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Preface

Plasmonics is the science of light-matter coupling through surface plasmon

polaritons (SPPs) or surface plasmons. Simply put, surface plasmons are optically

excited collective oscillations of the free electrons at a metal surface. Formally,

SPPs are the quanta of charge density collective oscillations that are tightly

confined at the interface of materials with negative and positive permittivities.

However, surface plasmons can be comfortably described in the classical electro-

dynamics without evoking quantum mechanics. They represent actual mechanical

oscillations (with very small displacements though) of the electron gas under the

influence of the electromagnetic field of the incoming light.

Nanoplasmonics explores surface plasmon modes confined in the nanosized, i.e.,

subwavelength metal structures—localized surface plasmons (LSP). Although light

interaction with nanoscopic matter has been observed for centuries, like stained

glass goblets manufactured in the Roman Empire or spectacular windows in

medieval churches, and was theoretically described already by Michael Faraday

and Gustav Mie more than a century ago, only recently our ability to fabricate and

control the matter at a nanoscale brought to life what is known as nanoplasmonics.

Over the past decade nanoplasmonics has developed into a burgeoning field, where

exciting opportunities are opening for the increasing number of application

areas, including photonics, biomedical imaging and sensing, (photo)catalysis, and

molecular spectroscopy to name a few.

The key features that enable such development are subwavelength confinement,

large cross-section for scattering and absorption of light, and most important

for sensing applications, strongly enhanced electromagnetic fields in the direct

proximity of the nanostructures. Through such field enhancement nanoplasmonic

resonances sensitively depend on the minute variations of the surrounding dielectric

medium. This fact essentially forms the basis for nanoplasmonic sensing—a merely

refractive index sensing, but with the powerful extension that the probed volumes

are in the nanoscale. Small enough so a presence of even single biological or

chemical molecular species becomes detectable in various nanoplasmonic

sensing schemes.
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With the present book we attempt to overview the current status of

nanoplasmonic sensing, with the relevant highlights of the past decade of its

extensive development and looking in the nearest future for this science and

technology area. In Chap. 1 we start with the general principles of biosensors,

outline surface plasmon resonance basics and applications such as in drug discov-

ery, food industry, medical diagnostics, review the advantages of localized surface

plasmon resonances (LSPR) from the basic physics of SPPs, and describe the

principles of sensing with LSPR—“bulk” and “thin/molecular layer” approaches.

This chapter further gives hints on the comparison of the propagating vs. localized

plasmons for bulk refractive index (RI) and molecular sensing, substrate effects,

and the importance of electromagnetic fields confinement. It ends with highlighting

the single-molecule detection with LSPR. Chapter 2 focuses on the unique

characteristics of LSPR: short EM fields decay for study of protein conformational

changes and gas sensors in combination with metal-organic frameworks; going

from single-nanoparticle sensing to wide-field single-nanoparticles imaging and

spectroscopy; coupling LSPR with molecular identification through surface

enhanced Raman scattering (SERS) and laser desorption ionization mass spectros-

copy (LDI-MS). It gives the historical retrospect on the development of RI LSPR

sensing, and gives the recipes for improving the limits of detection, for example, by

using resonant molecules (chromophores) or utilizing plasmonic nanoparticles as

labels. Chapter 3 presents nanoplasmonics combined with the studies of artificial

cell membranes: the design nanoplasmonic biosensor for particular life science

application. Further, here nanoplasmonic sensing is combined with quartz crystal

microbalance with dissipation (QCM-D) mass and viscosity sensing technique.

Chapter 4 brings nanoplasmonic sensors inside the living cells and helps to map

with nanoplasmonic sensing time-resolved intracellular biochemical distribution.

With specially designed plasmonic nanostructures it is possible to utilize the

antenna effect for light and convert far-field radiation into local heat, earning

intracellular nanoplasmonic gene switches through photothermal DNA

dehybridization and gene silencing on-demand. Nanoplasmonics here defines the

properties of intracellular plasmon resonant energy transfer (PRET) biosensors.

Addition of magnetic layer to plasmonic nanostructures moves nanoplasmonic

sensing towards externally controllable sensors. Nanoplasmonic molecular

rulers—DNA-conjugated Au nanoparticles—are also outlined in this chapter.

Chapter 5 focuses on the single plasmonic nanoparticle biosensing that dramatically

reduces detection limits and in general allows miniaturizing of the sensor and the

fluidic system. In Chapter 6 array-based nanoplasmonic sensors that move towards

the point-of-care applications are featured. This includes multianalyte detection

(multiplexing), handling of complex analyte media, and performing kinetic analysis

of the complex fluids, addressing nonspecific binding to the sensor surface.

Chapter 7 highlights optical tweezers in combination with SERS. This allows for

manipulation of nanoplasmonic particles sensors, sensing in confined (intracellular)

volumes, and addressing sensing interactions in colloidal systems. Nanoplasmonic
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sensing for applications in nanomaterials science and catalysis is the emphasis of

Chapter 8. It details the concepts of direct and indirect nanoplasmonic sensing and

features nanoplasmonic sensors for optical gas detection. Direct sensing

encompasses the sensing modality when nanoplasmonic particles act as sensors

and the studied entities; it is used in studies of oxidation and corrosion, metal

hydrides formation, liquid–solid phase transition, chemical surface reactions, and

surface charge transfer. With indirect sensing plasmon nanoparticles function

as sensors of processes on or in adjacent (nano)materials. It is used for gas sensing

at metal oxide composite films, in heterogeneous catalysis (CO and H2 oxidation

on Pt), optical calorimetry, hydrogen storage, and polymer phase transitions.

In Chapter 9 plasmonic crystals—arrays of nanoholes or nanoposts, fabricated via

soft nanoimprint lithography—are highlighted. They are used for the prime RI

sensing: for example, probing polyethylene glycol concentrations in thin films,

mechanical deformation of hydrogels resulting from pH changes, and allowing 2D

chemical imaging of protein thin films. Interestingly, such quasi 3D plasmonic

crystals can be characterized by the concepts used for crystalline matter in solid

state physics—for example, they feature the “plasmonic” Brillouin zone.

Chapter 10 evaluates the general performance of nanoplasmonic sensors. It gives

the definition of noise, stability, detection limit, dynamic range, sensitivity vs.

resolution, diffusion vs. reversible binding of analytes, and figure-of-merit (FOM)

of nanoplasmonic sensors. The chapter further discusses the importance of surface

chemistry, probe affinity and density. Strategies are given for performance maxi-

mization. In Chapter 11 you will find the discussion of the spatial and spectral

plasmonic modes engineering for biochemical sensors in relation to “top-down”

nanoplasmonics. One the fine practical examples of such engineering are

nanoplasmonic dimers, by the interparticle distance calibration adopted for the

target analyte positioning. Result is the biosensing down to single-molecule detec-

tion limit. Chapter 12 comprehensively presents the integration of nanoplasmonic

sensing elements with optical fiber technology, as the latter is very important

transducer in analytical sciences to probe environments prohibitive for traditional

spectroscopic probes. Such sensor scheme includes plasmonics inside or on the tip

of the fibers for remote SPR and SERS measurements. The FOM—quotient

between sensitivity and width of the resonance, a parameter that is equivalent

both in wavelength and energy scales—is presented in Chapter 13. To maximize

FOM it is shown on the example of gold nanoparticles that the existence of the

optimized spectral region is needed, coinciding with the region where quotient of

real to imaginary parts of the metal dielectric function reaches maximum. The

importance of the supporting substrate and adhesion layer for the sensor is also

discussed. Chapter 14 presents random evaporated gold island films—bottom-up

nanoplasmonic sensors and transducers. It is in fact one of the earliest techniques

for the preparation of LSPR systems and further use them for sensing. Details of the

technique are given, the sensitivity of resulting transducer platform and biosensing

case studies of immunoglobulin antibody–antigen recognition are outlined, with a
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special focus on improving the stability of the sensing platform. Finally, Chapter 15

introduces the electrical detection of surface plasmons that is very relevant for the

integrated biosensing. Evaluation of the sensitivity and FOM is given, and the

metal-semiconductor-metal plasmons launch and detection are discussed in detail.

G€oteborg, Sweden Alexandre Dmitriev
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Chapter 1

An Introduction to Plasmonic Refractive

Index Sensing

Mikael Svedendahl, Si Chen, and Mikael K€all

Abstract This chapter introduces the basics of plasmon-based refractometric

sensing, its application in label-free biomolecular analysis, and discusses

differences between propagating plasmons and localized plasmons in terms of

refractive index sensitivity, sensing volume and measurement methodology.

Based on some recent nanoplasmonic sensing studies, we discuss plasmon–substrate

interactions and the possibility to perform long-range nanoplasmonic sensing.

We also discuss an experimental comparison between particle-based and thin film

plasmonic biosensing, and we describe a method to enhance the sensitivity of

nanoplasmonic sensing towards the single molecule limit using enzymatic signal

amplification.

Introduction

Since the introduction of surface plasmon resonance (SPR) refractive index sensing

of gas and biomolecules based on thin metal films by Nylander et al. and Liedberg

et al. [1, 2] almost three decades ago, the interest in plasmon-based sensing technol-

ogy has increased tremendously. The technological advances in conventional SPR

sensing have been remarkable and the commercialization of instruments has greatly

expanded the user community. Conventional thin film SPR sensing is now a mature

technology that inevitably will serve as a benchmark for novel nanoplasmonic

sensor solutions. The progress in conventional surface plasmon biosensing has

been accelerated by developments in several “enabling technologies,” in particular

development of effective surface chemistry and advanced liquid handling systems.
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Similarly, the present rapid development of refractive index sensing based on

localized surface plasmon resonances (LSPRs) in metal nanostructures would not

have been possible without enormous progress in nanofabrication technologies and

computational electrodynamics.

There are three basic components of a plasmonic biosensor: the biorecognition

layer, designed for specific binding of an analyte; the transducer, which converts the

molecular interaction to a measurable physical property such as resonance angle or

wavelength; and the auxiliary electronics, used to present and interpret the trans-

ducer signal. The biorecognition layer and the analytes could be antibodies,

antigens, nucleic acids, lipid membranes, viruses, cells, enzymes, etc. [3] while

the transducer could be a thin gold film on a prism or a layer of metal nanoparticles.

In any case, the principle advantage of plasmonic sensing is that it is “label free,”

which means that no labeling of analyte molecules is needed. Techniques based on

radioactivity and fluorescence require availability of specific molecular tags that

can be difficult to obtain and that may affect analyte interactions. As a direct

consequence of the “label free” transduction principle, plasmonic sensors enable

real-time measurement of analyte binding to the sensor surface. The resulting

kinetic data can, for example, be used to determine molecular affinity constants,

interaction specificity, and reaction kinetics, thereby providing a clear advantage

compared to endpoint measurement techniques, such as ELISA (enzyme-linked

immunosorbent assay).

