Au nanoparticle in aqueous solution.    

Brought to you by | University of California - Berkeley (University of California - Berkeley)
Authenticated | 172.16.1.226

Download Date | 7/6/12 12:05 PM



W. Zheng et al.: Nanofabricated plasmonic nano-bio hybrid structures in biomedical detection  215

propagating dispersive electromagnetic (EM) waves coupled 
to the electron plasma of a conductor at the planar interface 
between dielectric and metal materials, having a combined 
EM wave and surface charge character. The surface charge is 
generated by the electric fi eld normal to the surface, whereas 
the EM waves propagate in the  x -direction ( H  is in the  y -
direction, Figure 1A) for distances on the order of tens to 
hundreds of microns. This combined character leads to the fi eld 
component normal to the surface enhanced near the surface 
and decaying exponentially with distance in the  z -direction on 
the order of 10 – 200 nm (Figure 1A)  [28 – 30] . The enhance-
ment reaches its maximum when SPPs resonate with the inci-
dent exciting laser, which is called surface plasmon resonance 
(SPR), corresponding to the minimum refl ectivity as shown 
in Figure 1A. 

 Localized surface plasmon-polaritons are non-propagating 
collective oscillations of the conduction electrons of metal-
lic nanostructures against the background of cationic metal 
cores  [31]  coupled to the incident exciting EM fi eld (light) 
(Figure 1B). For a particle much smaller than the wavelength 
of the exciting light, the dipolar plasmon is dominant in the 
oscillation, which contains an effective restoring force on the 
driven electrons. When the exciting laser light is in resonance 
with the dipolar plasmon, the metal particle will radiate light 
characterized by dipolar radiation  [32] , leading to electrical 
fi eld (E) amplifi cation both inside and in the near-fi eld zone 
outside the particle. This resonance is called the localized 
surface plasmon resonance (LSPR). Typical materials for 
plasmonic applications are noble metals, particularly silver 
or gold. Silver displays sharper and more intense LSPR bands 
than gold, whereas gold nanostructures are chemically more 
stable and biologically more compatible than silver. 

 The plasmon resonance modes depend on the dielectric con-
stants of the metallic nanoparticle and the surrounding mate-
rial. Within the optical frequency range, the complex dielectric 
constants   ε   (  ε    =    ε  ′   + i  ε  ″  ) or the permittivity of the metallic mate-
rials, such as gold and silver, changes rapidly with the light 
wavelength (see Figure  2  ), whereas the dielectric constants 

of dielectric materials remain nearly unchanged. The polariz-
ability  [34]  of the plasmon can be described as follows: 

   α    =  4  π  a 3  (  ε  -  ε   m )/(  ε   + 2  ε   m ) (1) 

 where   ε   m  is the dielectric constant of the surrounding dielec-
tric material and  a  is the radius of the metallic nanoparticle. 
The plasmonic polarizability is maximized when the dielec-
tric constant of metal satisfi es the following condition: 

   ε  ′    =  -2  ε   m ,   ε  ″   → 0 (2) 

 where   ε  ′   and   ε  ″   are the real and imaginary parts of the dielec-
tric constant, respectively. 

 The aforementioned equation does not include the infl u-
ence from the nanoscale structure dimension; however, this 
condition has to be modifi ed when the metallic structure 
approaches the sub-100-nm scale. At this scale, the dimen-
sion of the metallic nanostructure becomes comparable to the 
mean free path length of the conduction electrons in metal. 
The physical boundary of the metallic nanostructures poses a 
boundary condition for the plasmon resonance mode, which 
is redefi ned by the following equation  [34] : 

   ε  ′    =  -(2 + 2.4 x  2 )  ε   m , x  =  2  π  ε   m   1 / 2   a /  λ   (3) 

 where   ε  ′   is the real part of the dielectric constant of the metal 
material,   ε   m  is the dielectric constant of the surrounding dielec-
tric material, and   λ   is the optical wavelength. Nanoplasmonic 
structures are thus referred to the metallic nanostructures with 
the discrete plasmon resonance modes that are dependent on 
the nanostructure geometries and surrounding medium. 

 The response of both SPR and LSPR sensors to change 
of refractive index can be described by using the following 
equation  [35] , which was initially developed for propagating 
SPR  [36] : 

   Δ  λ   max  ≈  m  ( n  adsorbate - n  medium ) [1-exp (-2 d / l   d  )] (4) 

 where   Δ  λ   max  is the wavelength shift when the refl ectance (or 
SPR) spectrum reaches minimum due to resonant absorp-
tion (Figure 1A),  m  is the sensitivity factor,  n  adsorbate  and 
 n  medium  are the refractive indices of the adsorbate and medium 
surrounding the nanoparticle, respectively,  d  is the effective 
thickness of the adsorbate layer, and  l   d   is the electromagnetic 
fi eld decay length. Therefore, both SPR and LSPR sensors 
are highly sensitive to the dielectric properties of the medium 
adjacent to the dielectric-metal interface. Figure 1A shows a 
typical experimental setup and a resulting refl ectance spec-
trum obtained in an angle-solved mode (measured against 
angle of incidence at a fi xed wavelength) that demonstrates 
a resonance angle shift upon binding of analyte in a SPR bio-
sensor, whereas Figure 1B illustrates a typical measurement 
scheme for LSPR biosensors and a resulting scattering spec-
trum that shows resonance wavelength shift upon binding of 
DNA (Au-Ph-DNA, red line) to a phosphine (Ph) surfactant 
coated gold nanoparticle (Au-Ph, green line)  [27] . To selec-
tively bind and detect analytes of interest in biosensing, metal-
lic surface of both sensors is generally modifi ed using various 
strategies such as bioreceptors (Figure 1) and/or hydrophilic 
coating such as Ph as mentioned above  [14, 15] . 
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 Figure 2    Change of the real and imaginary parts of the complex 
dielectric constant (permittivity) of gold with the wavelength in the 
UV, visible, and near-infrared range  [33] .    
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 One of the important driving forces in biosensor research 
is to develop large-scale biosensor arrays composed of highly 
miniaturized signal transducer elements enabling real-time 
and parallel monitoring of multiple species, especially for 
high-throughput screening applications such as drug dis-
covery and proteomics research where many thousands of 
ligand-receptor or protein-protein interactions must be rap-
idly measured. To meet this need, LSPR-sensors stand out 
as better candidates due to the  “ nano ”  advantages over SPR 
 [35, 37] . For example, SPR sensors require at minimum a 
10  ×  10  μ m area for sensing experiments. For LSPR sen-
sors, when delivering the same information as the SPR sen-
sor, the spot size can be minimized down to sub-100-nm 
regime (around a size of a single nanoparticle) using single 
nanoparticle LSPR  [38, 39] . Moreover, because SPR sen-
sors have the sensitivity factor ( m ) (around 2  ×  10 6  nm/RIU) 
higher than LSPR sensors do (around 2  ×  10 2  nm/RIU), SPR 
sensors require accurate control of temperature and complex 
optical instrumentation, whereas LSPR nanosensors do not. 
However, the larger sensitivity factor does not mean that SPR 
sensors are 10,000 times more sensitive than LSPR sensors. 
As indicated in Eq. (4), the short (and tunable) characteristic 
EM fi eld decay length ( l   d  ) enhanced the overall sensitivity of 
the LSPR nanosensors. For example, compared to the 200 –
 300-nm decay length or approximately 15 – 25 %  of the light 
 s  wavelength for the SPR sensors, the decay length of the 
LSPR sensors can reach approximately 5 – 15 nm or 1 – 3 %  of 
the light  s  wavelength  [38] . Therefore, both are very compe-
titive in their overall sensitivities. However, the overall sensi-
tivity of the LSPR nanosensors depends on many factors and 
thus varies signifi cantly. Currently, LSPR  [17]  has not only 
been recognized as an ultrasensitive method for detecting 
molecules of both biological and chemical interest but also 
plays an important role in all other surface-enhanced biosens-
ing techniques such as surface-enhanced Raman scattering 
(SERS)  [19] , surface-enhanced hyper-Raman scattering  [40] , 
surface-enhanced infrared spectroscopy (SEIRS)  [41, 42] , 
and surface-enhanced fl uorescence (SEF)  [43] . 

