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The resonance conditions for excitation of propagating surface plasmons at planar metal/dielectric
interfaces and localized surface plasmons associated with metal nanostructures are both sensitive to
changes in the interfacial refractive index. This has made these phenomena increasingly popular as
transducer principles in label-free sensing of biomolecular recognition reactions. In this article, the
authors review the recent progress in the field of nanoplasmonic bioanalytical sensing in general, but
set particular focus on certain unique possibilities provided by short-range ordered nanoholes in thin
metal films. Although the latter structures are formed in continuous metal films, while nanoparticles
are discrete entities, these two systems display striking similarities with respect to sensing
capabilities, including bulk sensitivities, and the localization of the electromagnetic fields. In
contrast, periodic arrays of nanoholes formed in metal films, most known for their ability to provide
wavelength-tuned enhanced transmission, show more similarities with conventional propagating
surface plasmon resonance. However, common for both short-range ordered and periodic nanoholes
formed in metal films is that the substrate is electrically conductive. Some of the possibilities that
emerge from sensor templates that are both electrically conductive and plasmon active are discussed
and illustrated using recent results on synchronized nanoplasmonic and quartz crystal microbalance
with dissipation monitoring of supported lipid bilayer formation and subsequent biomolecular
recognition reactions. Besides the fact that this combination of techniques provides an independent
measure of biomolecular structural changes, it is also shown to contribute with a general means to
quantify the response from nanoplasmonic sensors in terms of bound molecular mass. © 2008
American Vacuum Society. �DOI: 10.1116/1.3027483�

I. INTRODUCTION

Under certain conditions the interaction of light with
metal structures results in the excitation of propagating
and/or localized surface plasmons, which are both collective
oscillations of the free electrons in the metal. The significant
research efforts currently undertaken on studies of these phe-
nomena are motivated by the huge potential of plasmonic
devices foreseen in diverse areas such as solar cells,1 light
emitting diodes,2 bioimaging,3 and both medical diagnostics4

and therapy.5 The growing interest in different aspects of
plasmonics also stems from a combination between the rapid
development of advanced top-down and bottom-up nanofab-
rication techniques6 and the progress recently made with re-
spect to theoretical representations of the optical properties
of nanoscale metal objects.7–10 The fabrication is generally
made using either wet-chemical synthesis or surface-based
lithography methods or a combination of these. While the
former method is best suited for production of suspended
metal nanoparticles with controlled sizes and shapes, and
thus with variable plasmonic properties,11–14 the latter con-

cept provides controlled spatial distribution of surface-
attached nanoparticles,6,15,16 including fabrication of sand-
wiched structures.17 In combination with, for example,
material-specific surface chemistries, the combination of the
two can also be used to control the positioning of suspended
nanoparticles on nanofabricated substrates.18 Furthermore,
surface-based lithography methods can be used to fabricate
continuous metal structures that display plasmonic proper-
ties, such as nanometer-sized apertures in both optically
transparent and opaque metal films.19,20 A detailed account
on the fabrication of the most common nanoplasmonic struc-
tures can be found in the recent review by Stewart et al.21

With focus on applications in the field of bioanalytical
sensing, we review in this article the optical properties of
different plasmonic structures, including �i� planar metal
films, �ii� metal films perforated with periodic nanoholes,
�iii� discrete metal nanoparticles, and �iv� short-range or-
dered nanoholes in metal films �the short-range order is re-
ferred to as a structure without long-range periodic order, but
with a narrow nearest-neighbor distance distribution �Ref.
15��, with particular focus on the latter structure, and refer to
recent reviews by others21–25 for detailed accounts on the
former structures. The prime aim of this article is to address
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features and potentials that are common irrespective of
which nanostructure that is utilized and also to discuss appli-
cations that are unique for certain structures. While periodic
arrays of nanoholes have been shown to display certain simi-
larities with conventional grating-coupled propagating sur-
face plasmon resonance �SPR�,26 nanoparticles and short-
range ordered nanoholes both display plasmonic fields that
are highly localized to the particle or the void of the holes,
respectively.20,27 However, there are also significant differ-
ences between the latter two structures, which may have
strong implications on their potential use as transducer ele-
ments in bioanalytical sensors. In their use as traditional af-
finity sensors, in which case biorecognition reactions are de-
tected by recording the colorimetric changes of the sensor
elements induced upon changes in interfacial refractive in-
dex, there is no principle difference between the two sys-
tems. The method of choice should rather be determined
from the sensitivity, simplicity of fabrication, preferred sur-
face modification, and robustness. Discrete nanoparticles,
however, can be suspended in solution, which may be ben-
eficial in some applications, where sensing within living cells
is one recent example.28 On the other hand, the continuity of
metal films perforated with nanoholes provides a unique op-
portunity for combining nanoplasmonic sensing with other
transducer formats that rely on electrical readout. These as-
pects, which are of outmost importance depending on the
systems under investigation, are addressed with suitable ex-
amples from us and others, with focus on the use of nano-
plasmonic sensors to analyze biomolecular structural
changes and means to quantify the response from nanoplas-
monic sensors in terms of bound molecular mass.