The conventional SPR sensor has had considerable impact on the life science

research community, and it is now a widespread tool for studying the interactions of

molecules with weights as low as 200 Da [4]. One of its main applications in the

pharmaceutical industry is within the drug discovery process, where one wants to

identify new drugs and/or new drug targets through molecular interaction studies.

The disadvantage of SPR is that it has relatively low throughput, which makes it

less suitable for primary drug screening. However, the throughputs are acceptable

for secondary screening, in which a more focused search for leads is performed [5].

Importantly, the further downstream in drug discovery process one gets, the more

important becomes the detailed information provided by SPR. A new trend in

pharmaceutical research is to use molecular fragments for leads [6]. By screening

functional groups instead of whole molecules, the library of possible interactions

becomes considerably smaller. Unfortunately, the bindings of the fragments are

also much weaker. SPR has the sensitivity to monitor the kinetics of weak bindings

[7], which makes it a very interesting alternative to slow and costly traditional

techniques [8]. In addition, several different strategies to increase the throughput

for drug screening using conventional SPR-based sensors have been developed

recently. This includes assay development that involves spotting thousands of

molecular fragments on the sensor surface for subsequent protein interaction

studies [9] and fully automated systems that is able to screen thousands of

interactions in a few hours. It is thus likely that we have only seen the beginning

of the use of SPR in pharmaceutical research, in particular when it comes to drug

discovery applications.

2 M. Svedendahl et al.



Another important application area of SPR sensors is in the food industry, where

analysis often focuses on hazardous contents, like pesticides, residuals from veteri-

nary drugs, or bacterial toxins. SPR sensors has been used to analyze a variety of

foods, including juice [10], milk [11], and meat [12], and excellent correlations have

been found with conventional analysis methods, such as HPLC and ELISA [13].

The advantage here mainly lies in the simple sample preparation and in reduced

reaction times, but it was also shown that SPR analysis can give up to ten times lower

frequency of false positives compared to conventional immuno-assays [14].

SPR sensors also show important potential in the area of medical diagnostics, as

demonstrated by detection of viruses in serum samples [15], of bacterial toxins in

urine [16] and through therapeutic drugmonitoring in saliva [17]. However, although

SPR sensing clearly has the sensitivity and specificity required for many applications

in clinical environments, the acceptance of the SPR technique has been rather low

within the medical community. Possible reasons for this may include doubts regar-

ding refractive index sensing as such, for example that the difficulty of discriminating

between specific and nonspecific binding may result in false positives, and that

traditional SPR sensors are perceived as costly and advanced diagnostic tools that

require specially trained personnel. However, the latter problems might be countered

by development of novel nanoplasmonic sensing structures.

Figure 1.1 illustrates one of the principal advantages of LSPR sensing compared

to plasmon sensing based on thin metal films, that is the simplicity of plasmon

excitation. A short-range ordered array of 50 nm tall and 80 nmwide gold nanodisks

on glass is compared to a 50 nm gold film under ordinary white light illumination.

The LSPR of the particles is such that the array looks reddish in air but the color

changes to greenish in water due to the plasmon refractive index sensitivity.

The gold film, in contrast, has a distinct “golden” color irrespective of dielectric

Fig. 1.1 Illustration of colorimetric refractive index sensing using LSPR. The photograph shows a

gold nanodisk array (left) and a thin gold film (right) with water droplets on top. The localized

surface plasmon resonance in the nanodisks is always excitable, which is why a clear plasmon

shift/color change can be seen between the areas covered by air and water. The surface plasmons in

the thin film, on the other hand, cannot be excited without additional optics and therefore no color

change can be seen
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environment because the surface plasmons of the film are not excited unless special

illumination conditions are fulfilled.

LSPRs were indirectly utilized for biosensing and immunoassays already in the

1980s and 1990s, for example in colorimetric assays based on the large optical cross

sections of noble metal nanoparticles and in aggregation assays based on color

change induced by clustering. However, it took until 1998 before the first experi-

mental demonstration of label free refractometric LSPR sensing was reported:

Engelbienne et al. showed that the color of colloidal gold nanoparticles in aqueous

solution shifted upon molecular adsorption [18] and that the particles thus could be

used for label free sensing in much the same way as propagating plasmons on thin

metal films. An important consequence of the relaxed LSPR excitation

requirements is that instruments can be made compact and even portable [19].

This also lowers the instrumental cost, thereby promoting applications in, e.g., food

safety [20] and clinical diagnostics [21, 22]. Other factors that might favor LSPR

sensors include the short field penetration depth, which makes the sensor less

sensitive to refractive index changes in the solvent far from the metal surface, for

example induced by temperature fluctuations [23]. LSPR also provides a versatile

platform for a variety of novel sensing applications, such as monitoring catalytic

reactions [24]. During the last decade, most LSPR refractive index sensing studies

has focused on nanoparticles immobilized on a substrate [23, 25–29]. Surface

bound nanoparticles enable more convenient liquid handling systems and much

higher flexibility when optimizing both the individual nanoparticle LSPRs through

the shape and size of the particles and the inter-nanoparticle coupling via the array

parameters. Additionally, the sensing characteristics of particles on a substrate can

be straightforwardly compared to the thin film plasmons introduced below.

Sensing Based on Propagating Plasmons

The reason for the relatively complicated excitation geometries required in

traditional SPR sensors is that energy and momentum conservation both have to

be fulfilled in the interaction between light and plasmons propagating along semi-

infinite metal surfaces. Light directly incident from the ambient will not couple

energy to the plasmon because the momentum, proportional to the wave number k,
of the plasmon is considerably larger than the momentum of light in the ambient

dielectric. A nanoparticle, on the other hand, has no translational symmetry, and the

LSPR therefore has no well-defined k. This means that LSPR excitation in general

only requires the right photon energy and polarization, but no particular magnitude

or direction of the incident light momentum.

The relationship between the energy and the momenta of surface plasmons in

thin films can be approximated by the dispersion relation for plasmons running

along a boundary between two semi-infinite spaces, the metal and a dielectric

4 M. Svedendahl et al.



ambient. By applying the continuity condition of Maxwell’s equations, one can

then derive the dispersion relation for the surface plasmon according to:

kðoÞ ¼ o
c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
emetaled

emetal þ ed

r
(1.1)

Here ed is the frequency dependent and complex dielectric function of the metal,

ed ¼ nd
2 is the dielectric constant of the ambient with refractive index nd, and c is

the speed of light in vacuum. By inserting an analytic function or tabulated values

for the metal dielectric function one can calculate the dispersion relation o(k).
This is done in Fig. 1.2 for the case of surface plasmons propagating along a

gold–water interface. The figure also shows the dispersion (“the light line”) of

light propagating parallel to the metal interface in water. Since the two curves never

cross, it is impossible to convert photons propagating in water to surface plasmons

and at the same time conserve both energy and momentum. However, if the photons

instead propagate in glass, their momenta would increase in accordance with the

refractive index and coupling to the plasmon would become possible. This is the

idea behind the so-called Kretschmann configuration [30], in which a thin metal

film is deposited on a glass prism and plasmons can be excited at the metal-ambient

interface via illumination through the prism.

The most common method to measure plasmon excitation in a thin film is to

study the reflected light in the Kretschmann geometry. A dip in the reflectance then

indicates successful conversion of photons to plasmons [31]. This effect can be

Fig. 1.2 Dispersion of surface plasmons and light. For any given energy, the surface plasmon at a

gold–water interface possesses larger momentum than light in water (n ¼ 1.33), but excitation is

possible if one utilizes a glass (n ¼ 1.5) prism in order to couple light to the plasmon. The figure

illustrates this by visualizing that the light line in the water never crosses the plasmon dispersion

line, while the light line in glass does

1 An Introduction to Plasmonic Refractive Index Sensing 5



simulated using Fresnel’s equations for layered media, which gives the reflection

coefficient from the prism/metal film/ambient system as:

R ¼ jrpmdj2 ¼ Er

Einc:

����
����
2

¼ rpm þ rmde
2ikt

1þ rpmrmde2ikt

����
����
2

(1.2)

Here rAB is the Fresnel coefficient of reflection at the interface of medium A to B,
with respective permittivity e; p denotes the prism, m the metal film, and d the

dielectric ambient, and t is the film thickness. From this equation it is clear that

the minimum in reflectance also can be viewed as destructive interference between

the light reflected from the prism/metal interface and light from the metal/ambient

boundary. Optimum coupling is accomplished when the reflectance is as small

as possible for a certain wavelength, which requires that the nominator in (1.2)

is minimized. The depth of the reflectance minimum is therefore strongly related

to the thickness of the film. Consequently, for given plasmon frequency and

momentum, corresponding to a certain incident angle and wavelength, optimum

coupling is achieved for a specific thickness of the metal film. For gold films on

glass in water and plasmon excitation in the red, the optimum film thickness turns

out to be around 50 nm.

Figure 1.3a–d illustrates the most common excitation and detection geometries

of surface plamons in thin metal films. As discussed above, the most commonly

used method of excitation is the Kretschmann configuration, shown in Fig. 1.3a, b

[30]. Incident p-polarized light is coupled via a high refractive index prism to the

metal film using an incidence angle above the critical angle. The propagation

constant of the light at the prism/thin film interface is thus dependent on the incident

angle, which, using (1.1), yields the following condition for SPP excitation:

kinc: ¼ o
c
nprism sin y ¼ o

c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
emetaled

emetal þ ed

r
¼ kSPP (1.3)

In Fig. 1.3b, white light incident via a prism toward the thin metal film is used.

The wavelength of the radiation that couples most effectively to the SPP will vary

depending on the (fixed) incident angle and the refractive index of the ambient.

This is analyzed by studying the decreased reflectivity spectroscopically. The

reflectance spectrum shows a dip, with a minimum at the SPR wavelength, which

can be used for tracking the refractive index changes of the ambient.

In Fig. 1.3a, the wavelength of the incident light is instead kept constant, while

illumination now takes place from multiple incident angles. This yields a range of

propagation constants, k, along the metal film. With the light focused on the film,

the reflected light is diverging, and an intensity minimum is found at the angle

where the energy and momentum coupling conditions are met simultaneously.

An often used alternative to prism coupling in the Kretchmann geometry is to use

so-called grating coupling. The metal film is then deposited on a diffraction grating

instead of at a flat surface. Because of the new periodicity introduced by the grating,
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the incident photons can gain or lose virtual momentum (“crystal momentum”) in

units governed by the grating constant a. This leads to the coupling condition:

kdiffracted ¼ kd þ m
2p
a

¼ kSPP; ðm ¼ �0; 1; 2; . . .Þ (1.4)

where kdiffracted here denotes the propagation constant of the diffracted light in

the ambient in the plane of the grating and m is the diffraction order. By adding the

second term for the momentum, it is now possible to excite the plasmon from the

ambient side. Grating coupling to the surface plasmon is illustrated in Fig. 1.3c, d.