 Raman scattering is the inelastic scattering of a photon 
from a molecule in which the frequency change precisely 
matches the difference in vibrational energy levels  [19] . 
Raman spectroscopy is a highly specifi c Raman scattering-
based technique that detects and identifi es molecules by their 
unique vibrational fi ngerprints. However, as a scattering 
process, the Raman scattering is exceedingly weak: typical 
Raman scattering cross sections per molecule are in the range 
of 10 -30  and 10 -25  cm 2   [40] . Thus, Raman spectroscopy usu-
ally needs a relatively large volume of molecules to produce 
detectable scattering signal intensities. This disadvantage has 
prevented Raman spectroscopy from many important sensing 
applications such as surface and  in vivo  sensing where the 
number of molecules that produce Raman scattering is small. 
SERS is about Raman scattering of single molecule or an 
ensemble of molecules of interest appearing (e.g., by binding 
and absorbing) in close proximity (within a few nanometers 
to nanoparticle surface) of a plasmonic nanoparticle that will 
produce an enhancement of the Raman signal. It was discov-
ered in 1974  [44]  and correctly explained in 1977  [45, 46] . 

Two primary mechanisms are generally thought to be respon-
sible for large SERS signals  [19, 26, 40, 47, 48] . First, chemi-
cal enhancement (CE) corresponds to any modifi cation of 
the Raman polarizability tensors (  α   

R ) upon adsorption of the 
molecule onto the metal surface. It can result from changes in 
the molecular electronic state or resonant enhancements from 
either existing molecular excitations or newly formed charge 
transfer states. Second, both optical excitation and Raman 
scattering resonate with the LSP modes in the metal nano-
particles (NPs) simultaneously, resulting in local fi eld EM 
enhancement and radiation EM, respectively  [26, 48] . The 
EM contribution is, in any case, believed to be much larger 
(  >  10 2 ) than the CE effect  [17] . More specifi cally  [48] , if we 
assume that  g  is the local fi eld enhancement averaged over 
the surface of the nanoparticle, the average magnitude of the 
local fi eld ( E  s ) around the surface will be:  E   s    =   g  ×  E   0  , where  E  0  
is the magnitude of the incident fi eld. The average molecule 
on surface will then be excited by the enhanced local fi eld  E  s , 
resulting in the Raman-scattered light near the surface with a 
fi eld strength  E   R   ∝   α   R   ×   E   s   ∝  α  R   ×   g  ×  E   0  . The Raman-scattered (or 
radiated) fi elds ( E   R  ) at the Raman-shifted wavelength will be 
further enhanced by the metal nanoparticle with the radiation 
enhancement factor  g ′   in the same way as the optical excita-
tion was, giving the magnitude of the SERS-scattered fi led 
 E   SERS    =   α  R   ×   g ′    ×   E   s   ∝  α  R   ×   g ′    ×   g   ×   E   0  . As the average light intensity 
is proportional to the square of its electromagnetic fi eld, we 
will theoretically have the SERS enhancement factor [assum-
ing that the difference in   α   

R  between SERS and non-SERS 
( E   non-SERS    =    α   R   ×   E   0  ) fi elds can be ignored compared to Ems]: 
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 Assuming that  g  ≈  g ′  , we will have  EF  the fourth-power depen-
dence on  g , the key to the extraordinary enhancements SERS 
provides. This approximation takes advantage of the fact that 
the plasmon width is generally large compared to the Stokes 
shift, especially the low-frequency one. However, for SERS 
on isolated homogeneous particles where the plasmon width 
is small, this assumption leads to an overestimate of the EF 
by factors of 3 or more.  

  3. Controlled synthesis and nanofabrication 

of plasmonic nanostructures 

 The underlying phenomena exploited for nanobiophotonic 
sensing applications is based on the interaction of light and 
matter at nanoscale surfaces. When incoming electromagnetic 
radiation is coupled to localized excitation of conductor elec-
trons at the dielectric-metal interface of a metal nanoparticle, 
quantitative spectral data as a function of local environmental 
changes over time can be gathered  [49] . Utilizing the plas-
mon coupling between neighboring geometrical features, the 
scattering cross-sections of nanostructures should dominate 
over absorption cross-sections resulting in enhanced scatter-
ing spectra of nearby molecular complexes for generation 
of intense scattered radiation  [49] . If the resulting plasmon 
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resonance frequency matches the incoming EM radiation, 
the collective oscillations of the conduction electrons at the 
dielectric-metal interface occurs in-phase, and a highly sen-
sitive, label-free, spectral snapshot of the local biochemical 
environment is obtained. The strong, localized plasmon reso-
nance exhibited by metal nanoparticles is dependent on the 
surrounding environment as well as composition, size, and 
shape of the nanoparticle  [50] . Sharp features, such as those 
exhibited by nanostars, can be exploited for  “ lightning rod 
effects ” , where molecules adsorbed to high curvature surfaces 
show enhanced Raman scattering due to the polarization of 
metal in those regions resulting from the external EM fi eld 
 [49, 51] . 