II. CONVENTIONAL SURFACE PLASMON
RESONANCE

Propagating surface plasmons, often denoted surface plas-
mon polaritons �SPPs�, are electromagnetic waves bound to a
metal surface. When excited, these waves propagate at the
interface between the metal and a dielectric material �see
schematic illustration in Fig. 1� with typical propagation
lengths on the order of tens of micrometers.29 The electro-
magnetic field associated with SPPs decays exponentially
from the metal surface with a decay length on the order of

hundreds of nanometers.29 The wave vector, kSPP, of SPPs
with angular frequency � depends on the dielectric function
of the metal, �m, at that frequency and the refractive index of
the surrounding medium, n, according to the dispersion
relation30

kSPP =
�

c
� �mn

2

�m + n
2 , �1�

where c is the speed of light in vacuum. For a photon trav-
eling in a medium with refractive index n2 the component of
the wave vector that is parallel to a planar metal/dielectric
interface is

kphoton =
�

c
n2 sin � , �2�

where � is the incidence angle �see Fig. 1�. A comparison
between Eqs. �1� and �2� shows that photons incident from
the sensing side of the device �n2=n� cannot excite SPPs
because the dispersion relation of these photons do not coin-
cide with that of the surface plasmons ��m is negative�. In
other words, irrespective of wavelength, there are no angles
of incidence at which both the frequency �energy� and the
wave vector �momentum� of photons and SPPs are matched.
This can be circumvented by exciting SPPs with light guided
via a glass prism �n2=nglass� in optical contact with the back
of a sample. In this setup, called the Kretschmann configu-
ration �see Fig. 1�,31 the incidence angle of the light at a
given wavelength can be tuned to fulfill the resonance con-
dition according to

� = arcsin� n

nglass
� �m

�m + n
2� . �3�

Alternatively, using white light incident at a given angle,
SPPs are excited at a unique wavelength.

Equation �3� shows that the resonance condition for exci-
tation of SPPs is dependent on the refractive index of the
surrounding medium. In a pioneering work by Liedberg et
al.30 this was utilized to monitor antigen-antibody binding
reactions on a silver surface in real time. After the report of
the first SPR biosensor, several commercial systems have
been developed and are today widely used worldwide. Al-
though they will not be further discussed herein, it is worth
mentioning that several extensions of the concept have been
developed, including imaging SPR,32,33 providing real-time
measurements of biorecognition reactions with down to
100 �m resolution, and surface plasmon-enhanced fluores-
cence spectroscopy.34

As evident from Eqs. �1� and �2� light at normal incidence
have no momentum parallel to the surface and cannot excite
SPPs at a planar metal/dielectric interface. Still, working at
normal incidence would significantly simplify the experi-
mental setup and indeed this can be accomplished by cou-
pling the light using a grating on the metal surface.23,35,36 At
normal incidence light diffracted by the grating can then ob-
tain a momentum component that is parallel to the metal film
according to23

FIG. 1. Schematic illustration of the excitation of propagating SPPs.
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kphoton =
i2�

P
, �4�

where P is the lattice constant and i is a nonzero integer
number representing the scattering orders from the grating.
Using �=2�c /� and combining Eqs. �1� and �4� it is re-
vealed that there will be a match between both the momen-
tum and the energy of the photons and the SPPs at a wave-
length, �peak, according to

�peak =
P

i
� �mn

2

�m + n
2 . �5�

As shown below, the resonance condition shown in Eq. �5� is
indeed very similar to those of periodic arrays of nanoholes,
which have recently shown great promise in various biosen-
sor applications.

III. PERIODIC ARRAYS OF NANOHOLES

In analogy with grating-coupled SPR, propagating plas-
mons can also be excited at normal incidence utilizing the
diffraction of light in a metal film perforated with a periodic
array of apertures. For a square array of nanoholes the value
of the momentum component of light parallel to the surface
can be described by37

kphoton =
2�

P
�i2 + j2, �6�

where P again is the lattice constant �the distance between
the nanoholes in this case� and i and j are nonzero integer
numbers representing the scattering orders from the two-
dimensional array. Hence, following the reasoning above,
SPPs can then, to a first approximation, be excited at peak
positions that satisfy26,38,39

�peak =
P

�i2 + j2
� �mn

2

�m + n
2 . �7�

For simplicity reasons, the wavelength dependence of �m is
not explicitly included. However, as described below this
dependence is essential in the use of localized surface plas-
mons for refractive index based sensing.