Both spectroscopic and angular detection methods can be used for probing refrac-

tive index changes [32–34], just as in the Kretschmann configuration above. Even

though grating-based SPR sensors may show a smaller bulk refractive index

sensitivity compared to the prism geometry, both exhibit similar detection limits

[35]. Additionally, as the dip in grating coupled SPR can be designed to be

sufficiently narrow, low cost light sources such as light emitting diodes (LEDs)

may be used as light sources, thus making the grating coupled SPR a low cost

alternative to conventional SPR prism sensors [34].

Fig. 1.3 Detection methods of surface plasmon resonances in thin films. (a, b) Illustrates angular

and wavelength detection using Kretschmann geometry, respectively. (c, d) Are examples of

grating coupling excitation of the SPP with angular and wavelength detection, respectively. yi
denotes the light angle of incidence
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Naturally, monitoring the intensity at a fixed wavelength and incident angle is

possible in both grating- and prism-based SPR sensors, although this implementation

suffers from a smaller dynamic range as the intensity fluctuations only can be

monitored within the width of the resonance. By exchanging the detector to a camera

or a CCD detector, this detection method can be used for detection of multiple

analytes simultaneously, using imaging SPR [36–38]. To overcome the low dynamic

range, it is also possible to take images with varying incident angles or wavelength,

creating a stack of images from which the resonance position can be determined

[39, 40]. The latter methodology has some disadvantages though, as imaging from

varying angles may create different image distortions. For a much more extensive

treatment of thin film SPR sensing, the reader should consult the excellent recent

book by Homola [41].

Localized Plasmons

To introduce refractometric sensing based on localized surface plasmons, it is

convenient to start from the quasi-static polarizability of a spherical particle that

is much smaller than the incident wavelength, the so-called Clausius–Mossotti

polarizability:

a ¼ 4pa3
emetalðoÞ � ed
emetalðoÞ þ 2ed

¼ 4pa3
o2

0

o2
0 � o2 � iog

� o2 þ iog
o2

0 � o2 � iog
1� ed
1þ 2ed

� �
(1.5)

Here, a is the radius of the sphere and the dielectric function of the metal has

been approximated by the Drude model:

eDrudemetalðoÞ ¼ 1� o2
p

o2 þ iog
(1.6)

The resonance frequency is given by o0 ¼ o0=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2ed

p
, which clearly shows

that the LSPR will redshift with increasing dielectric constant of the surrounding.

By noting that resonance is achieved when the denominator in the polarizability

function is minimized, i.e., when Re½emetal þ 2ed� ¼ 0, one can also illustrate the

refractive index sensitivity as in Fig. 1.4. Since the dielectric function in the metal

becomes more negative for longer wavelengths, the resonance condition will

redshift as the dielectric constant in the medium increases.

By inserting the Drude dielectric function for emetal, thereby assuming a perfect

free-electron metal, in the Clausius–Mossotti polarizability expression of (1.5), one

finds that the dominant term describes a Lorentzian line shape. This means that the

conduction electrons collectively respond as a damped harmonic oscillator.
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The resonating surface charges driven by the external field in turn produce an

induced field inside and outside the particle that acts to restore charge neutrality.

The corresponding restoring force will decrease, meaning that the resonance

redshifts, if the field lines pass through a medium with a high dielectric constant.

Plasmonic refractive index sensing is thus ultimately due to dielectric screening of

surface charges and the sensitivity of the plasmon can be related to the ease with

which the electrons are polarized and the strength of the restoring force, which is

a function of the material but also of the geometrical shape of the particle.

For example, the field lines associated with a plasmon oscillating along the long

axis of an elongated particle will pass through a proportionally larger fraction of the

surrounding medium and therefore be more sensitive to a refractive index change

than a spherical particle plasmon. Similarly, a plasmon localized to a gap between

two metal surfaces will be highly susceptible to dielectric screening inside the gap.

The discussion above focused on the bulk refractive index sensitivity. However,
when one studies molecular adsorption at or very close to the surface of a

nanostructure, the extension of the resonant field into the ambient naturally becomes

of prime importance. Although a thin homogeneous layer with a certain refractive

index can model a monolayer of molecules to some extent, individual molecules

are described by their polarizability. A model that takes the polarizabilities of both

the nanoparticle and the molecule(s) into account is therefore a more appropriate

starting point for discussing nanoplasmonic biosensing. In the so-called coupled

dipole approximation (CDA), one approximates the nanoparticle and the molecule

as point dipoles that are coupled self-consistently through their induced fields.

Solving the coupled dipole equations then yields new modified point dipole

400 500 600
−6

−4

−2

0

Wavelength (nm)

R
e[

ε]

Resonance condition,
small sphere in water

Resonance condition,
small sphere in air

Dielectric Function of Au

Dielectric Function of Ag

Fig. 1.4 The real dielectric functions of gold and silver. The horizontal lines show the resonance

conditions for small spheres in air and water medium, see (1.5)
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polarizabilities with modified resonance conditions. In the case of one particle and a

single molecule, we can write the two dipole moments as:

PNP ¼ aNPðE0 � APmoleculeÞ (1.7)

Pmolecule ¼ amoleculeðE0 � APNPÞ (1.8)

where aNP and amolecule are the respective polarizabilities of the two objects and E0

is the incident field. The interaction between the individual dipoles is described

using the matrix A, so that APNP corresponds to the field induced by the nano-

particle at the location of the molecule and vice versa for APmolecule. We can

describe the dipole polarizabilities as:

aNP ¼ 4pa3NP
o2

0

o2
0 � o2 � iog

(1.9)

amolecule ¼ 4pa3molecule

n2 � n2d
n2 þ 2n2d

(1.10)

where aNP and amolecule are the radii of the nanoparticle and the molecule, respec-

tively, o0 is the resonance frequency of the nanoparticle, and g is a damping factor.

Further, n and nd are the refractive indices of the small molecule and the

surrounding medium respectively. Inserting Pmolecule into the equation of PNP and

assuming n > n0, we find a redshift of the particle resonance according to:

~o2
0 ¼ o2

0 1� amolecule=aNPð Þ3 n2 � n2d
n2 þ 2n2d

ða3NPAÞ
2

� �
(1.11)

We see that the redshift is determined by three terms: the volume ratio between

the molecule and the particle, which determines the “stiffness” of the particle

resonance; a term describing the refractive index contrast between the molecule

and the surrounding medium; and a coupling term that is directly related to the local

intensity enhancement factor at the location of the molecule. The last term indicate

that molecular adsorption will yield different shifts depending on the adsorption

position with respect to the induced dipole moment of the nanoparticle and that

local “hot spots” with high enhancement, for example sharp edges or crevices

between particles, can be expected to yield large responses.

As mentioned above, the excitation conditions for LSPR sensing are much more

relaxed than for sensing using propagating plasmons. Figure 1.5 illustrates the most

common optical setups for micro- and macroscopic LSPR sensing. Dark field spec-

troscopy is a popular technique for measuring the response of single nanoparticles

[42–45]. The excitation light is incident at high angles and the scattered light is

collected using low numerical aperture optics that does not pick up the directly

transmitted light. Using dark-field imaging it is also possible to study a large number

of single particles simultaneously [43], thereby improving measurement statistics

and potentially enabling multiplexed measurements of several analytes.
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Although dark field measurements, or scattering measurements in general, are

usually advantageous at low particle densities, the highest signal-to-noise ratios for

dense samples have been obtained using extinction measurements, see Fig. 1.5b,

which utilizes both absorption and scattering losses [21, 46, 47]. It can also be

Fig. 1.5 Illustration of LSPR detection setups. (a) Dark field spectroscopy in an optical micro-

scope. (b) Macroscopic measurements of a layer of supported nanoparticles using extinction,

specular reflection and diffuse scattering
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advantageous to record specular reflection, since a dense layer of nanostructures

behaves similar to a homogeneous “metamaterial” surface. In the case of a low

interparticle coupling and low reflectance from the substrate supporting the particle

layer, the specular reflectance spectrum will show characteristics similar to a

single-particle scattering spectrum [23].

Propagating Versus Localized Plasmons:

Bulk Refractive Index Sensitivity

Propagating plasmons in thin metal films and localized plasmons in nanoparticles

clearly have the same physical origin and they are both sensitive to the surrounding

refractive index. The obvious question is then if one is superior to the other.

To address this question, Svedendahl et al. recently performed an experimental

comparison between SPR sensing, based on a 50 nm gold film, and LSPR sensing

based on a layer of gold nanodisks. Apart from the necessity of using prism

coupling in the SPR measurement, the same optical excitation and detection

schemes were used in the two measurements [23].

Keeping the initial resonance position of the LSPR and the SPR at around

700 nm, bulk refractive index sensitivity measurements showed the thin film

plasmon to be much more sensitive, with a resonance shift of about

3,300 nm/RIU, while the LSPR only shifted 180 nm/RIU, as seen in Fig. 1.6.

As suggested in ref. [48], a figure of merit for a plasmonic sensor can be defined

as FoM ¼ ð@lres=@nÞ=FWHM, that is the ratio between the bulk sensitivity and the

full width at half maximum (FWHM) of the resonance. The motivation behind this

quality measure is simply that it is easier to detect a small shift using a sharp

Fig. 1.6 Bulk refractive index sensing with localized and propagating plasmons. (a) Transmission

and reflection spectra for Au nanodisks in contact with water/glycol mixtures of increasing

refractive index n. (b) Corresponding data for propagating plasmons on a 50 nm thin gold film.

(c) Resonance shift vs. bulk refractive index extracted from (a) and (b). Reprinted with permission

from Svedendahl et al. [23]. Copyright 2009 American Chemical Society
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resonance than using a broad one. In the present case, the SPP resonance turned out

to be slightly sharper than the LSPR, resulting in an FoM above 50, of the order 25

times higher than for the nanodisk LSPR.

The differences in bulk sensing properties between SPR and LSPR sensors,

illustrated in Fig. 1.6, can be understood from simplified theoretical models.

Homola et al. showed that the SPR bulk sensitivity can be derived from the SPP

dispersion relation given by (1.1) by differentiating kSPP with respect to n [41].

Miller and Lazarides showed that the sensitivity of LSPR can be derived in a similar

manner from the dipole polarizability of an ellipsoidal particle [49]. The resulting

expressions are:

@lSPRres

@n
¼ � 2e2

n3ð@e=@lresÞ (1.12)

@lLSPRres

@n
¼ 2e

nð@e=@lresÞ (1.13)

Equations (1.12) and (1.13) indicate that the bulk RI sensitivity of plasmons is

mainly determined by the wavelength-dependent metal dielectric function and the

refractive index of the surrounding. In particular, the bulk sensitivity expression for

LSPR explains why nanostructures of different shapes but with the same composi-

tion and resonance wavelength exhibit very similar bulk RI sensitivities.