 The ability to control the morphology of these  “ sensing ”  
elements is essential for large-scale LSPR biosensing applica-
tions, such as SERS. Recent advances in control over nano-
particle size and shape allow the transfer of plasmon energy as 
well as electromagnetic energy to be concentrated and trans-
ported  [50] . Combined with nanostructured surfaces, both 
 in vitro  and  in vivo  static and dynamic molecular interactions 
of chemical and biological molecules can be detected  [50] . 

 Current LSPR and SERS fabrication methods typically 
rely on bottom-up nanostructure synthesis, top-down nano-
structure fabrication, or combinations of both processes. 
With bottom-up methods, nanocrystals are synthesized using 
solution-based chemical or physical processes. The compo-
sition, size, and shape of the nanoparticles depend heavily 
upon control of chemical reactions and conditions during 
synthesis  [16] . Top-down nanostructure fabrication involves 
lithographic techniques utilizing well-established micro- and 
nano-fabrication tools. Modifi ed, or hybrid, assembly fabrica-
tion may involve combinations of bottom-up and top-down 
processes, such as nanosphere lithography (NSL), where 
nanoparticles are used as the masking template for conven-
tional metal deposition techniques and provide another way 
to obtain sub-micron pattern spacing. 

  3.1. Bottom-up chemical synthesis 

 Bottom-up nanostructure synthesis methods include sol-
gel, pyrolysis, hydrothermal, micelles, and chemical pre-
cipitation from supersaturated conditions  [52] . Addition of 
organic ligands or capping materials can achieve size and 
shape control of nanoparticles by inhibiting further crystal 
growth or changing the growth environment to an inert one 
 [52] . Chemical reduction of metal salts with a stabilizer is 
often used to synthesize metal nanoparticles. The stabilizer 
functions as a growth inhibitor in particular directions, thus 
controlling shape as well as providing colloidal stability 
 [16] . A two-step process of metal nanoparticle seeded growth 
can produce diverse shapes such as rods, plates, and pyra-
mids with high reproducibility  [16] . Solution-based synthe-
sis routes typically consist of three stages: fi rst, nucleation; 
second, transformation of nuclei to seeds; and fi nally, seed 
evolution into nanocrystals  [53] . Nanoparticle morphology is 
also controlled by reaction time, temperature, and concentra-
tion of solvents, reagents, and surfactants  [52] . For seeded 
growth, the fi nal shape of the metal nanocrystal is determined 

by the structure of the seed and the capping material binding 
affi nity  [53] . 

 Designing nanoparticles using wet chemical processes 
produces a large variety of shapes and sizes. The sim-
plest form of nanoparticle is the nanosphere, which can be 
formed from seed-mediated growth, as described earlier  [54, 
55] . Geometrical shape infl uences the plasmon resonance 
response. For solid gold colloidal nanospheres, plasmon 
resonance typically occurs around 520 nm and can only be 
tuned around that mode by approximately 50 nm  [56] . The 
shape anisotropy of nanorods can provide additional func-
tionality from two plasmonic resonance modes dependent 
on the radial and longitudinal axes of the nanorod  [50]  and 
tunable by changing the aspect ratio  [8] . Other synthesized 
shapes include cubes, tetrahedrons, octahedrons, triangular 
plates, bipyramids, and triangular plates  [57 – 59] . Mixed 
metallic-alloy and shell-core structures have also been dem-
onstrated  [56, 60] . Nanoshells, which consist of a spherical 
dielectric core encased in a metal shell, have tunable plas-
monic properties highly sensitive to the inner and outer shell 
diameters  [61] , and have the advantage of extending into 
the near-infrared spectrum, a region of relative transparency 
for living tissues  [62] . Combining the advantages of nano-
rod shape anisotropy and nanoshells with tunable plasmon 
resonances results in nanorice, a hybrid nanostructure where 
plasmon resonance tuning occurs by changing the nanorice 
length as well as varying the relative size of inner and outer 
metallic shells  [63] . Branched nanoparticles, such as nano-
stars, are of interest due to their sharp edges and can exhibit 
higher SERS intensity at the tips  [64, 65] . As the LSPR fre-
quency is dependent on both the shape and the size of the 
nanostructures, the wide variety of NPs mentioned above 
can have their LSPR frequency varied from the entire vis-
ible to mid-infrared part of the EM spectrum as shown in 
Figure  3  , demonstrating the highly tunability of plasmonic 
nanobiosensors, which enables a wide variety of applications 
in biomedical detection. 

 When using nanoparticles for biosensing assay-based 
applications, the metal or metal-dielectric nanoparticle sur-
faces are functionalized with biological recognition elements 
that interact directly with analytes in aqueous solution. Some 
diffi culties associated with functionalizing nanoparticles in 
aqueous solutions include dependency on pH, temperature, 
or concentration conditions  [16] . Direct placement of nano-
particles on substrates by condensation, deposition, or elec-
trostatic interaction can be applied to avoid the unintentional 
aggregation of nanoparticles in solution  [16] . Top-down fab-
rication processes and tools, where the nanoscale features are 
produced directly on the substrate with high repeatability, may 
provide an alternative to the multistep process of synthesizing 
nanoparticles by wet chemical means then depositing mono- 
or bi-layers onto substrates. Additionally, integration with 
well-established micro- and nanofabrication processes and 
tools readily provides potential for large-scale manufacturing 
of LSPR and SERS substrates. Modifi ed, or hybrid, processes 
often involve a top-down fabrication technique either for pat-
tern transfer or metal deposition and are also discussed in the 
following section.  
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  3.2. Top-down nanofabrication 

 In addition to utilizing existing and well-established nano-
fabrication tools, top-down fabrication of LSPR and SERS 
substrates can also provide reproducible control over feature 
size, shape, and gap distance between nanostructures. The 
typical process involves two steps. First, nanoscale pattern 
transfer to a substrate must occur with one of the major litho-
graphic techniques, which include electron-beam (EBL), 
nanoimprint (NIL), template (such as anodic aluminum 
oxide, AAO), and nanosphere (NSL). The second process 
can involve metal deposition onto the substrate using vapor 
deposition via chemical (CVD), physical (PVD), oblique-
angle (OAD), or glancing-angle (GLAD) methods, or an 
etching process. Focused ion beam (FIB) milling is another 
technique to create nanoscale features, although unintended 
doping of substrates with gallium ions can modify optical 
properties, especially in the visible light region  [67, 68] . 
Additional techniques to form metal nanostructures include 
laser ablation of metal targets in aqueous solution and elec-
trodeposition, although the latter process is limited to metal-
lic substrates  [69] . Table  1   compares current top-down 
fabrication techniques, using SERS substrates as examples 
for nanoplasmonic biosensors. Typically, the molecule used 
for SERS experiments exhibit a large Raman scattering 
cross-section. 