For an opaque metal film perforated with a periodic array
of nanoholes, light at wavelengths satisfying Eq. �7� can be
transmitted at intensities that are orders of magnitude larger
than those predicted from classical aperture optics.22,37,38

Such enhanced, or extraordinary transmission, is illustrated
in Fig. 2, which also shows how the wavelength at maximum
transmission depends on the period of the array, as evident
from Eq. �7�.40 It is also clear from Eq. �7� that the peak
position will change in response to a change in the refractive
index of the bulk medium41 and in agreement with grating-
coupled SPR sensors, it has been shown that periodic nano-
hole arrays have bulk sensitivities on the order of hundreds
of nanometers per refractive index unit �RIU� at visible
wavelengths.26,29 Brolo et al.26 utilized this feature to probe
interfacial refractive index changes induced by binding of
biomolecules to the surface of a periodic gold nanohole array

by measuring changes in the peak position of the transmis-
sion spectrum. Later, the concept was extended to, for ex-
ample, real-time sensing and spatially resolved biosensing
using two similar multilayer metal nanostructures �Fig.
3�.39,42 The first of these quasi-three-dimensional plasmonic
crystals were fabricated by evaporation of gold on top of a
polymer layer with a periodic array of nanoholes, which re-
sults in a perforated metal layer with a gold disk in the bot-
tom of each hole.39 The latter structure, from which the re-
sults in Fig. 3 were obtained, was produced using metal
sputtering instead of evaporation, resulting in deposition of
metal also on the side walls of the nanowells and a com-
pletely continuous structure �see Fig. 3�A��.42

Some features of the transmission spectra of both of these
structures can be associated with localized surface plasmons
�see further below�, which is also considered to play a central
a role in the enhanced transmission through conventional
periodic nanohole arrays.43 However, due to the large dif-
fractive coupling from the periodicity of the arrays, effects
from excitation of propagating SPPs have been found to
dominate.39,43 The corresponding decay lengths are therefore
similar to conventional SPR sensors and are on the order of
hundreds of nanometers.26,39 This is about one order of mag-
nitude longer than typical decay lengths associated with both
discrete plasmon active nanostructures and short-range or-
dered nanoholes in thin metal films. As discussed below, this

FIG. 2. Transmission at normal incidence through arrays of nanoholes in a
freestanding 300 nm thick silver film with periods �i� 300 nm, �ii� 450 nm,
and �iii� 550 nm. The hole diameters are �i� 155 nm, �ii� 180 nm, and �iii�
225 nm. �A� shows transmission images and �B� are the corresponding
transmission spectra. From Barnes et al., Nature �London�, 2003. Reprinted
by permission of Macmillan Publishers Ltd.
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is an important difference that should be carefully considered
when these types of sensors are designed for specific appli-
cations.

IV. DISCRETE NANOPARTICLES

In a discrete metal nanoparticle there is no space for SPPs
to propagate. However, local collective oscillations of the
free electrons can be excited at specific resonance wave-
lengths, as schematically illustrated in Fig. 4. These plas-
mons are therefore referred to as localized surface plasmons
�LSPs�. Although the concept of localized surface plasmon
resonance �LSPR� is younger than conventional SPR with
respect to sensing applications, the optical properties of
metal nanoparticles were utilized already in the medieval
times, when gold and silver colloids were used to create
beautiful colors in, e.g., church windows. In analogy with the
excitation of propagating SPPs on planar metal films, the
resonance condition for excitation of LSPs is also sensitive

to the refractive index of the surrounding medium in close
proximity to the nanostructure. Hence, the base for using the
LSPR phenomenon for sensing applications is essentially the
same as that of SPR. In analogy with grating- or periodic
nanohole-coupled excitation of SPPs, LSPs can be excited by
light at normal incidence. For example, color changes in
LSPR active nanostructures induced by changes in the sur-
rounding medium can be probed in transmission mode using
ordinary spectrophotometers. This, together with the simplic-
ity by which these structures can be fabricated and the po-
tential they have with respect to miniaturization, is the prime
reason behind the belief that LSPR sensors have a great po-
tential to replace other label-free bioanalytical sensors.

The optical cross section of a metal nanosphere was de-
rived already 100 hundred years ago by Mie, and in the
electrostatic dipole limit it can be expressed as44

���� =
18�V

�
n3

�i���
��r��� + 2n2�2 + �i���2

, �8�

where V is the volume of the sphere and n is the refractive
index of the surrounding medium. The real and imaginary
parts of the dielectric function of the metal are here repre-
sented with �r��� and �i���, respectively. When �i��� is small
or only weakly dependent on the wavelength, the wavelength
at maximum cross section, �peak, can be approximated from
the resonance condition

�r��peak� + 2n2 = 0. �9�

It is evident from Eq. �9� that to achieve a large change in
�peak upon changes in the refractive index of the surrounding
medium, �r��� should have a weak wavelength dependence.
This condition is met by both gold and silver, which today
are the two most commonly used metals in LSPR biosensing
applications. Gold and silver also have the additional advan-
tage of having small values of �i���, which makes the ex-
tinction peak sharp. More recently the plasmonic properties
of nanoparticles of other metals have also been explored,
including aluminum, copper, palladium, and platinum,45–50

which may provide benefits with respect to fabrication, ap-
plicable surface chemistries, or direct use as catalysts.