Returning to the FoM, it can be shown that the widths of the resonances can be

written as [50]

FWHMSPR ¼ 4e00

j@e0=@lresj (1.14)

FWHMLSPR ¼ 2e00

j@e0=@lresj (1.15)

Combining (1.12)–(1.15) then yield the FoM for the two methodologies as

FoMSPR ¼ e0

2n3e00

����
���� (1.16)

FoMLSPR ¼ e0

ne00

����
���� (1.17)

The theoretical FoM and bulk sensitivities discussed above are plotted in Fig. 1.7

using the experimentally dielectric data for gold [51]. Note that the analytical

expression and the experimental results for the LSPR case do not fully agree. The
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discrepancy can be explained by two main factors. First, since the nanodisks are

immobilized on a glass substrate, about half of the plasmon induced field to reside

in the glass rather than in the ambient. This effectively decreases the sensitivity by

~50% compared to a particle in a homogeneous environment. Second, the FWHM

derivation above is based on the assumption that there are no radiation losses and no

inhomogeneous broadening, which together broadens the LSPR resonance

considerably.

Substrate Effects

As mentioned above, supported nanostructures usually have a large fraction of their

sensing volume blocked by the substrate. If the refractive index of the substrate is

significantly higher than that of the sensing medium, one even expects that a

dominant part of the plasmon field is pushed down into the substrate [52, 53].

This effect was investigated further by Brian et al. for the case of nanoholes in thin

metal film [54]. This system constitutes an interesting combination of localized

“hole plasmons” coupled through antisymmetric propagating plasmons [55].

The bulk sensitivity could be measured as a function of resonance position by

altering the nanohole separation. The result was a higher sensitivity for longer

resonance wavelengths, as expected from the data in Fig. 1.7. However, from the

discussion above, one anticipates it is possible to additionally enhance the refrac-

tive index sensitivity by fabricating the nanohole arrays on low index substrates.

To test this hypothesis, Brian et al. utilized SiO2, Teflon, and TiO2 substrates. The

fabrication method used, colloidal lithography, results in nanoholes with a fixed

diameter and a fixed average separation distance but short-range lateral order.

Fig. 1.7 Theoretical comparison of LSPR in Au ellipsoidal nanoparticles and thin film SPRs.

Bulk refractive index sensitivity (a) and the figure of merit (b) of propagating SPR and Localized

SPR in ellipsoidal particles in water ambient medium, using (1.12), (1.13) and (1.16), (1.17) with

dielectric function of gold from [51]
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A clear blue and redshift of the plasmon resonance was detected for the Teflon and

TiO2 substrates, respectively, compared to the more frequently used SiO2 substrate.

Given the previous finding that the bulk sensitivity should increase with resonance

wavelength, this would imply a decrease of the Teflon sample sensitivity. However,

as seen in Fig. 1.8, it was found that both the bulk refractive index sensitivity

and the thin layer sensitivity increased substantially compared to the SiO2 case. In

fact, the effective improvement obtained using Teflon supported nanoholes com-

pared to the SiO2 and TiO2 was as high as a factor of 1.6 and 3, respectively. The

reason for this effect is thus that a low substrate index pushes the plasmon induced

field into the sensing medium. This is illustrated by the calculation in the inset of

Fig. 1.8, which indicates that the fraction of the plasmon field within the aqueous

(n ¼ 1.33) sensing region increases from ~5% to almost 50% when the substrate

index decreases from n ¼ 2.4 (TiO2) to n ¼ 1.34 (Teflon). See also ref [56–59] for

related methods of increasing the plasmon sensitivity using optimized substrates.

Molecular Sensing: The Role of Field Confinement

Thus far we have only discussed the plasmon resonance condition in terms of the

refractive index of the entire surrounding volume, but the dominant part of the

plasmon induced field is evanescent and bound to the metal interface. Fortunately,

this is precisely where the target molecules probed in biosensing experiments

accumulate. To discuss the role of field confinement, it is useful to introduce an

effective refractive index of the medium probed by the plasmon induced near-field.

For propagating plasmons in thin films, the electric field decays exponentially from

Fig. 1.8 The influence of nanoparticle substrates. (a) The plasmon resonance shift is higher for

samples fabricated on low index substrates. (b) Resonance shift as a function of the thickness of a

layer of Al2O3. Note the correlation between the plasmon induced field fraction in the ambient

medium, calculated with the transfer matrix method [60] (inset in (a)), and the resonance shifts in

(a) and (b). Adapted from Brian et al. [54]
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the metal surface into the ambient media. An effective refractive index weighted by

the field decay can then be defined as [61]:

neffective ¼ 2

L

Z 1

0

nðzÞEðzÞ2dz ¼ 2

L

Z 1

0

nðzÞe�2z=Ldz (1.18)

where L is the plasmon field decay length into the ambient medium and z is the
distance from the metal surface. The decay length can be approximated as [62]:

LSPR ¼ l
2p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e0metal þ n2

n4

r
(1.19)

where e0metal is the real part of the dielectric constant of the metal at the measurement

wavelength l. Typically, the decay length is of the order of 2–300 nm for gold films

in the visible and near infra-red. Now assume that a layer of molecules with

thickness d and refractive index n1 is adsorbed on the substrate. This gives rise to

a response of the sensor:

Dl ¼ Dn
@lres
@n

ð1� e�2d=LÞ (1.20)

where Dl is the wavelength shift, Dn is the refractive index change neff � n0, with
n0 the index of the surrounding, and @lres=@n is the bulk refractive index sensitivity
of the sensor. Equation (1.20) can be used to convert from plasmon shift to

refractive index change and from there to the amount of adsorbed molecules.

This is typically done in terms of the adsorbed molecular mass per sensor area

unit, G, which can be estimated from:

Gads ¼ Dn
@n=@c

d (1.21)

where dn/dc is the molecule specific refractive index increment.

Even though the exponential decay model is excellent for thin film SPR

measurements, it is not obvious that it can be used also for localized plasmons.

Xu et al. theoretically studied the response of gold and silver spheres immobilized

on glass substrates, thereby simulating experiments by Okamoto et al. [25] on

supported colloidal particles covered with varying thicknesses of nanometric

PMMA layers [63]. Using extended Mie theory for core-shell particles, and includ-

ing the effects of the surrounding medium, particle–particle and particle–substrate

interactions, the influence of the adsorption layers on the plasmon resonance

position was investigated for different particle sizes, see Fig. 1.9b.

Both experiments and theory showed that the plasmon shifted faster with the

coating thickness, d, for smaller particles, as shown in Fig. 1.9c, d. The results were

interpreted in terms of a particle-dependent field decay and it was concluded that
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the plasmon induced field in the vicinity of the nanoparticle drops as (r0/r)
6, where

r0 is the particle radius. This is the expected result for a dipolar plasmon resonance,

which dominates the induced field for a sub-wavelength metal particle. Using

the dipolar power-law decay, it is then straightforward to define an effective

refractive index neff in the same manner as for the SPR case:

neffective ¼
n2

R r0þd
r0

4pr2ðR0=rÞ6dr þ n1
R1
r0þd 4pr

2ðR0=rÞ6drR1
r0

4pr2ðR0=rÞ6dr
¼ n2 � n2 � n1

½1þ ðd=R0Þ�3
(1.22)

Equation (1.22) does not show much resemblance with the thin film case,

although the field falls off rapidly from the metal surface. Using the dielectric

Fig. 1.9 Illustration of the sensing volume of supported gold colloids. (a) Schematic illustration

of the experimental sensor configuration used by Okamoto et al [25]. (b) The core-shell Mie theory

model used by Xu et al. to simulate this configuration [63]. Metal nanoparticles of radius r0 are
adsorbed on a substrate with refractive index n3 in a medium with refractive index n1. The model

accounts for interparticle coupling effects within the dipole-approximation and image multipoles

in the substrate. (c) Comparison between calculated and measured resonance wavelengths of 10

and 7 nm radius Au particles vs. the PMMA coating thickness d. The horizontal bar marks the

resonance of a supported particle layer embedded in PMMA. (d) Calculated resonance shifts vs. d
for various particle radii together with single-parameter fits. Adapted from Xu et al. [63], with

permission from Elsevier
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function of gold and the resonance condition of colloidal nanoparticles,

e0metalþ 2n2effective ¼ 0, the plasmon wavelength shift can be written as Dl � ð2=ð@e
= @lÞÞ½n22½1� ð1� n1=n2Þ=ð1þ d=r0Þ3��2. This function was then used to obtain the
curve fits shown in Fig. 1.9c, d.

The (r0/r)
6 power law in Fig. 1.6, as well as the coupled dipole analysis discussed

previously, demonstrates that the optical near-field intensity distribution is crucial

for understanding LSPR sensing. However, nanostructures positioned in more

complicated dielectric environments can exhibit much more complex sensing

characteristics. This is illustrated by the study of Rindzevicius et al., who showed

that long-range LSPR sensing is possible by utilizing interference and dipolar

interactions [64]. The study focused on the layer refractive index sensitivity of

nanodisk and nanohole gold structures covered by Langmuir–Blodgett (LB) films

up to 350 nm in thickness, see Fig. 1.10a. In contrast to the colloid example above,

Fig. 1.10 Long-range LSPR sensing. (a) SEM image of 70 nm Au nanodisks on glass.

(b) Schematics of the nanostructures coated with an LB film composed of N layers of

22-tricosenoic acid. (c) Plasmon resonance shift as a function of LB layer thickness, demonstrating

high-slope/high-sensitivity regions at ~100 and ~300 nm from the particle surface. Adapted with

permission from Rindzevicius et al. [64]. Copyright 2007 American Chemical Society
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where ~75% of the saturated shift was expected for a layer thickness equal to the

radius of the nanosphere, the LB system showed an oscillatory behavior as a

function of layer thickness, see Fig. 1.10c for the case of 70 nm wide and 20 nm

tall Au nanodisks. In particular, there were high-sensitivity regions as far away as

100 and 300 nm from the metal surface, which is far outside the expected near-field

decay length. The results can be explained by taking into account that the particle

dipole is driven not only by the incident field but also by the induced dipole field

reflected back from the LB layer/ambient interface. The reflected field can add up in

or out of phase with the incident field, depending on the distance between particle

dipole and the substrate, and this results in oscillations of the resonance position

with a period of about lLSPR/2n, where n denotes the refractive index of the LB film.

This type of long-range LSPR sensing might be advantageous because the

nanostructures are protected from the environment, for example from oxidation,

and because the presence of only one type of surface open to the environment may

facilitate chemical functionalization.