  3.2.1. Electron-beam lithography (EBL)     EBL is a direct-
write nanopattern transfer method using a virtual mask for 
sequential feature exposure on a substrate. High-resolution 
features down to 10 nm are obtainable  [85] . Advantages 
of EBL include nanoscale feature resolution, control over 

beam energy and dose, elimination of physical masks, high 
accuracy over small regions on a wafer, reduction in defect 
densities, and ability for large depth of focus on changing 
topographies  [85] . Although EBL provides an effective 
method for fabricating reproducible nanoscale features 
including nanodots  [67] , nanowells  [86] , and nanoring 
antennas  [87] , the longer writing times and higher costs are 
the main disadvantages of using EBL for high-throughput, 
low-cost LSPR and SERS applications.  

  3.2.2. Nanoimprint lithography (NIL)     A potential low-
cost, large-scale method for SERS substrate fabrication is NIL. 
The process is twofold: a hard mask, typically made of metal, 
dielectrics or semiconductor material, is pressed into a thin 
layer of polymer heated above its glass transition temperature 
 [88] . When pressed together, the viscous polymer conforms 
to the mold topography, creating thickness variations in 
the substrate upon removal of the mold  [89] . A reactive ion 
etch (RIE) of the substrate completes the pattern transfer. 
NIL processes have been used to create gold rectangular, 
cylindrical, and diamond-shaped nanoblocks based on 
grating mold orientation  [90] , fl at, grated, and pillared silver 
nanostructures for SERS  [91] , and gold nanodisks  [92] . A 
potential disadvantage of the NIL process is the embedded 
cost of fabricating the original mold, which requires access 
to high-resolution lithographic tools, such as EBL. The mold-
making process involves placing resist on the mold substrate, 
nanopattern exposure, hard mask (metal) deposition on the 
template, followed by liftoff and RIE for selective etching 
of the mold  [93] . Once the NIL mold is fabricated, multiple 
transfers provide a high level of repeatability for nanoscale 
features.  
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 Figure 3    Nanoparticle resonance range of plasmon resonances for a variety of particle morphologies  [3] . TEM images of Au spheres (A) 
 [54] , Ag spheres (B)  [55] , SiO 2/ Ag (core/shell) nanoshells (C), and nanorods (D)  [66] ; SEM images of cubes (F)  [58] , nanorices (G)  [63] , and 
triangular plates (E)  [59] .    

Brought to you by | University of California - Berkeley (University of California - Berkeley)
Authenticated | 172.16.1.226

Download Date | 7/6/12 12:05 PM



W. Zheng et al.: Nanofabricated plasmonic nano-bio hybrid structures in biomedical detection  219

  3.2.3. Template-based methods     Template-based 
methods typically utilize the regular array of nanometer scale 
holes in a hard material such as AAO for electrochemical 
deposition of metals, semiconductors, or polymers  [78, 94] . 
For AAO templates, the pore diameter is controlled by 
changes in oxidation conditions and feature sizes can range 
from 5 to 500 nm  [95] . Following material deposition, which 
can include electrochemical, thermal vacuum evaporation, or 
radio frequency (RF) sputtering, the AAO template is removed 
by chemical dissolution  [95, 96] . The advantages of AAO 
templates include large working areas (  >  1 cm 2 ), compatibility 
with different materials, and tunable size properties  [95] . 
AAO-templated nanostructures for plasmonic applications 
include nanorods  [96, 97] , nanopores  [98] , nanopillars 
 [79] , nanowires  [78] , and nanocrescents  [99] . Depending 
on the composition of the electrochemical solution, surface 
roughness and different lengths of resulting nanostructures 
may result  [97] . Branching of nanostructures at the base is also 
another issue with the process and pore diameters of   <  20 nm 
can exhibit irregular patterns  [95, 96] . As shown in Table 1, 
SERS enhancement factors up to 10 5  have been demonstrated 
with a hybrid AAO template and glancing angle deposition 
technique  [84] . Block copolymers (BCPs) are another 
technique to fabricate template-based nanostructures for LSPR 
applications. Nanostructure shapes such as spheres, cylinders, 
and lamellae are all dependent on the composition and chain 
structure of the polymers  [100] , with feature sizes ranging 
from 5 to 50 nm as a function of the BCP molecular weights 
and fi nal self-assembled nanoparticle pattern dependent upon 
the BCP domain symmetry. Although micrometer scale areas 
are achievable, defects can exist at grain boundary edges  [101] . 
Using a combination of top-down and bottom-up processes, 
examples of defect-free, large area BCP domains on templated 
and lithographically defi ned surfaces have been demonstrated 
 [101, 102] . The high cost of extreme ultraviolet interferometric 
lithography limits wide-scale application of the latter process 
 [101] , whereas EBL grooves combined with plasma etching is 
required for the former  [102] .  

  3.2.4. Nanosphere lithography (NSL)     NSL is based on 
templating monolayer or double layer colloidal nanoparticles 
for submicron and nanometer scale patterns. Methods for 
preparing NSL include electrostatic deposition, self-assembly, 
drop casting, spin coating, and evaporation  [95, 103]  forming 
a hexagonal, close-packed monolayer on the substrate with 
controllable size, shape and interparticle spacing  [104] . Metal 
is deposited onto the nanoparticle array by thermal, e-beam 
or pulsed laser deposition, and then the NSL templates are 
removed from the substrate at high temperatures or with 
chemical dissolution using organic solvents  [95] . NSL 
advantages include low-cost, high-throughput, compatibility 
with many materials, and the capability of producing well-
ordered arrays on different substrates  [105] . Nanostructures 
such as nanopillars  [106] , nanohole arrays  [107] , nanowire 
arrays  [108] , nanobowls  [109] , nanotriangles  [104] , 
nanorings  [110] , and nanocrescents  [49]  have been fabricated 
successfully for LSPR and SERS applications. However, 
NSL has several disadvantages. First, formation of colloidal  Ta
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particles into a mask has limited geometries due to the 
hexagonal close packed formation  [111] . Modifi ed NSL with 
varying gaps can be fabricated, involving multiple processes 
such as etching, ion beam techniques, or spin coating prior to 
pattern transfer  [111, 112] . As gap sizes affect the tunability of 
substrate plasmonic resonances  [113] , it is important to have 
fl exibility with adjusting the gap between particles. Because 
the size of nanoparticles and gap distance between holes or 
features are interdependent, control over substrate features 
has additional constraints  [111] . Finally, structural defects 
such as nanosphere polydispersity, dislocations, vacancies, 
polycrystalline domains, or local polystyrene (PS), or latex 
bead disorder are often transferred to the new substrates 
leaving limited defect-free areas ranging from 10 to 100  μ m 2  
 [77, 114] . The NSL method has been modifi ed in multiple 
ways, including transferring monolayers via submersion in 
water  [115] , liquid/gas interface self-assembly  [77] , angle-
resolved NSL  [76] , shadow NSL with annealed PS, and 
fabricating dimers  [16] . For SERS applications, Ag fi lm 
over nanosphere substrates (AgFON) has shown a 10 – 100  ×   
increase in enhancement factor  [107] .  