For nonspherical nanostructures that are significantly
smaller than the wavelength of light �the electrostatic limit�,
the resonance condition for excitation of LSPs can be esti-
mated by introducing a shape factor, 	, into Eq. �9�,21,24

�r��peak� + 	n2 = 0. �10�

For a sphere, 	 equals 2, but it is larger for other
structures.21,25 The shape factor will, for example, increase
with increasing aspect ratio of gold nanorods, which there-
fore can be used to tune the peak position of the plasmon
resonance.11,51 For complex nanostructures for which the
shape factor cannot be calculated analytically25 numerical
methods, such as the discrete dipole approximation and the
finite-difference time domain have proven useful.7,8,52 An-
other promising approach to characterize and predict the op-
tical properties of more complex nanostructures, such as
nanoshells, nanoeggs, and nanomatryushkas, is the plasmon

FIG. 3. �A� Scanning electron microscopy images of a three-dimensional
plasmonic crystal presented by Yao et al. �Ref. 42�. The left inset is a
high-magnification top view and the right inset is an image of the structure
at a high angle and shows the continuous gold layer on the surface of the
nanowell array. �B� Normal-incidence transmission spectrum of a plasmonic
crystal in water �i� and corresponding rigorous electrodynamics modeling of
the spectrum �iii�. �a�–�g� represent transmission peaks corresponding to
both localized and propagating plasmons. �C� Transmitted-light images of
arrays of squares and rectangles consisting of monolayers of
1-octadecanethiol on a plasmonic crystal. �D� Vertical line profile through
the image in �C�. The inset shows a measured step edge �symbols� and a
fitted step edge �full line� with a Gaussian width of 3 �m. From Yao et al.,
Angewandte Chemie, International Edition, 2008. Reprinted with permis-
sion of Wiley-VCH Verlag GmbH & Co. KGaA.

FIG. 4. Illustration of the excitation of localized surface plasmons in
nanoparticles.
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hybridization model.9,10 In this model, complex plasmonic
systems are separated into less complex components. After
determining the optical properties of the individual compo-
nents the interactions between them are treated in analogy
with the interaction between individual atoms building up
molecule. The resulting description of the optical properties
of the complex nanostructure is called a hybridized plasmon.
For an in-depth presentation of the hybridization model we
refer to the work by Prodan et al.10 and Wang et al.9

A. Sensing with nanoparticles

The first use of the LSPR active nanoparticles in a bio-
analytical application was demonstrated ten years ago by
Englebienne,53 who utilized and monitored the color changes
in suspended gold colloids induced by changes in the inter-
facial refractive index caused by antigen-antibody binding
events at the interface of the nanoparticles. Thereafter, the
concept has been extended to surface-based label-free and
real-time studies of biological interactions.54,55 For example,
nanoparticle-based LSPR sensing has been utilized in the
investigation of DNA hybridization using immobilized gold
colloids,56 in the detection of biomarkers for Alzheimer dis-
ease using nanotriangles made by nanosphere lithography,4,16

and in the analysis of recombinant protein expression using
gold nanoislands.57 It has also been shown possible to mea-
sure spectra from and monitor binding events on single
nanoparticles.58–60 Of particular interest is the fact that the
total number of typical protein molecules that can bind to a
single nanoscale particle is in the subzeptomole regime
�
102 molecules�. This means, in turn, that with a sufficient
signal-to-noise ratio ��102�, detection of single binding
events may be feasible. Although single-molecule sensitivity
was not yet realized, the highest signal-to-noise ratio for
measurements on single plasmon active nanostructures ob-
tained so far is, to the best of our knowledge, that by Nusz et
al. in recording the binding of streptavidin to single biotin-
conjugated gold nanorods in real time �see Fig. 5�.61 In this
work, the noise level was kept to the minimum by optimizing
experimental conditions and monitoring the centroid of the
peak �the wavelength corresponding to the center of mass of
the peak� instead of the peak position alone, as described by
our group in a previous report.62 The possibility to measure
on single nanoparticles and the fact that the LSPR field is, in
contrast to the propagating SPR field, spatially confined in
all three dimensions opens up for the possibility to develop
dense array-based applications and multiplex screening of,
for example, immunoreactions and drug candidates using ex-
tremely small volumes.

In most cases the bulk sensitivity of LSPR sensors is
smaller than that of both prism-coupled and grating-coupled
SPR sensors.55,63–65 However, the decay lengths for the plas-
monic fields associated with LSPs are considerably shorter
�tens of nanometers� compared to the decay length of SPPs
�hundreds of nanometers�.63 Therefore, an adsorbed film of
biomolecules �typically 
10 nm� will occupy a larger frac-
tion of the total sensing volume of a LSPR sensor compared
with a SPR sensor. As a result, the response upon changes in

interfacial refractive index due to, e.g., binding of biomol-
ecules to the surface, is comparable for the two sensor con-
cepts. In fact, this makes the two sensor techniques similar in
terms of signal-to-noise ratios, which is what eventually de-
termines the detection limit of the sensor in terms of surface
coverage. The lowest possible surface coverage that can be
measured determines, in turn, the lowest concentration that
can be detected because for a reversible reaction, the surface
coverage is determined by the affinity constant of the inter-
action under investigation.