Propagating Versus Localized Plasmons: Biosensing

Thus far we have established that both the bulk sensitivity and the decay length are

about one order of magnitude larger for thin film plasmons compared to localized

plasmons. However, these two parameters need to be combined in order to effec-

tively compare the two methodologies for biosensing purposes. Considering the

vast differences in FoM seen in Fig. 1.7, one might anticipate that classical SPR is

the better alternative for sensing in general. To test whether this is actually the case

when it comes to biosensing, Svedendahl et al. studied biorecognition reactions

between streptavidin (SA) and biotin using flat film and nanodisk plasmons [23].

Figure 1.11 shows the corresponding SPR and LSPR shifts vs. time during

functionalization with biotinylated bovine serum albumin (bBSA), an intermediate

step of BSA adsorption that passivate unfunctionalized areas, and the final intro-

duction of SA. Although the LSPR measurements seem to give a smaller overall

response, in particular during the functionalization step, the shifts induced by

biorecognition, that is SA binding to bBSA, are surprisingly similar: 0.55 nm for

SPR compared to 0.57 and 0.63 nm shifts for LSPR measured in extinction and

reflection mode, respectively. These results demonstrate that the FoM is not the

only factor determining plasmonic sensing capabilities. The decay length, which is

at least one order of magnitude smaller for LSPR compared to SPR sensors [21, 65,

66], is just as important. Thus, in the case of molecular adsorption near the metal

surface, the high confinement of the LSPR induced field compared to the SPR case

leads to a much more efficient use of the bulk refractive index sensitivity, which is

why the peak-shifts seen in Fig. 1.11 are so similar. One might also point out that

the gold film used in the comparison had a more or less optimum thickness (50 nm)

while both the bulk sensitivity, the FWHM and the field distribution of the LSPR,
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probably could be improved quite substantially by fine-tuning the size, shape, and

positioning of the nanoparticles [67–73].

One of the ultimate aims of biosensing research is to generate a label-free

methodology that makes it possible to count single target molecules with high

efficiency in complex media and at low concentrations. Although optical label-free

methods, such as SPR and LSPR, are ideal for studying molecular interactions in

real time, it is not obvious that the techniques have the specificity and sensitivity

necessary to achieve “robust” single molecule (SM) detection. Plasmonic detection

of single biomacromolecules based on structures with ultra-high field-enhancement

has been reported using SERS [75] as well as LSPR sensing [45], but the question is

whether detection using “hot spots” is robust enough to constitute an analytical

alternative to methods based on target amplification, such as PCR, or signal

amplification, such as ELISA [76]. As an alternative, Chen et al. recently presented

an approach that combines enzymatic amplification with LSPR refractive index

sensing using gold nanodisks, a structure that can be expected to exhibit rather

uniform enhancement properties [74]. The aim of the study was to develop a simple

colorimetric end-point assay with robust SM detection capabilities, thus trading

kinetic resolution for sensitivity. The study was based on dark-field measurements

using a variable band-pass liquid crystal tunable filter (LCTF) inserted into the

illumination path of the optical microscope. Using stacks of images obtained at

varying wavelengths, spectral information from up to a hundred individual

nanodisks could be obtained in parallel. As illustrated in Fig. 1.12b, Chen studied

the interaction between biotin and avidin conjugated to the enzyme horse radish

Fig. 1.11 Biosensing using localized and propagating plasmons. The temporal evolution of the

resonance shifts for localized plasmons in Au nanodisks and propagating plasmons on a 50 nm

planar gold film. The vertical lines specify the injection of different biomolecules into the sample

chamber. The insets show the fluctuations of the resonance wavelength for blank samples (left) and
the adsorbed mass after SA injection (right). Reprinted with permission from Svedendahl et al.

[23]. Copyright 2009 American Chemical Society
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peroxidase (HRP), which catalyzes the polymerization of a precipitate in the final

step of the assay. These precipitates have a large refractive index, thus enhancing

the refractometric footprint of individual binding events by up to two orders-of-

magnitude. When the peak-shifts measured for single particles were converted to

number of molecules, as in Fig. 1.12a, the assay was found to have a sensitivity at or

close to the SM limit, a conclusion supported by both the statistical signal distribu-

tion and computer simulations of the molecular diffusion and binding processes

[74]. Although this study is only a model of a real sandwich assay, the method is

likely transferrable to more complex sample solutions and may pave the way for

highly sensitive diagnostic applications of nanoplasmonic sensing.

Summary and Outlook

This chapter has summarized some of the basic characteristics of SPR sensors.

In particular, we compared sensors that utilize LSPRs in nanostructures with the

much more mature and already commercialized technology based on propagating

surface plasmons in thin films. It was shown that the bulk refractive index sensitivity

and the so-called figure-of-merit of classical SPR sensors exceed the theoretical LSPR

Fig. 1.12 Molecular detection using a combined LSPR-ELISA methodology. The enzyme horse

radish peroxidase (HRP) conjugated to streptavidin binds to biotinylated gold nanodisks and

catalyzes a local precipitation that amplify the optical mass sensed by the LSPR (b). By calibrating

the response at low concentrations, it is possible to resolve LSPR shifts that correspond to a very

low number of HRP (a). The spread in values are in excellent agreement with what can be expected

for a Poisson distribution (solid lines) calculated from the average number of molecules per

nanodisk. Adapted with permission from Chen et al. [74]. Copyright 2009 American Chemical

Society
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limits and that the difference increases towards longer resonance wavelengths.

The higher bulk sensitivity gives a clear advantage in, for example, gas detection

but also makes an SPR sensor very sensitive to temperature fluctuations in the sensing

medium. However, LSPR and SPR sensors have similar capabilities in detecting

biorecognition reactions that occur close to the metal surface. The reason is that the

decay length of the LSPR induced electromagnetic field is much better matched to

the thickness of a biomolecular film, thus compensating for the higher SPR bulk

sensitivity.

One of the main advantages of LSPR sensing is the simpler excitation require-

ment compared to SPR sensing. Because of the relaxed momentum conservation

requirements, high-sensitivity LSPR data can be collected using miniature light

sources and spectrometers applied in simple transmission or reflection

measurements. This could be important for development of, for example, handheld

sensors for use “in the field” or for point-of-care diagnostics. Nanofabricated

samples are, on the other hand, more costly and complicated to produce, although

this is likely to change with the growth of parallel nanofabrication methods such as

nanoimprint lithography. Another potential drawback is that surface functiona-

lization becomes more complicated because two surface types, i.e., metal and

substrate, are exposed to the sensing medium in a typically LSPR sensor chip.

The discussion in this chapter has been based on the rather artificial division of

plasmon resonances into “localized” and “propagating” modes. In reality, of course,

real sensing structures have neither negligible nor infinite size and all plasmon

resonances therefore exhibit some degree of localization and propagation. In fact,

several recent research directions in plasmonics focus on metal systems of interme-

diate size, such as nanowires and groups of particles that are ordered on the micron

length scale, where field retardation can be used to induce spectacular directionality

effects [52, 53, 77] as well as line-sharpening due to Fano resonance [78]. Another

prominent research direction concerns metamaterials, such as layers of strongly

coupled plasmonic nanowires that exhibit collective guided modes with high refrac-

tive index sensitivity [79]. Moreover, the possibility to combine plasmonic sensing

with other label-free or label-based measurement technologies has just begun to be

explored. We have discussed one such example here, i.e., the combination with

ELISA, while other published examples include hybrid LSPR-QCM (quartz crystal

microbalance) [80, 81] and LSPR-WGM (whispering gallery mode) sensors

[82–85]. Altogether, given the already successful SPR technology and the extremely

rapid development of the plasmonic field, we can expect many more exciting

discoveries and novel applications of plasmonic sensing.
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Part I

Biological and Chemical Sensing



Chapter 2

Exploring the Unique Characteristics

of LSPR Biosensing

Julia M. Bingham*, W. Paige Hall*, and Richard P. Van Duyne

Abstract Plasmonic biosensors based on the localized surface plasmon resonance

(LSPR) of metal nanoparticles have been developed using both nanoparticle arrays

and single nanoparticles. We introduce LSPR biosensing by describing the initial

experiments performed using both model systems and disease biomarkers. LSPR

shift-enhancement methods, exploitation of the short electromagnetic field decay

length, and single nanoparticle sensors are discussed as pathways to further exploit

the strengths of LSPR biosensing. Coupling molecular identification to LSPR

spectroscopy is a significant aspect of biosensing. Therefore, examples from

surface-enhanced Raman spectroscopy and laser desorption ionization mass spec-

trometry are provided. This chapter highlights examples which emphasize the

unique characteristics of LSPR biosensing.

Introduction

In 1998, the first use of localized surface plasmon resonance (LSPR) biosensing was

reported by Englebienne [1]. At that time, the Van Duyne group had been utilizing

the unique properties of LSPR for over 2 decades, but from within the framework of

a different field: that of surface-enhanced Raman spectroscopy (SERS). Beginning

with the successful observation and explanation of surface-enhanced Raman
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scattering in 1977 by Van Duyne [2] and Creighton and colleagues [3], our group

began fabricating roughened silver surfaces displaying LSPR properties for use in

SERS. In 1993, we reported our first use of Ag film over nanosphere (AgFON)

surfaces that had more well-defined surface roughness and periodicity [4]. These

surfaces were made by depositing over one or more layers of nanoscale polystyrene

spheres. Two years later, we began depositing silver films over monolayers of

polystyrene spheres and removing the spheres from the substrate post metal deposi-

tion, creating arrays of silver nanoprisms on the substrate surface (Fig. 2.1a) [5].

These periodic particle arrays (PPAs) displayed the hallmarks of a plasmonic

sensing material: selective wavelength absorption, as evidenced by a distinct maxi-

mum in the extinction band in the visible wavelength region, and enhanced electro-

magnetic fields at the particle surface, as evidenced by both theoretical calculations

[6, 7] and experimental observations of enhanced Raman scattering of molecules at

the particle surfaces [8].

While Englebienne had demonstrated a new application for plasmonic materials,

he did not exploit the shift in extinction maximum for unaggregated colloids.

The colorimetric properties of gold colloids were already well known, and had

been used previously as a reporter for enzyme immunoassays [9] and DNA

Fig. 2.1 Nanoparticle substrates for LSPR sensing. (a) AFM image of a Ag PPA. (b) SAM

molecules used for biosensing: 11-MUA (green), octanethiol (blue) and amine-functionalized

biotin (purple). (c) Streptavidin binding to biotinylated surface. Reprinted with permission from

ref. [11]. Copyright 2002 American Chemical Society
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hybridization [10]. Bioassays performed using solution-phase gold colloids were

inherently limited, however, by the finite stability of the colloids themselves. For

example, high ionic concentrations lead to colloid aggregation and precipitation, and

the basic pH required for biomolecule-colloid attachment can denature proteins.