  3.2.5. Oblique angle deposition (OAD) and glancing 

angle deposition (GLAD)     OAD combines physical vapor 
deposition, such as electron-beam deposition, with steep 
substrate angles   >  75 °  relative to the vapor source. Thin 
fi lms produced by PVD tend to have columnar or porous 
microstructures and tilting the substrate at steep angles 
(  >  75 ° ) relative to the substrate normal leads to geometrical 
shadowing effects and preferential growth of nanostructures 

 [116] . As shown in Figure  4  A, atoms condense and diffuse on 
the substrate surface then form nuclei. The region behind the 
nuclei does not receive additional vapor due to line-of-sight 
self-shadowing so that incoming atoms deposit on the exposed 
face of the nuclei  [118] . Columns then grow from the nuclei 
at an angle dependent on the incoming vapor fl ux direction 
(Figure 4A). Figure 4C shows the OAD shadowing effect on a 
lithographically patterned seed layer. Materials used for OAD 
include metals, metal oxides, silicon, silicon oxides, as well 
as combinations  [117]  and SERS enhancement factors have 
been demonstrated as high as 10 8  (Table 1). 

 When combined with precision motor control, OAD 
becomes GLAD, a method for sculpting thin fi lms. Figure 4B 
shows a typical GLAD apparatus  [119] . The design of nano-
structures depends on both substrate angle relative to the 
vapor source and control over the substrate, often accom-
plished with stepper motors controlling  α  and  φ  rotational 
speeds. As shown in Figure  5  A, fabricated morphologies 
range from close-packed nanospheres and tilted nanowires 
to chevrons, helical posts  [117] , and nanotubes  [124] . Silicon 
nanowires can be used as templates for high aspect ratio 
hollow nanostructures  [124] . In this case, the tube wall thick-
ness is dependent on the reaction rate and duration of LPCVD 
coating and crystallinity is a function of the temperature or a 
post-process anneal  [124] . More complicated structures such 
as helical columns and zigzag nanotube arrays, and square 
spiral structures have also been demonstrated  [124 – 126] . As 
shown in Table 1, Ag nanorods were fabricated and tested 
using R6G, although the enhancement factor was not cal-
culated because 10 -14  mol/l was the detection limit for the 
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 Figure 4    Schematic of oblique angle deposition (OAD) or glancing angle deposition (GLAD). (A) Conceptual illustration of column growth. 
(B) A typical GLAD apparatus that consists of a rotation stage with substrate angle adjustment  [117] . (C) Example of shadowing effect with 
lithographically patterned substrate.    
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particular substrate. Although GLAD techniques show prom-
ise for further morphology control of substrates, further opti-
mization is required to better control spacing, size, and shape 
of nanostructures  [83] . 

 Although traditional GLAD and OAD processes yield ran-
domized nanostructure formation which in turn produces rods 
of varying lengths  [82] , periodic arrays of lithographically 
patterned seed areas can restrict growth to specifi c regions 
by taking advantage of the self-shadowing effect  [126] . 
Conventional micro- or nanofabrication tools can be used to 
pattern desired seed topography. These seeds then defi ne the 
initial stages of fi lm growth by removing the randomness of 
nucleation sites  [117] . Successful seed patterning depends on 
several parameters: fi rst, the seed diameter should be of simi-
lar diameter as an individual column to avoid multiple col-
umns growing per seed; second, column broadening can be 

avoided by designing the relative density of the GLAD fi lm 
close to the portion of the substrate area covered by patterned 
seeds; fi nally, column formation between seeds can be pre-
vented by careful placement of the seed shadow  [119] . Seed 
dimensions are typically several hundred nanometers for inor-
ganic materials with intervals of 100 nm to 1  μ m and require 
large patterned areas ( ∼ several mm 2 )  [117] . Figure 5B shows 
examples of patterned seed layers and resulting GLAD nano-
structure formation. GLAD techniques can also be used to 
fabricate hetero-nanostructures including gold-coated silicon 
 “ matchsticks ”  for biosensing applications  [127]  and gold-ti-
tanium dioxide-gold sandwich structures for LSPR substrates 
 [121] . For OAD seed patterned silver nanorods, SERS inten-
sities were also shown to increase as both diameter and rod 
spacing decreased  [128] , indicating that morphology control 
may help improve SERS detection.    

a

a

c d e

b

A

B

c ed

1 μm

1 μm

1 μm 1 μm

100 nm

400 nm 1000 nm

b

 Figure 5    Various morphologies fabricated by GLAD. (A) Various non-patterned morphologies: Ag spheres (a) and tilt nanowires (b), 
Si chevrons (c) and helical posts (d)  [117] , and nanotubes (e)  [120] . (B) Various patterned nanostructures fabricated by combining GLAD 
with e-beam lithography (a, b)  [121, 117] , nanosphere lithography (c)  [122] , and photolithography (d)  [123]  and (e).    
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  4. Surface biofunctionalization of plasmonic 

nanomaterials 

 The signifi cant advancement in controlled nanofabrication 
offers researchers the capability to tune plasmonic properties 
of nanomaterials. However, the surface of plasmonic nanoma-
terials (gold and silver NPs are most common) cannot interact 
with the biological analyte selectively. To overcome this limit, 
surface functionalization techniques of nanomaterials by bio-
logical recognition elements (bio-receptors or bio-probes) 
have recently been developed to form hybrid nanomaterials 
that incorporate the highly selective catalytic and recognition 
properties of biomaterials such as enzymes and DNA, with 
the highly sensitive and easily tunable electronic and photo-
nic features of plasmonic nanomaterials  [13, 15, 129] . 