High signal-to-noise ratios can be achieved by reducing
the noise, as in the center-of-mass based method,62 but the
ratio can also be increased by optimizing the signal obtained
in response to a change in interfacial refractive index. Great
efforts have been concentrated on means to optimize the
sensing properties of nanoparticles by varying primarily their
geometries. The shapes presented so far include, but are not
limited to, nanodisks,66 nanoislands,67 star-shaped
particles,68 nanorice,14 nanoshells,69,70 nanorings,71 and
nanocresents.72,73 In brief, the strive for investigating differ-
ently shaped nanostructures can be motivated by inspecting
Eq. �10�, which shows that the dependence of �peak on the
surrounding refractive index increases with increasing shape
factor. Hence, also the bulk sensitivity, Sbulk, can be opti-
mized by varying the shape of the nanostructure. To the best
of our knowledge, the highest reported value for a

FIG. 5. �A� Transmission electron microscopy image of gold nanorods used
for biodetection experiments by Nusz et al. �Ref. 61�. The scale bar is 100
nm. �B� Scattering spectrum of a single gold nanorod on a glass substrate �i�
and the extinction spectrum of an ensemble of gold nanorods suspended in
water �ii�. �C� Real-time measurement of the LSPR scattering peak centroid
shift of single biotin-conjugated gold nanorods incubated in 130 nM �i�, 10
nM �ii�, and 1 nM �iii� streptavidin in phosphate buffered saline. From Nusz
et al., Analytical Chemistry, 2008. Reprinted with permission of American
Chemical Society.
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nanoparticle-based LSPR structure is 880 nm/RIU for gold
nanorings with peak position at around 1500 nm.74 It is in
this context worthwhile to mention that an increase in the
bulk sensitivity due to an increase in the shape factor is nor-
mally accompanied by an increase in the absolute peak
position,75 which should be taken into consideration in the
design of a specific application. For example, it may be im-
portant to minimize background absorption and scattering of
the light by water, blood, or tissue,5,61 and many spectropho-
tometers are also optimized to certain wavelength regions.
Also the width of the extinction peak may increase, which is
likely to result in less precise determinations of the peak
position and hence in increased noise.

In the context of discrete nanoparticles, their potential use
in suspensions should also be addressed, such as the pioneer-
ing detection schemes invented by Mirkin and
co-workers76,77 based on biorecognition-induced aggregation
of nanoparticles resulting in changes in the optical properties
visible by the naked eye. In addition, nanoparticles sus-
pended in solution scatter a significant amount of light due to
excitation of LSPs, which can be used to determine the po-
sition of both monomeric and aggregates of nanoparticles.
Recently, this was utilized for intracellular imaging,3,78 prov-
ing the capability of conjugated nanoparticles to be used to
successfully differentiate between healthy and cancerous
cells.78 Although beyond the scope of this article, it is also
worthwhile to mention that plasmonic nanoparticles are not
only promising for the diagnostics of cancer, but also for the
treatment of the very same disease.5 This stems from the fact
that absorption of light due to plasmon excitation in nano-
particles is rapidly converted into heat.79,80 Tissue where
nanoparticles have bound/aggregated can therefore be heated
locally leading to neutralization of the targeted cells. Of par-
ticular interest for both imaging and cancer therapy are plas-
monic particles with plasmon resonances in the near-infrared
�NIR� region of the wavelength spectrum where the trans-
mission through tissue is high. In this respect, gold nanorods
and nanoshells are promising because their plasmon reso-
nances can be tuned into the NIR.12,79,81 Hirsch et al.82 suc-
cessfully used this for imaging and photothermal therapy in

vivo in mice. For the reader interested in plasmonic applica-
tions within cancer diagnostics and therapy we refer to the
recent review by Jain et al.5

V. SHORT-RANGE ORDERED NANOHOLES

Similar to discrete nanoparticles, localized plasmon
modes have also been associated with a single nanohole in a
gold film,19,83,84 although it has been suggested that the op-
tical phenomena of such a structure essentially is a result
from the hole being used as a site for excitation of propagat-
ing plasmons.85 Nevertheless, with respect to biosensing ap-
plications it has been shown that the sensitivity of nanoholes
positioned in a short-range order is highly localized to the
void of the nanoholes.27,86,87 In this context it is worthwhile
to point out that because short-range ordered structures lack
periodicity, they do not, in contrast to periodic arrays of
nanoholes, excite propagating surface plasmons via diffrac-
tive coupling.86 In fact, Prikulis et al.20 showed that short-
range ordered nanohole structures have very similar optical
behavior to short-range ordered metal nanodisks with identi-
cal dimensions. However, the extinction peak was observed
to be slightly broader for the nanohole structure, which was
attributed to a weak decay channel due to SPPs excited on
the perforated metal film. Additional similarities between
nanoparticles and short-range ordered nanoholes include that
the sensitivity to changes in bulk refractive index is on the
same order �	100 nm /RIU� �Refs. 27, 64, and 83� as is the
decay length of the electromagnetic field �tens of
nanometers�.83,88