Several research groups, including our own, had developed methods of fabricating

surfaces coated with colloidal metal structures that could overcome the limitations of

solution-phase colloids, but these were primarily used in SERS applications. In 1999,

we began to tune the properties of our film-over-nanosphere (FON) and PPA

substrates in order to optimize their optical properties, and we demonstrated the

powerful refractive index sensitivity of these surfaces [11, 12]. Three years later, we

applied these plasmonic surfaces to the detection of biotin-streptavidin interactions

[11], in what was the first quantitative report of Dlmax for LSPR biosensing.

Because proteins have a relatively high refractive index (RI ~ 1.5), probing

protein interactions was a natural choice for utilizing the refractive index sensitivity

of nanoparticles. In addition, the short electromagnetic (EM) field decay length

(ld ~ 5–10 nm) of localized surface plasmons is on the same size scale as proteins,

making biomolecules an ideal sensing target. In an early demonstration of LSPR

biosensing using silver PPAs, Haes and Van Duyne demonstrated the quantitative

detection of streptavidin-biotin interactions (Fig. 2.1c) [11]. The LSPR extinction

maximum (lmax) shifted to redder wavelengths upon streptavidin (SA) binding, with

the magnitude of the shift increasing with SA concentration.

Plotting these shifts as a function of SA concentration and fitting to (2.1)

DR
DRmax

¼ Ka;surf ½SA�
1þ Ka;surf ½SA� (2.1)

revealed a binding constant, Ka,surf, of 1011 M�1 (Fig. 2.2), where DR is the

measured response and DRmax is the maximum response possible. The maximum

response, DRmax, was calculated from (2.2)

DR¼ mðnA � nEÞ 1� exp
�2d

ld

� �� �
(2.2)

in which m is the refractive index sensitivity, nA is the adsorbate refractive index,

nE is the external environment refractive index (N2 in this experiment), d is the

adsorbate layer thickness, and ld is the decay length thickness. Not only does (2.2)

determine the maximum response expected, but it also depicts which experi-

mental factors affect the LSPR lmax response: refractive index sensitivity of the

nanoparticles, change in refractive index, decay length of the nanoparticles, and

adsorbate thickness. Based on measurements of the standard deviation in lmax,

the smallest detectable wavelength shift for this system was 1.5 nm, providing a

limit of detection of less than 1 pM. In subsequent work, Riboh et al. characterized

biotin and anti-biotin interactions using the same silver nanoprism arrays [12]. This

work revealed larger shifts for anti-biotin binding than for SA binding, a result that

was expected based on the larger size of antibiotin (MW ~ 150 kDa) compared to

SA (MW ~ 63 kDa). However, despite larger shifts in lmax, the detection limit for
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this system was only ~1 nM due to the weaker binding affinity between biotin and

anti-biotin (Ka ¼ 4.5 � 107 M�1).

Although biotin-streptavidin and biotin-anti-biotin interactions provide an ideal

system for biosensor development due to their well-studied interactions and pre-

dictable binding affinities, these systems have limited utility in real-world sensing

applications. In a compelling demonstration of the potential of LSPR sensors to be

used as clinical diagnostic devices for disease detection, Haes et al. detected an

oligomeric form of the Alzheimer’s disease biomarker amyloid beta, known as

amyloid-beta derived diffusible ligands (ADDLs) [13]. Using a sandwich assay

format analogous to an enzyme-linked immunosorbent assay (ELISA), the binding

of synthetic ADDLs to an antibody-functionalized silver nanoprism array was

detected by redshifts in the nanoprism lmax, the magnitude of which depended on

ADDL concentration. The concentration of synthetic ADDLs exposed to the sensor

was varied from 10�15 to 10�5 M in order to characterize the sensor response and

determine affinity constants. Two affinity constants emerged with values on the

order of 108 and 1012 M�1, with variations most likely due to size-dependent

differences in epitope recognition. Finally, the LSPR sensor was used to detect

ADDLs in clinical samples from both living and deceased patients. Although the

total number of samples evaluated was too small to define sensor accuracy, a

comparison between diseased samples and age matched controls revealed signifi-

cant differences in sensor response. In an assay for the presence of ADDLs in

cerebral spinal fluid (CSF), the Alzheimer’s sample induced a total lmax shift of

33.9 nm, compared to a shift of 7.2 nm for the aged-matched control. Although

additional studies are needed to prove that the LSPR sensor can meet standards

Fig. 2.2 Normalized LSPR shift, DR/DRmax, vs. [SA] response curve for the specific binding

of SA to a biotinylated Ag nanobiosensor. The normalized experimental LSPR responses

(solid circles) were calculated by subtracting Rlayer 1 for the biotinylated Ag nanobiosensor from

Rlayer 2 after exposure to SA and dividing by DRmax. All extinction measurements were collected

in a N2 environment. Reprinted with permission from ref. [11]. Copyright 2002 American

Chemical Society
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required for clinical detection of Alzheimer’s disease, this study demonstrated the

potential for LSPR assays to fill unmet needs in disease detection.

Finally, as the field of LSPR biosensing continues to grow, it is important to

ask: what advantages do we gain by using nanoparticle-based sensors? As the

predecessor to LSPR, surface plasmon resonance (SPR) sensors serve as a point

of comparison. The introduction chapters of the book outlined the differences in

these two sensing modalities, including the large differences in EM field decay

length at the sensor surface. These differences in the EM field decay length between

LSPR and SPR surfaces create an important advantage for LSPR sensing when

detecting nanoscale analytes. As the name suggests, the LSPR response is

dominated by events happening within a highly localized (~5–10 nm) region at

the nanoparticle surface. Binding of nanoscale analytes, such as proteins, induces

large shifts in the LSPR lmax, while refractive index changes in the bulk media do

not. Work by Yonzon et al. demonstrated the impact of these sensing volume

differences in a study describing the binding of Concanavalin A to saccharide

monolayers [14]. SPR and LSPR sensors functionalized with either mannose or

galactose were exposed to micromolar concentrations of the lectin-binding protein

Concanavalin A. During the dissociation phase, the SPR signal decreased by 60%,

while the LSPR signal decreased by only 14% (Fig. 2.3). The larger signal decrease

for the SPR sensor can be explained by the fact that a larger fraction of the SPR

response arises from bulk media changes due to its relatively long EM field decay

length. In fact, it was shown that by changing the aspect ratio of the silver
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Fig. 2.3 Real-time response of sugar-functionalized sensor as 19 mM of Concanavalin A

was injected in the cell following buffer injection. (a) Mannose-functionalized SPR sensor,

(b) galactose-functionalized SPR sensor, (c) mannose-functionalized Ag nanosensor, and (d)

galactose-functionalized Ag nanosensor. The points are the experimental data. The solid line for
the SPRmeasurement is composed of straight line segments connecting the experimental data. The

solid line in LSPR measurement is a first-order adsorption kinetics fit to the data and should only

be interpreted as a guide to the eye. Reprinted with permission from ref. [14]. Copyright 2004

American Chemical Society
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nanoprisms of the LSPR sensor, the EM field decay length can be tuned to allow

more or less detection of bulk media changes [6, 15]. For applications in which

the analyte is small (<10 nm) and binding occurs close to the substrate surface,

LSPR provides improved sensitivity and spatial resolution compared to its SPR

counterpart. That sensitivity, coupled with the vast variety of plasmonic

nanostructures and surface chemistries available for use in LSPR sensing, make

nanoparticles an ideal sensing substrate for a multitude of systems. The following

sections of this chapter will outline how the unique properties of LSPR sensors can

be exploited to achieve even greater sensitivity and used in conjunction with other

analytical techniques to achieve molecular identification.

Improving the Limit of Detection of LSPR Sensors

Methods to Enhance the LSPR Shift

The introduction discussed the first experiments in LSPR biosensing that were based

on the local refractive index change induced by biomolecules adsorbing close to the

nanoparticle surface. The change in the local dielectric due to molecule adsorption

was measured by a shift in the LSPR lmax. An ideal biosensor is both specific and

sensitive to the target analyte. While experiments continually aim to quantify and

improve biosensor specificity, sensitivity is often inherent to the specific biosensor

system. Therefore, new methods are examined to increase the biosensor sensitivity;

that is, increase the lmax shift from the same amount of analyte.

The LSPR lmax shifts are dependent on the nanoparticle sensitivity and the size of

the bound molecules. Nanoparticle sensitivity can be experimentally determined by

systematically changing the refractive index environment—for example, by adding

successive layers of a dielectric material or changing the ambient solvent—and

plotting lmax shifts as a function of a refractive index. A linear fit to the data will

reveal the nanoparticle sensitivity factor, m, which is particular to nanoparticle

composition, size, and morphology. The linear relationship is described in (2.3),

Dlmax ¼ mDn (2.3)

where n is the refractive index. In general, nanoparticles with a higher aspect ratio are
more sensitive to the local dielectric environment [6, 15]. The shift is also roughly

proportional to the adsorbate molecule mass [6, 7, 15]. As such, a protein is expected

to produce a significantly larger LSPR lmax shift than a small molecule. However, in

the last several years, methods have been developed to detect unexpectedly large

shifts from molecules binding to the metal nanoparticle [16–18]. These large shifts

are the result of a chromophore coupling to the LSPR of a nanoparticle and have also

been observed from small molecules binding to protein receptors on metal

nanoparticles. A different way to enhance the lmax shift is to use plasmonic labels

such as gold nanoparticles [11]. This section discusses in detail the methods to

increase the LSPR lmax shift using both resonant molecules and plasmonic labels.
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Resonant Molecules

The interaction between the molecular resonance of a chromophore and the

plasmon resonance of a nanoparticle was examined using several different

chromophores [16]. A monolayer of non-resonant molecules would be expected

to yield a shift consistent with (2.2). However, when a monolayer of chromophores

resonant with the LSPR was probed, shifts were significantly larger or smaller than

expected and were highly dependent on the overlap of the chromophore absorbance

and plasmon resonance.

Work by Haes et al. examined the interaction between the molecular resonance

of [2,3,7,8,12,13,17,18-octakis(propyl)porphyrazinato]magnesium (II) (MgPz),

and the plasmon resonance of Ag nanoparticles [16]. As depicted in Fig. 2.4, the

experiments demonstrated that the shift was highly dependent on the amount of

overlap between the molecular absorbance of MgPz and the LSPR. In Fig. 2.4, the

lmax shift due to the MgPz monolayer was plotted as a function of initial LSPR

lmax with the molecular absorbance of MgPz overlaid. It was observed that when

the absorbance maximum of MgPz directly overlapped with the LSPR lmax, only a

2 nm redshift was observed. However, when the LSPR lmax was slightly redder

than the molecular absorbance peak, a large redshift of ~60 nm was observed.