 Often, NPs synthesized in organic medium tend to aggre-
gate to form clusters in an aqueous solution that is generally 
required by biomedical applications. Therefore, before they 
can be modifi ed by any bioreceptors, water solubilization is 
required, during which colloidally unstable NPs are stabi-
lized in an aqueous solution by conjugating with hydrophilic 
ligands. One way to stabilize NPs is by coulombic repulsion. 
It requires the ligands to be ionic. Another way to stabilize 
NPs is steric stabilization, during which NP aggregation is 
prevented by coating with a physical barrier. The barriers 
include polymeric ligands, such as poly (ethylene glycol) 
(PEG)  [130]  and small-molecular ligands such as bis(p-sul-
fonatophenyl) phenylphosphine surfactants  [27] . All these 
ligands for water solubilization are then replaced by phase 
transfer or ligand exchange or modifi ed by ligand addition 
with desired biofunctional ligands  [13] . Water solubilization 
may be performed either as the fi nal stage of the biofunction-
alization process of NPs or as an intermediate stage. 

 Four strategies are generally used to functionalize the sur-
face of plasmonic nanomaterials (typically Au, Ag, and Cu 
surface) with biomolecules such as bioreceptors. The fi rst 
is electrostatic adsorption of positively charged biomole-
cules to negatively charged nanoparticles or vice versa. For 
example, gold and silver NPs synthesized by citrate reduc-
tion are stabilized by citrate ligands at pH slightly above 
their isoelectric point, resulting in the anionic citrate coated 
NPs that can be bound to the positively charged amino acid 
side chains of immunoglobulin G (IgG) molecules  [131] . 
The second strategy is ligand-like binding to metallic sur-
face of plasmonic nanomaterials by chemisorption of, e.g., 
thiol groups. Metal nanostructures can be functionalized 
with  l -cysteine through the Au-S bonds and then bound to 
target proteins through peptide bonds with the cysteine moi-
eties  [132] . They can also be directly bound to thiol deriva-
tive analytes such as protein containing cysteine residues 
(e.g., serum albumin)  [133]  or thiolated DNA  [134, 135] . 
The third strategy is covalent binding through bifunctional 
linkers, exploiting functional groups on both particles and 
biomolecules. The bifunctional linkers have anchor groups 
that can be attached to NP surfaces and functional groups 
that can be further covalently coupled to the target biomol-
ecules. They are extensively used to covalently conjugate 
biomolecules with various NPs  [136] , especially when 

no linking moieties such as thiol groups are available in 
biomolecules. The common anchor groups include thiols, 
disulfi des, and phosphine ligands that are used to bind the 
bifunctional linkers to Au, Ag, CdS, and CdSe NPs. The 
fourth strategy is based on non-covalent, affi nity-based 
receptor-ligand systems. More specifi cally, nanoparticles 
are functionalized with bioreceptors (e.g., antibodies) that 
provide affi nity sites for binding of the corresponding 
ligand (e.g., antigens) or ligand-modifi ed proteins and oli-
gonucleotides. The most well known example in the past 
several decades is the avidin-biotin system  [137, 138] . For 
example, biotinylated proteins (e.g., immunoglobulins and 
serum albumins) or biotinylated oligonucleotides (e.g., 
single-stranded DNA, ssDNA)  [135]  have been widely used 
to modify streptavidin-functionalized Au NPs by affi nity 
binding  [136] . Regarding molecular recognition, the sys-
tem consists of the small molecule biotin (vitamin H) as 
ligand, and the globular protein avidin that is present, e.g., 
in egg whites as a receptor. Avidin consists of four identi-
cal subunits, yielding four binding pockets that specifi cally 
recognize and bind to biotin. The dissociation constant is of 
the order of 10 15   m  and the affi nity bond, although not cova-
lent, is found to be extremely stable, resisting harsh chemi-
cal and physical (e.g., elevated temperature) conditions.  

  5. Applications 

 The strong optical response of plasmonic nanostructures due 
to LSPR is also critical to many biomedical applications. The 
different optical responses that result from this phenomenon 
and the corresponding applications are shown in Figure  6  . 
Light scattering is used primarily in imaging techniques such 
as optical coherence tomography (OCT) where the presence 
of particles with large scattering cross-sections enhances 
image contrast, and dark-fi eld microscopy, where transmit-
ted light is blocked and scattered light is collected, showing 
scattering particles with a bright color against a dark back-
ground. Absorption is used in a variety of techniques that take 
advantage of the fact that strongly absorbing plasmonic nano-
structures can become highly localized heat sources when 
irradiated with a laser through the photothermal effect. The 
generated heat can be used to initiate release in drug deliv-
ery systems, enhance contrast in optical imaging techniques 
such as photoacoustic imaging, and provide photothermal 
treatment. Examples for some of those techniques will be 
described in more detail in the following sections. 

  5.1. Case 1: molecular plasmonic rulers 

 F ö rster resonance energy transfer (FRET) has served as a 
molecular ruler to monitor conformational changes and 
measure intramolecular distances of single biomolecules 
 [139 – 141] . However, such a ruler can suffer from diffi culty 
in distinguishing changes in relative dye orientation from 
changes in distance  [139] , limited observation time of a 
few tens of seconds due to blinking and rapid photobleach-
ing of fl uorescence, and an upper distance limit of  ∼ 10 nm. 
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Silver and gold NPs have LSPR in the visible range and do 
not blink or bleach. Sonnichsen et al. have exploited LSPR 
wavelength shifts as a new class of molecular ruler to moni-
tor distance between ssDNA linked single pairs of Au, Ag 
NPs or both  [135] , overcoming the limitations of organic 
fl uorophores  [142, 143] . They fi rst attached a streptavidin 
functionalized NP to the bovine serum albumin (BSA)-
biotin coated glass surface and then introduced a second 
NP modifi ed by thiol-ssDNA-biotin bifunctional linker to 
be attached to the fi rst NP via biotin/streptavidin binding 
(Figure  7  A, C). Light scattering was measured by transmis-
sion dark fi eld microscopes (Figure 7A). For both gold and 
silver NPs, they observed the signifi cant color change and 
spectral shift between a single isolated NP and a pair of 
adjacent NPs (Figure 7B – E). The LSPR shift was used to 
follow the directed assembly of gold and silver nanoparticle 
dimer in real time. The team also used the ruler to study the 
kinetics of single DNA hybridization events by monitoring 
the LSPR shift (Figure 7F) due to the resulting 2-nm dis-
tance increase between the pair of the adjacent NP. These 
 “ plasmon rulers ”  make it possible to continuously moni-
tor separations of up to 70 nm for   >  3000 s and become an 
alternative to dye based FRET for  in vitro  single-molecule 
experiments, especially for applications demanding long 
observation times without dye bleaching. 