To investigate the similarities of the optical properties of
short-range ordered nanoholes and nanoparticles we have in-
vestigated nanoholes with varying depth and diameter. Fig-
ure 6 shows a scanning electron microscopy image of a typi-
cal short-range ordered nanohole sample and spectra from
four different structures with the same aspect ratio of 1

2 be-
tween depth and diameter. As seen in Fig. 6�B� the peak
position is approximately the same for all nanohole samples,
in agreement with the expectations for excitation of LSPs of
nanostructures defined by a unique aspect ratio.20 Larger val-

FIG. 6. �A� Scanning electron microscopy image of a typical short-range ordered nanohole sample. The scale bar is 500 nm. �B� Extinction spectra of
short-range ordered nanoholes in a gold film with constant aspect ratio and depth and diameter �d :D� corresponding to �i� 30:60 nm, �ii� 55:110 nm, �iii�
70:140 nm, and �iv� 80:160 nm.
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ues of the hole size results in much higher extinction values
at the peak position, despite the fact that the number of holes
per area is significantly reduced. According to Eq. �8� this
observation is in agreement with the behavior of nanoparticle
plasmons. For the largest holes in Fig. 6�B� �diameter
=160 nm�, the resonance peak starts to broaden, indicating
shortened lifetime of the hole plasmons, potentially due to
rapid plasmon decay by radiation, which was also observed
and theoretically verified for nanoparticles of comparable
sizes.24,89 All the resonance peaks in Fig. 6�B� are relatively
narrow compared to holes with lower aspect ratio �lower
depth divided by diameter�.62 Park et al.85 also observed this
behavior for single holes and attributed the effect to hybrid-
ization of SPP modes at the opposite sides of the metal film.
These SPPs make the holes interact at much longer distances
than nanoparticles, resulting in a slight blueshift of the plas-
mon resonance as the distance between holes is decreased for
a particular nanohole geometry.20

A. Sensing with short-range ordered nanoholes

The fact that the sensing field is localized to the void of
short-range ordered nanoholes, together with the decay
length being similar to that of nanoparticles,84,88 suggests
that short-range ordered apertures in a thin metal film in
most situations provide the same sensing capability as dis-
crete nanoparticles. We therefore refer to sensing with short-
range ordered nanoholes as LSPR sensing. This was first
utilized by our group using a perforated optically thin gold
film supported on glass. In this way, we made use of the
ability of lipid vesicles to decompose into planar bilayers on
glass to form nanoscale patches of supported lipid bilayers
�SLBs� at the bottom of the holes surrounded by gold chemi-
cally modified to be inert toward lipid vesicle adsorption. By
inserting a small fraction of ganglioside GM1 lipids into the
planar bilayer patches, this platform was used to detect chol-
era toxin by recording the colorimetric change of the
substrate.27 Furthermore, due to the dimensions of plasmon
active nanostructures, a single macromolecular assembly can
be positioned within the hole, given that there is a size match
between the macromolecular assembly and the diameter of
the hole. In this format, the macromolecular assembly may to
a larger extent be located inside the plasmonic field com-
pared to the same molecule attached to a discrete nanopar-
ticle. Based on this insight, we recently reported a scheme
for binding of intact lipid vesicles into LSPR active nano-
holes in a gold film supported on glass.86 Vesicles were spe-
cifically bound to preformed SLB patches27 via hybridization
of complementary cholesterol-anchored DNA strands, which
were self-incorporated into both the SLB patches and into
the lipid bilayer of the vesicles.27,90,91 Thiol-PEG �HS-
poly�ethylene glycol�� chemistry was used to passivate the
gold surface in order to minimize nonspecific adsorption to
regions between the nanoholes. The possibility to bind only
one vesicle in each nanohole, which was shown by fluores-
cence microscopy, together with the possibility to probe
single nanoholes,83 in principle allows single vesicles to be
investigated. Of particular interest in this respect is the pos-

sibility of probing changes in the refractive index within teth-
ered lipid vesicles in response to material transport across the
lipid membrane, which was recently proven feasible using
conventional SPR.92 In contrast to, for example, impedance
spectroscopy, transport of both charged and noncharged mol-
ecules can be monitored, pointing toward a general applica-
bility to studies of transport across cell-membrane mimics.