These resonant cases contrast drastically with the non-resonant conditions (where

there is little overlap between the molecular chromophore resonance and Ag

nanoparticle plasmon resonance), in which ~20 nm redshifts were observed. It

was determined that the lmax shift observed from a monolayer of MgPz tracked

with the real component of the wavelength-dependent refractive index,

which was extracted by the Kramers-Kronig transformation. (Note that the molec-

ular absorbance spectrum is representative of the imaginary component of the

refractive index.) The measured shift was largest when the real part of

Fig. 2.4 LSPR shift induced

by a monolayer of MgPz

(inset) is depicted by the

black line with solid black
circles. The green line is the
solution absorption spectrum

of MgPz. Reprinted with

permission from ref. [16].

Copyright 2006 American

Chemical Society
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the wavelength-dependent refractive index of the dye was greatest. These

experiments demonstrated the LSPR shift enhancement that is possible by using

a molecule resonant with the LSPR, a significant result considering many

biological targets containing chromophores.

To extend the chromophore-plasmon research to a dye used in many SERS

experiments (especially single-molecule SERS), Zhao et al. used rhodamine 6G

(R6G) to probe the chromophore-plasmon interaction in a similar fashion to the

MgPz work [18]. The LSPR lmax shift due to a monolayer of R6G was plotted as a

function of initial LSPR lmax along with the absorbance spectrum of R6G (Fig. 2.5).

It is significant to note that three maxima were observed in the LSPR shift, whereas

only two maxima are apparent in the R6G absorbance spectrum. Contrasting

with results from the MgPz work, the LSPR shift from R6G did not track with

only the real component of the dielectric (extracted by the Kramers-Kronig trans-

formation). To probe the unique spectral features, the absorbance was measured

using different R6G concentrations on a Ag surface and it was determined that three

different forms of R6G were present: H-dimers, J-dimers, and monomers, each with

slightly different absorbances. The three maxima of the LSPR lmax shift in Fig. 2.5

were attributed to the three forms of R6G present on the Ag nanoparticle surface.

Therefore, it was concluded that the LSPR lmax shifts tracked with the dielectric

constants (real and imaginary) of the three forms of dimers. These findings

demonstrated that LSPR spectroscopy could provide information on electronic

structural changes of adsorbates.

The work based on chromophores coupled to Ag nanoparticles motivated the

study by Zhao et al. to examine the shift observed when the small molecule

camphor (molecular weight ¼ 152.25 g mol�1) bound to the protein cytochrome

Fig. 2.5 The wavelength-

dependent LSPR shift

induced by a monolayer of

R6G is depicted by the black
line with solid black circles.
The solid green line is the
solution absorption spectrum

of R6G in ethanol. Green
dashed line is the absorption
spectrum of R6G on a 200 nm

Ag film. Reprinted with

permission from ref. [18].

Copyright 2007 American

Chemical Society
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P450cam (CYP101) [17]. The absorption spectrum maximum of CYP101 changes

from 417 to 391 nm upon camphor binding. The peak shift is due to camphor

replacing the water coordinated to the Fe3+ of CYP101, causing the spin state of the

heme iron to change from low to high spin [19–21].

To probe the effect of the molecular absorbance change of CYP101-Fe3+ on the

LSPR of nanoparticles, CYP101-Fe3+ was covalently attached to a carboxylic acid-

terminated SAM on the Ag nanoparticles via EDC coupling chemistry. Camphor

was then added to the CYP101-functionalized nanoparticles. The LSPR lmax shift

was measured after CYP101 bound to the SAM-Ag nanoparticle surface (Dl1) and
after camphor binding to the CYP101 on the Ag surface (Dl2). Shifts were

measured relative to the initial lmax of the SAM-functionalized Ag nanoparticles

(lmax,SAM) and the experiment was repeated for multiple Ag nanoparticle samples

with varying LSPR lmax to probe the interaction of overlapping molecular and

plasmon resonances. The results, depicted in Fig. 2.6, demonstrated the shifts were

highly dependent on the LSPR lmax,SAM relative to the molecular absorbance of

CYP101. When the plasmon was slightly red-shifted from the CYP101 absorbance,

a large shift of over 60 nm was observed due to CYP101 binding. As the LSPR lmax

moved farther from the CYP101 absorption, the red-shift (Dl1) decreased dramati-

cally. When camphor bound to the CYP101, a blueshift was observed (Dl2).

Fig. 2.6 Schematic

representation of camphor

binding to CYP101 on a Ag

nanoparticle. Plots of the

LSPR shift vs. lmax,SAM of

CYP101 binding to the

nanoparticle (Dl1) and
camphor binding to CYP101

(Dl2). Reprinted with

permission from ref. [17].

Copyright 2006 American

Chemical Society
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When the LSPR lmax,SAM was close to the CYP101 absorbance, a large blueshift

(nearly 40 nm) occurred. The Dl2 decreased as the plasmon resonance was tuned

farther from the molecular absorbance; however, a blueshift was still observed.

If camphor did not affect the electronic state of CYP101, a small redshift would

have been expected, given an increase in the local refractive index. However, the

camphor altered the molecular absorbance of the CYP101 when it bound, specifi-

cally shifting the absorbance to bluer wavelengths and therefore blue-shifting

the LSPR lmax [17]. This report was significant, as a small molecule binding to

a protein may not have been a large enough refractive index change to induce a

visible LSPR shift.

Plasmonic Labels

While the lmax shift enhancement due to resonant interactions between chromo-

phoric molecules and nanoparticle plasmons is dramatic, this signal enhancement

technique is limited to dyes and biomolecules with specific absorption properties.

To observe the same type of signal enhancement from non-chromophoric

molecules, it was necessary to develop an alternative technique. Inspired by

previous work on SPR sensors [22–24], we decided to explore the properties of

nanoparticle-labeled biomolecules. In 1993 Buckle et al. described the first

reported use of gold nanoparticle-labeled proteins for SPR response enhancement

[24]. Human serum albumin (HSA) proteins were electrostatically conjugated to

gold colloids, and then exposed to an SPR surface functionalized with anti-HSA

antibodies. The detection limit for this assay was improved 1,000-fold compared to

the nanoparticle-free assay.

Due to the very short (5–10 nm) decay length of LSPR sensors, large sensitivity

losses arise when detection platforms utilize longer surface ligands or molecules,

such as in the sandwich-style ELISA, that place the detecting molecule far from the

nanoparticle surface and outside the sensing volume. We therefore hypothesized

that nanoparticle-labeled detection molecules could have a large impact on the

LSPR sensor lmax shift by increasing the analyte mass close to the nanoparticle

surface. To test this hypothesis, we used the well-studied biotin/anti-biotin binding

pair. Biotin was covalently immobilized on a Ag PPA surface, and subsequently

exposed to anti-biotin that had been electrostatically conjugated to 20 nm Au

colloids. As expected, the lmax shift was enhanced, with the degree of enhancement

varying with the concentration of anti-biotin-nanoparticle (AB-NP) conjugate

(Fig. 2.7) [25]. The enhancement peaked near 400%, at a concentration close to

the KD of the biotin/anti-biotin interaction.

Based on previous theoretical [26–28] and experimental [26, 28–30]

observations, we attributed the enhancement to two sources: (1) the larger refractive

index of nanoparticle-labeled antibodies compared to un-labeled antibodies, and (2)

plasmonic coupling between the Ag PPA and the Au colloid label. In contrast to a

simple dielectric label (such as a glass bead), Au nanoparticle labels have the

potential to induce much larger signal enhancements due to plasmonic coupling.
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The existence of plasmonic coupling is evident in this study by the increase in

full width half max (FWHM) of the LSPR sensor extinction peak that occurs upon

AB-NP binding. The FWHM broadening is not observed for un-labeled anti-biotin.

By optimizing both nanoparticle substrate and nanoparticle label in order to achieve

the greatest plasmon overlap, we believe that even larger shift enhancements than

what were reported in this study can be realized.

A fortuitous by-product of the antibody-nanoparticle conjugation was an

increase not only in lmax shift, but also in binding affinity between biotin and

anti-biotin. This increase can be attributed to the antibody polyvalency gained upon

nanoparticle conjugation. Based on surface area calculations, each gold colloid is

functionalized with between 8 and 30 antibodies, depending on antibody orienta-

tion. This means that each binding event between the biotinylated surface and the

gold colloids is likely mediated by more than one antibody. It is well known that

Fig. 2.7 Experiment schematic and LSPR spectra. (a) Biotin is covalently linked to the

nanoparticle surface using EDC coupling agent, and anti-biotin labeled gold nanoparticles are

subsequently exposed to the surface. LSPR spectra are collected before and after each step.

(b) LSPR spectra before (solid black) and after (dashed blue) binding of native anti-biotin,

showing a Dlmax of 11 nm. (c) LSPR spectra before (solid black) and after (dashed red) binding
of anti-biotin labeled nanoparticles, showing a Dlmax of 42.7 nm. Adapted and reprinted with

permission from ref. [25]. Copyright 2011 American Chemical Society
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polyvalent antibodies bind to antigens with higher affinity compared to antibody

monomers. Because biosensor sensitivity is inherently dependent on the strength of

the binding interaction between surface and analyte, the improved affinity induced

by nanoparticle-antibody conjugation offers an additional source of sensitivity for

the plasmonic label-enhanced LSPR sensor.

Exploiting the Short EM Decay of LSPR

As mentioned briefly in the introduction, one of the chief advantages of LSPR

sensors is the very short decay length of the EM field at the nanoparticle surface.

This short decay length is an inherent property to LSPR, and arises due to the

confined nature of the plasmons in a nanoscale material [31]. As a result of this

short decay length, LSPR sensors are most sensitive to refractive index changes

occurring within 5–10 nm of the nanoparticle surface [6, 7]. This highly localized

sensitivity confers huge advantages when the analyte in question is on the nano-

scale, or when refractive index changes occur very close to the nanoparticle surface.

In this section we discuss the advantages of LSPR in detecting nanoscale materials

utilizing protein conformational studies by Hall et al. as the prime example [32].

Additionally, the short EM field decay length of LSPR can even be advantageous

for gaseous analytes incorporated into a partition layer.

Protein Conformational Changes

Biological and materials research often requires tools that can characterize dynamic

changes in protein conformation and immobilized molecules. Techniques based on

NMR [33], FRET [34], and X-ray scattering [35] are widely used. SPR sensors have

been used to detect conformational changes in proteins, but due to the large sensing

volume at the SPR surface, detection generally requires that the protein be

immobilized in 3D dextran layers, where observed signals are convoluted by matrix

effects [36]. LSPR sensors have been used to detect lipid membrane formation over

a hole-array substrate [37] and solution-phase colloid aggregation induced by

protein denaturation [38]. LSPR-based approaches are advantageous because, in

addition to highly localized detection capabilities, they provide an intense signal

that does not bleach and allow non-destructive measurements over long periods of

time. Limits of detection of LSPR sensors have been reduced in recent years by the

development of instrumentation capable of accurately measuring spectral shifts of

only hundredths of nanometers [32, 39]. Chapter 11 of this book highlights some of

the advances that have been made in LSPR instruments, advances that contributed

to our ability to detect small wavelength shifts in response to conformational

changes.