 Liu et al. demonstrate another molecular ruler in which 
double-stranded DNA (dsDNA) is attached to a 40-nm Au 
nanoparticle through the thiol-Au chemistry  [27] . Instead of 
monitoring the LSPR between a pair of DNA linked metal 
NPs, they monitor the LSPR of individual Au-DNA conju-
gates cleaved by various endonuclease enzymes. The team 
found that the LSPR   λ   max  increases with the increased length 
of the attached dsDNA (Figure  8  ). An average   λ   max  red-
shift of approximately 1.24 nm is observed per DNA base 

pair. They also used this nanoplasmonic molecular ruler to 
monitor, in real time, DNA being digested by an enzyme. 
Therefore, this system allows for a label-free, quantitative, 
real-time measurement of nuclease activity with a time 
resolution of one second due to high quantum effi ciency of 
Rayleigh scattering compared with fl uorescence or Raman 
scattering. They can also serve as a new DNA footprinting 
platform that can accurately detect and map the specifi c 
binding of a protein to DNA, which is essential to genetic 
information processing  .  

  5.2. Case 2: plasmonic Fano resonance protein sensor 

 Another type of plasmonic resonance sensor is a nanoreso-
nance device which shows both light and dark plasmon reso-
nance mode  [144] . Yanik et al. introduced an ultrasensitive 
label-free detection technique based on asymmetric Fano 
resonances in plasmonic nanoholes (Figures 9 and 10)  [145] . 
To fabricate high-quality sensors, they used a lift-off free 
evaporation fabrication technique with uniform and precisely 
controlled nanofeatures over large areas with resonance line-
widths comparable to that of the simulated structures (Figure 
9). By exploiting extraordinary light transmission phenomena 
through high-quality factor ( ∼ 200) subradiant dark modes in 
the nanoholes, they experimentally demonstrated high sen-
sitivity for intrinsic detection limits surpassing that of con-
ventional surface-plasmon sensors. The high sensitivities are 
attributed to the suppression of the radiative losses owing to 
the sub-radiant nature of the Fano resonances which exhibit 
dramatic intensity changes to small perturbations within their 
local environment. The researchers show direct detection of a 
single monolayer of biomolecules with the naked eye using the 
plasmonic Fano resonance sensor by eliminating the need for 
fl uorescent labeling and optical detection instrumentation.  
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 Figure 6    Localized surface plasmon resonance (LSPR) is the origin of a number of interesting phenomena observed with plasmonic 
nanostructures.    
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gold particle pairs appear orange (right). (E) Representative scattering spectra of single particles and particle pairs for silver (top) and gold 
(bottom). The LSPR scattering spectrum for silver NPs shows a larger LSPR shift (102 nm vs. 23 nm), stronger light scattering, and a smaller 
half width at half maxima (HWHM) than gold particles. (F) Example of the LSPR spectral shift between a gold particle pair connected with 
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  5.3. Case 3: coupling LSPR with SERS 

 For a particular Raman band, Van Duyne and his team found 
that the optimal condition is achieved when the LSPR  λ  max  
equals the excitation wavelength (in absolute wavenumbers) 
minus one-half the Stokes shift of the Raman scattering band 
 [75] . Furthermore, the LSPR can be easily tuned by chang-
ing the size and shape of NPs. Therefore, LSPR nanobiosen-
sors become ideal candidates for a complementary molecular 
identifi cation platform to SERS  [17]  so that Raman fi ngerprint 
could be used to identify unknown molecules that cannot be 
achieved by biological recognition elements of LSPR nanobio-
sensors. The team demonstrated the complementary nature of 
LSPR spectral-shift assays and SERS molecular identifi ca-
tion with the anti-dinitrophenyl immunoassay system  [146] . 
Binding of the anti-dinitrophenyl ligand to 2,4-dinitrobenzoic 
acid was quantifi ed by measuring LSPR shift, whereas SERS 
was used to verify the identity of the adsorbed molecules. 

 Notably, Coppe et al. present a unique solid surface of high-
aspect-ratio silver-coated silicon nanocone arrays that allows 
highly uniform molecular deposition and thus subsequent uni-
form optical imaging and spectroscopic molecular detection 
without any surface chemistry modifi cation (Figures 11 and 12) 

 [147] . Both dye molecules and unlabeled oligo or peptides are 
printed on the metallic nanocone photonic substrate surface as 
circular spot arrays. In comparison with the printed results on 
ordinary glass slides and silver-coated glass slides, not only 
high-printing density but also uniform molecular distribution 
in every deposited spot is achieved. The high-uniformity and 
repeatability of molecular depositions on the  “ coffee stain ” -
free nanocone surface is confi rmed by laser scanning fl uores-
cence imaging and SERS imaging experiments. The physical 
mechanism for the uniform molecular deposition is attributed 
to the super hydrophobicity and localized pinned liquid-
solid-air interface on the silver-coated silicon nanocone sur-
face. The unique surface properties of the presented nanocone 
surface enabled high-density, high-uniformity probe spotting 
benefi cial for genomic and proteomic microarrays and sur-
face molecular imaging.  

  5.4. Case 4: silver-enhanced arrays 

 Taton et al. signifi cantly improved the selectivity and sensitiv-
ity of arrayed detection of nucleic acids by silver-coated gold 
nanoparticles (GNPs) (Figure 13)  [142] , comparing to the 
analogous fl uorophores system. Nucleic acid target sequences 
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were sandwiched between oligonucleotides functionalized 
GNPs and an array of allele-specifi c capture probes covalently 
bound to a glass substrate. After the enhancement by developed 
silver coating, the arrays (spot size after enhancement is 200 
 μ m) were imaged with an ordinary document scanner (600 
dots per inch) and analyzed with standard imaging software 
(Adobe Photoshop, Adobe Systems Incorporated, San Jose, 
CA, USA). Sensitivity was greater than the one when a fl uo-
rescent dye was used as the label by two orders of magnitudes. 
When hybridization was carried out at the highest temperature 

of 50 ° C, selectivity for perfectly matched sequences over single 
base mismatches was improved over three times. More recently, 
the sensitivity of this approach has been further improved at 
Nanosphere, Inc. (Northbrook, IL, USA) by automating the 
silver enhancement with an imaging system in which evanes-
cent light is generated by total internal refl ection and scattered 
by the silver-coated GNPs. The scattered light was detected by 
a CCD camera  [148 – 150] . In this way, unamplifi ed DNA and 
RNA target sequences became detectable in the presence of 
genomic DNA. In a typical genotyping assay, genomic DNA is 
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lithography. SEM images of the fabricated devices are shown for (A) p = 600 nm, d = 180 nm and (B) p = 580 nm and d = 230 nm, where p is the 
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fragmented (size: 300 – 500 base) and hybridized to a microar-
ray premodifi ed by allele-specifi c capture oligonucleotides. 
Those fragments were then labeled with oligonucleotides modi-
fi ed GNPs. After washing away unbound GNPs, SPP modes of 

the silver-shell coated GNPs are coupled with the evanescent 
fi eld induced by total internal refl ection of either white light or 
light from LEDs (  λ   max  : 630 nm). The resulting enhanced scat-
tering light, the signal, is quantifi ed with a proprietary reader 
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(Verigene ID ™ , Nanosphere Inc, Northbrook, IL, USA). At 
various exposure times, each microarray is scanned multiple 
times. As a result, this system can genotype multiple genes in 
the same sample in approximately 1 h with as little as 500 ng 
of input genomic DNA (comparable to the amount present in a 
single drop of blood).   