B. Probing conformational changes with LSPR

The fact that the LSPR field is strongest at and decays
rapidly �decay length typically between 10 and 30 nm� away
from the surface of a nanoplasmon active structure can be
utilized to probe biomolecular structural changes, which was
first demonstrated by probing the formation of a SLB from
adsorption and subsequent rupture of small lipid vesicles.64

This was achieved by first coating short-range ordered silver
or gold nanoplasmonic hole structures �140 nm in diameter
and 30 nm deep� with an approximately 20 nm thick con-
tinuous layer of silicon oxide �SiOx�, as depicted schemati-
cally in Fig. 7�A�. During the rupture process, the lipids that
build up the vesicles move toward the sensor surface and
thereby into a stronger LSPR field. This conformational
change therefore results in a redshift in the LSPR peak po-
sition, which can be observed as acceleration in the temporal
variation of the plasmon peak position during bilayer forma-
tion �see the green curve in Fig. 7�B��. The potential to uti-
lize shallow LSPR fields to probe conformational changes is
not restricted to nanoholes, which was recently demonstrated
by Hall et al.,93 who were able to monitor reversible
calcium-dependent conformational change in calmodulin us-
ing plasmon active arrays of silver nanoprisms. To unam-
biguously verify that the observed LSPR response can be
attributed to a biomacromolecular structural change, we
combined the LSPR concept with quartz crystal microbal-
ance with dissipation �QCM-D� monitoring, which is de-
scribed in Sec. V C.

C. Combined nanoplasmonic and quartz crystal
microbalance sensing

A fundamental difference between nanoparticles and
nanoholes is that while nanoparticles are discrete, a perfo-
rated metal film is continuous and thus electrically conduc-
tive. This enables, in the case of nanoholes in metal films, the
LSPR concept to be combined with techniques that are based
on electrical readout �see schematic in Fig. 7�A��. Such com-
binations of sensor concepts are likely to provide the extrac-
tion of additional information about the studied systems that
is not accessible with the single techniques alone. We re-
cently developed a combination of the LSPR method with
the QCM-D monitoring,88,94 which relied on the fact that a
plasmon active short-range ordered nanohole surface can be
used as one of the electrodes of a QCM crystal. To form a
supported lipid bilayer on the surface, the same structure as
described above was used �
20 nm SiOx sputtered on the
short-range ordered gold nanoholes�. Because the QCM-D
technique provides characteristic signatures for the structural
changes that occur during spontaneous SLB formation from
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lipid vesicle adsorption on silica,95 the combined setup there-
fore provides independent responses that are sensitive to
conformational changes. However, while the LSPR signal is
most sensitive to processes that occur inside the nanoholes,
the contribution to the QCM-D response will be dominated
by binding reactions on the planar regions between the nano-
holes. Hence, the excellent temporal correlation between the
two signatures attributed to bilayer formation �Fig. 7�B��
therefore implies that the rupture of vesicles is initiated at the
approximate same time inside and between nanoholes. This
example thus illustrates a unique possibility provided by an
electrically conductive LSPR active substrate, pointing to-
ward future combinations with, for example, electrochemis-
try, which was already proven valuable in combination with
propagating SPR,96 as well as impedance spectroscopy,
which is an important tool in studies of, for example, sup-
ported cell-membrane mimics.97

D. Quantification of the sensor response from LSPR
measurements

An aspect of outmost importance for any bioanalytical
tool is the ability to make quantitative estimates of the physi-
cal properties of the analyzed entities, including the number

of detected molecules. An important aspect of LSPR sensors
is that they provide the possibility to estimate the absolute
refractive index of adsorbed molecules by simply performing
bulk sensitivity measurements before and after the adsorp-
tion process. This concept was first used by Haes et al.98 to
determine the absolute refractive index of hexadecanethiols
adsorbed on silver nanoparticles. The principle is exempli-
fied in Fig. 7, showing linear fits �Fig. 7�D�� corresponding
to sensitivity measurements prior to �blue� and after �red� the
supported lipid bilayer formation described above and also
after additional adsorption of NeutrAvidin to the biotinylated
SLB �green�. Note that the bulk sensitivity curves are sepa-
rated �at the refractive index of the buffer� by the LSPR shift
induced by the adsorption processes �Fig. 7�D��. As seen, the
separations of the linear extrapolations decrease with in-
creasing refractive index and, consequently, the refractive in-
dices at which the two pairs of curves �blue/red and red/
green� coincide, correspond to the absolute refractive indices
of the SLB and the protein, respectively.88 The possibility of
using this approach to determine the absolute refractive in-
dex of the bound molecules originates from the shallow eva-
nescent fields associated with nanoplasmon active substrates,
which, in contrast to conventional SPR, means that a thin

FIG. 7. �A� Schematic illustration of the combined QCM-D and LSPR sensor setup. �i� The flashlight and the blue box represent the light source and the
spectrometer, respectively. The electric circuit represents a simplified version of the QCM readout system, which, just as the spectrometer, is connected to a
computer. �ii� A schematic illustration depicting a small area of the sensor surface. �iii� Illustration of the cross section through a nanohole after bilayer
formation. �Not drawn to scale� �B� Temporal variation in the dissipation, �D, �i� and the LSPR peak position, ��, �ii� during bilayer formation on the
nanostructured surface. The vertical dashed line is there as a visual aid and to demonstrate the temporal correlation between the turnover in the dissipation and
the LSPR kink, respectively. The short line and the arrow demonstrate the possibility to investigate the initiation of vesicle rupture from the LSPR response.
�C� Temporal variations of the peak position, ��, due to the following sequential steps: �1� bulk sensitivity measurement using increasing concentrations of
glycerol, �2� bilayer formation from lipid vesicles, �3� bulk sensitivity measurement, �4� adsorption of NeutrAvidin to the functionalized bilayer, and �5� bulk
sensitivity measurement. �D� The peak shift versus the refractive index for the experimental values �squares� extracted from �C� for the glycerol cycle before
�i�, after bilayer formation �ii� and after adsorption of NeutrAvidin �iii�. The full lines are linear fits to the experimental data. The inset is a close up of the same
graph and the dashed lines mark the intersections that represent the refractive index of the SLB and NeutrAvidin, respectively. From Jonsson et al., Analytical
Chemistry, 2008. Reprinted with permission of American Chemical Society.
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film �
5 nm� will already occupy a substantial fraction of
the sensing volume. Note, in particular, that this determina-
tion of the absolute refractive index requires no assumptions
regarding the spatial distribution of the electromagnetic field.

Under the assumption that the evanescent field decays ex-
ponentially, which has been shown a sufficiently good ap-
proximation even in cases of irregular nanoparticles,84,99,100

the decay length can be estimated from the blue and red
sensitivity curves in Fig. 7�D�, given that the thickness of the
molecular film �supported lipid bilayer in this case� is
known. Fortunately, in the combined QCM-D/LSPR setup
the thickness is obtained from the QCM-D response and for
short-range ordered gold nanoholes �140 nm in diameter, 30
nm deep,20 nm SiOx� the decay length of the field intensity
�twice that of the field strength�, L, could be determined to
approximately 20 nm, which is in good agreement with other
reports.83 Following the analysis for conventional SPR sen-
sors introduced by Jung et al.65 the expected peak shift,
��peak, induced by a molecular film with thickness t and
effective refractive index nfilm can be obtained from

��peak = Sbulk�nfilm − nbuffer��1 − e−t/L� , �11�

where Sbulk is the bulk sensitivity and nbuffer is the refractive
index of the surrounding buffer solution. Hence, with the
thickness of the film and the decay length of the LSPR field
known, the effective film refractive index can be determined.
This, in turn, can be used to estimate the adsorbed mass per
area on the surface according to the Lorentz–Lorenz
relation101,102

�mLSPR = 3t�nfilm − nbuffer�



�nfilm + nbuffer�

�nfilm
2 + 2��r�nbuffer

2 + 2� − ��nbuffer
2 − 1��

, �12�

where r and � are the specific refractivity and the specific
volume �inverse of the density� of the adsorbed molecules,
respectively. Note also that the specific refractivity can be
determined from the absolute refractive index, nmolecule, of
the molecules as

r = �
nmolecule
2 − 1

nmolecule
2 + 2

. �13�

This, in turn, means that we are left with two unknowns:
the specific volume �or the density� which is generally a
known parameter, and the thickness, which in the example
above was obtained from simultaneous QCM-D
measurements.88 It is emphasized, however, that the thick-
ness can generally be estimated from the molecular dimen-
sion of the adsorbed entities, and if smaller than the decay
length of the evanescent field, an error in the thickness de-
termination leads to an at least twofold lower error in the
mass determination. Hence, we propose this method, based
on bulk sensitivity measurements prior to and after the ad-
sorption reactions, as a generic way of calibrating arbitrary
nanoplasmonic sensors for mass-uptake estimations.

VI. CONCLUDING REMARKS

Based on numerous examples, whereof we have only
highlighted a brief selection in this article, nanoplasmonics
have proven valuable in bioanalytical applications, and we
strongly believe that their use in biological and medical re-
search will evolve into an even more important component in
the near future. Regarding refractive index based sensing, we
have presented a generic means to quantify the bound mo-
lecular mass, which is expected to be accurate to within at
least 10%. However, complete theoretical descriptions of the
electromagnetic fields associated with, e.g., short-range or-
dered nanoholes will still be extremely valuable, for ex-
ample, in the analysis of optical responses associated with
biomolecular structural changes, where nanoplasmonics pro-
vide a unique means to study such phenomena without the
introduction of external labels. Especially when synchro-
nized with techniques providing alternative information, here
exemplified with QCM-D measurements, we expect this fea-
ture to become one of the most valuable merits of nanoplas-
monic sensors. This, in combination with the possibility to
record the response of down to single nanostructures, may
very well open up entirely new avenues in this and related
fields of research. It should also be emphasized that apart
from the refractive index based sensing addressed herein, the
plasmon properties associated with nanostructures also pro-
vide other biologically relevant applications, such as those
based on plasmon-enhanced fluorescence103,104 and surface
enhanced Raman scattering.105–108 Common for all these ap-
plications is that optimal performance relies on the ability to
fine tune the structure, composition, and surface chemistry at
the nanoscale level, and although significant progress has
been achieved during the past decade, we are convinced that
we have only seen the beginning.
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