  6. Conclusion 

 Plasmonic nanobiosensors are built on the synergetic combi-
nation of plasmonic nanostructures, plasmonics, and surface 
biofunctionalization. The resonant EM behavior of noble-
metal NPs, so-called plasmonic behavior, is due to the confi ne-
ment of the conduction electrons to the small particle volume. 
Exquisitely controlled synthesis and fabrication of plasmonic 
nanostructures are combined with advances in theory and the 

emergence of quantitative EM modeling tools. This combina-
tion provides an increased understanding of the optical proper-
ties of isolated and electromagnetically coupled nanostructures 
of various sizes and shapes. This increased understanding of 
plasmonics enables us to more effectively design and syn-
thesize plasmonic nanostructures that fi t the need of different 
applications. Plasmonic nanostructures offer a highly sensitive 
response to the dielectric change of the environments within 
tens of nanometers from nanomaterials surface. Surface bio-
functionalization integrated unique recognition properties 
of bioreceptors with unique optical properties of plasmonic 
nanostructures to make the originally non-specifi c but sen-
sitive dielectric response specifi c to the analyte of interest. 
Furthermore, the bioreceptors (e.g., enzymes, antigens, and 
antibodies) have dimensions in the range of 2 – 20 nm, similar to 
those of nanostructures, indicating that the two classes of mate-
rials are structurally compatible. The size of the bioreceptors 
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also dictates the low limit on the minimum size of plasmonic 
nanomaterials for biosensing. The nanosize of both bioreceptors 
and nanostructures made highly miniaturized signal transduc-
ers possible, whereas multiplex, real-time, and parallel sensing 
can be achieved by combining the highly tunable size, shape, 
structures, and composition of plasmonic nanostructures with a 
wide variety of available bioreceptors and rapid development 
of surface biofunctionalization strategies. 

 This synergetic combination of plasmonic nanostructures, 
plasmonics, and surface biofunctionalization offers plas-
monic nanobiosensors the attractive advantages over other 
biosensors to better address the major challenges previously 
mentioned in biosensing. First and foremost, plasmonic nano-
biosensors have tunable optical properties to fi t a wide variety 
of applications. The frequency and intensity of the nanopar-
ticle LSPR extinction or scattering bands are highly sensitive 
to size, shape, orientation, composition, and structure (e.g., 
shell-core structure) of the NPs, as well as the local dielectric 
environments, which reduce or eliminate amplifi cation pro-
cedures. Therefore, the LSPR can be tuned during fabrication 
by controlling these parameters with a variety of chemical 
synthesis and nanofabrication techniques. The nanoparticle 
array-based biosensors can also be transitioned to single NPs 
to improve LSPR sensitivity to the level of a single molecule. 
In addition, plasmonic nanobiosensors possess greater spa-
tial resolution, both lateral and normal, compared with SPR. 
The ultimate lateral spatial resolution is achieved with single 
NPs. Plasmonic nanobiosensors have an inherent advantage 
of the label-free nature over other optical biosensors that 
require organic fl uorescent dyes and/or inorganic agents such 

as quantum dots to transduce the binding event because the 
measured quantity is the optical response of the metal. The 
label-free nature can signifi cantly reduce sample preparation 
procedures for biosensing. Moreover, unlike fl uorophores, 
plasmonic NPs do not blink or bleach, providing a virtually 
unlimited photon budget for observing molecular binding over 
arbitrarily long time intervals, which makes long-term con-
tinuous biosensing possible. Moreover, observation of local 
surface plasmons can be done using simple and inexpensive 
spectrophotometric equipment in the transmission (or refl ec-
tion) confi guration, which is important for fabricating a large 
biosensing array that consists of thousands of biosensors. 

 In conclusion, from a speculative viewpoint, the fi eld will 
evolve in 5 – 10 years time mainly in the following directions: 
(i) plasmonic nanoresonance sensors with much higher sensi-
tivity than conventional plasmonic resonance biosensors; (ii) 
plasmonic sensor devices made by advanced nanomanufac-
turing methods; (iii) beyond the molecular level, advances in 
complex system and detection background such as cellular, 
intracellular, and tissue-level detection with plasmonic cou-
pling devices; (iv) functional genomics and proteomic sensing 
by plasmonic and SERS devices; (v) combination of current 
plasmonic nanomaterials with other nanomaterials such as 
quantum dots and metamaterials to improve the tunability 
and sensitivity and enable new synergized advantages; (vi) 
combination of different plasmonic sensing techniques such 
as SERS and LSPR; (vii) overcome the challenges in using 
LSPR sensing as a laboratory tool for molecular biology; and 
(viii) overcome the challenges in using LSPR sensing as a 
medical diagnostic tool.  
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  7. Executive summary 

    Plasmon-resonant nano-bio hybrids, so-called plasmonic • 
nanobiosensors, synergize three core techniques: (i) 
plasmonics that manipulate light at nanoscale dielectric-
metal interfaces for high sensitivity due to the resulting 
surface-enhanced light; (ii) nanofabrication and controlled 
synthesis of nanomaterials containing metals (e.g., Ag and 
Au) for high tenability; and (iii) bioconjugates techniques 
for high selectivity.  
  Plasmonic nanobiosensors are being developed and viewed • 
as one key breakthrough area to address these major chal-
lenges in biosensing research and personalized medicine: 
real-time and parallelized biomedical analysis with high 
selectivity and sensitivity.  
  Surface plasmons include non-propagating LSPs and • 
propagating SPPs. Both are essential for surface-enhanced 
biosensing techniques such as SEF, SPR, LSRP, SERS, and 
SEIRS.  
  Current fabrication methods for LSPR and SERS substrates • 
typically rely on bottom-up nanostructure synthesis, top-
down nanostructure fabrication, or combinations of both 
processes to achieve the well-control of the size, shape, com-
position, and confi guration of plasmonic nanostructures.  
  Surface functionalization techniques of nanomaterials by • 
biological recognition elements have recently been de-
veloped to incorporate the highly selective catalytic and 
recognition properties of biomaterials into plasmonic 
nanobiosensors.  
  Future perspectives.      • 
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