The intracellular calcium-binding protein calmodulin (CaM) was used to illustrate

the sensitivity of LSPR sensors to surface-adsorbate conformation. Calmodulin
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regulates cellular signaling pathways via calcium ion-dependent switching between

open and closed conformational states. A recombinant cutinase-calmodulin-

cutinase (CutCaMCut) construct was used to flexibly tether CaM to the surface [40]

(Fig. 2.8a). Binding of CutCaMCut to the LSPR sensor was accompanied by a 3.6 nm

redshift in the sensor lmax, with a standard deviation in lmax of only 4 � 10�3 nm

(Fig. 2.8b). Thus, the signal:noise ratio for this immobilization was over 900.

Exposure of the CutCaMCut functionalized LSPR surface to 2 mM CaCl2
resulted in a lmax redshift of 2.2 nm. This redshift was reversed upon chelation of

the calcium ions using 2 mM ethylene glycol tetraacetic acid (EGTA). The lmax

shifts induced by calcium binding and unbinding were reproducible over several

cycles, with a standard deviation in Dlmax of 0.18 nm (Fig. 2.9b). To verify that

the changes in lmax were a result of protein conformation, two controls were

performed using a sensor with no surface bound protein and a sensor functionalized

with a non-calcium sensitive cutinase-cutinase (CutCut) construct. Both controls

exhibited only small reversible Dlmax changes which were opposite in trend to what

was observed in the presence of calmodulin, demonstrating that the conformational

changes in calmodulin were the source of the observed spectral shifts.

Finally, the ability to monitor lmax in real-time enabled the determination of

opening and closing rates for the calmodulin conformational change (Fig. 2.9c).

First-order exponential fits to the real-time lmax shifts using (2.4),

lmax ¼ lmaxð0Þ þ A expð�t=tÞ þ Bt (2.4)

Fig. 2.8 (a) Schematic representation of the binding of the CutCaMCut fusion protein to a

phosphonate functionalized Ag nanoparticle sensor; (b) plot of changes in lmax in real-time as

CutCaMCut binds to the sensor surface in solution. Inset: Closeup after the reaction is complete,

showing a noise level of 4 � 10�3 nm averaged over 50 s. Reprinted with permission from

ref. [32]. Copyright 2008 American Chemical Society
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where lmax(0) is the initial lmax value, t is the rate in seconds, and Bt is a correction
factor for linear baseline drift, revealed an opening rate of 0.034 s�1 and a closing

rate of ~0.127 s�1. These rates are slower than reported rates in solution, which we

attributed to steric interactions between proteins due to their immobilized density

on the surface, as well as the added mass from the second cutinase moiety in the

construct. Although we expect differences between solution measurements and

measurements made on a surface, the demonstrated ability to measure rates of

binding and conformational change is nonetheless significant because the rates of

protein-mediated reactions play an integral role in regulating cellular pathways,

and disruptions to these rates can lead to diseased states. Indeed, the surface

measurements described in this study may offer a good model for observing the

rates of proteins that are anchored in vivo, such as lipid membrane receptors and

channels. In addition, the results from this study demonstrated a novel means to

reversibly switch a plasmon signal using ionic concentration changes, and pave the

way for more creative use of biomolecules in the development of small-molecule

and ion sensors.

Fig. 2.9 (a) Schematic representation of the reversible conformational changes of CutCaMCut

immobilized on the LSPR nanosensor. (b) Plot of changes in the extinction maximum (1 Hz

collection) of the sensor as the buffer is cycled between 2 mM CaCl2 and 2 mM EGTA, a calcium

chelator. (c) Closeup of one CaCl2/EGTA cycle, with an exponential fit of lmax ¼ lmaxð0Þ þ A exp

ð�t=tÞ þ Bt (black) to the experimental data (red), where t(open) ¼ 30 s, t(close) ¼ 8 s, and

|B| < 0.0013 nm s�1. Reprinted with permission from ref. [32]. Copyright 2008 American

Chemical Society
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Gas Sensing

Typical biomarker detection focuses on solution phase analytes; however, volatile

biomarkers in the gaseous phase have been investigated for certain diseases,

like lung cancer [41]. Therefore, it is significant to expand traditional solution

phase detection schemes to gaseous media. Traditional SPR spectroscopy has

been used for gas sensing due to the high sensitivity to bulk refractive index

changes [42, 43]. Recent work in the Van Duyne lab has demonstrated that gas

sensing is feasible using a high-resolution, low noise LSPR spectrometer.

For example, N2 and He have similar refractive indices, differing by only

2.62 � 10�4 refractive index units. However, it was demonstrated that even a

small change in bulk refractive index was detectable using LSPR spectroscopy

[44, 45]. More recently, Kreno et al. expanded LSPR gas sensing experiments to

CO2 and SF6 gases [46]. Figure 2.10a depicts the lmax as a function of time as the

environment is switched between N2 and CO2 (gray) and N2 and SF6 (black).

To increase the selectivity and sensitivity of the LSPR sensor, thin partition layers

are required. The Ag nanoparticle substrate was functionalized with a metal-

organic framework (MOF) such that select gaseous analytes of interest would be

close to the nanoparticle surface, and therefore detected. Figure 2.10b compares

the LSPR response of bare Ag nanoparticles (gray) to MOF-functionalized

Ag nanoparticles (black) while switching between N2 and CO2. The MOF-

functionalized nanoparticles demonstrated selectivity of CO2 over SF6 [46].

Since the EM field decay length of nanoparticles is only several nanometers, the

environment beyond the partition layer is not detected. Therefore, the short EM

field decay length utilized in LSPR spectroscopy is advantageous for gas sensing

using a thin, selective partition layer, like a MOF.

Fig. 2.10 (a) LSPR lmax vs. time as the bulk environment switches on bare Ag nanoparticles

between N2 and CO2 (gray) and N2 and SF6 (black) gas. (b) LSPR lmax vs. time as the bulk

environment switches between N2 and CO2 on bare Ag nanoparticles (gray) and MOF-coated Ag

nanoparticles (black). Reprinted with permission from ref. [46]. Copyright 2010 American

Chemical Society
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Single-Nanoparticle Sensors: Toward the Ultimate Detection Limit

Measurements of single nanoparticles have several benefits to ensemble-averaged

measurements. First, the single nanoparticles are readily implemented in

multiplexed detection schemes since each unique nanoparticle possesses a distin-

guishable LSPR maximum. A second advantage is that the absolute detection limit

(number of analyte molecules per nanoparticle) is significantly reduced. A third

advantage of single-nanoparticle spectroscopy is the ability to measure the LSPR

spectrum of individual particles with a high signal-to-noise ratio [47]. Additionally,

single nanoparticles can be used for in vivo studies. These advantages provide

motivation to examine the environmental dependence of single nanoparticle LSPR

[47–49]. In this section, experiments utilizing resonant Rayleigh scattering spec-

troscopy to measure the LSPR lmax of single Ag nanoparticles are described. The

first part details the response of the lmax of individual Ag nanoparticles to varying

solvent environments, self-assembled monolayer formation, and protein adsorption

[47, 49]. The second half describes a high-throughput wide-field single nanoparticle

spectroscopy method. The wide-field method demonstrates the ability to not only

measure ~102 single nanoparticles simultaneously, but also measure the single-

particle trajectory and scattering spectra of moving single Ag nanoparticles [50].

Single Nanoparticle Sensing

McFarland and Van Duyne [47] and Raschke et al. [48]. independently reported the

first sensing experiments with single nanoparticles. A dark-field scattering image

of single Ag nanoparticles is depicted in Fig. 2.11a. McFarland and Van Duyne

demonstrated sensitivity to SAM formation with multiple alkanethiols. Citrate-

reduced Ag colloids were exposed to a hexadecanethiol (HDT) solution and a

HDT monolayer formed on the Ag surface, displacing the citrate ions. These

single-nanoparticle studies exhibited the adsorption of fewer than 60,000 HDT

molecules on a single Ag nanoparticle resulting in a LSPR shift of 40.7 nm

(Fig. 2.11b), thus demonstrating low zeptomole sensitivity [47].

The bulk refractive index sensitivity of individual citrate-reduced Ag colloids

was measured by exposing the nanoparticles to various solvent environments

and single nanoparticles with three different shapes were used to illustrate the

effect of nanoparticle shape on refractive index sensitivity [47]. The nanoparticle

shapes were inferred from TEM imaging [51], LSPR line shape, LSPR lmax, and

LSPR polarization dependence. Similar to the results from ensemble-averaged

measurements, the LSPR lmax shifted to longer wavelengths as the refractive

index of the solvent was increased (Fig. 2.11c). The particle with the largest aspect

ratio (a rod-shaped particle) exhibited the highest refractive index sensitivity

(235 nm RIU�1), consistent with predictions from Mie theory. The refractive

index sensitivity decreased with decreasing particle aspect ratio and the spherical

nanoparticle exhibited a refractive index sensitivity of 161 nm RIU�1 [47]. Addi-

tionally, the LSPR lmax response was monitored in real-time as an octanethiol SAM
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formed on the nanoparticle surface (Fig. 2.11d). The response exhibits first-order

kinetics with a rate constant of 0.0167 s�1, demonstrating that single-nanoparticle

sensing platforms provide the same advantageous real-time behavior as nanoparti-

cle arrays and SPR sensors [47].

The feasibility of single Ag nanoparticles for biosensing was demonstrated using

the streptavidin-biotin system. The single Ag nanoparticles were functionalized

with a mixed monolayer with carboxyl terminal groups, and amine-functionalized

biotin was covalently attached to the nanoparticle via amide bond formation.

Fig. 2.11 (a) Dark-field scattering image of single Ag nanoparticles. (b) Single nanoparticle

spectra of the selected Ag nanoparticle in (a) before and after a HDTmonolayer. A shift of 40.7 nm

was observed. (c) Refractive index sensitivity of three different nanoparticles: spherical particle

(filled circle) 161 nm RIU�1, triangular particle (filled triangle) 197 nm RIU�1, rodlike particle

(filled square) 235 nm RIU�1. (d) Real-time LSPR response of a single Ag nanoparticle as a

SAM of octanethiol forms on the nanoparticle. The line is a first order response profile with a rate

constant of 0.0167 s�1. Adapted and reprinted with permission from ref. [47]. Copyright 2003

American Chemical Society
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The biotinylated Ag nanoparticles were incubated in 10 nM streptavidin, rinsed,

and dried in N2. The lmax of the nanoparticle shifted +12.7 nm as a result of the

streptavidin binding to the biotinylated Ag surface (Fig. 2.12). This shift is

approximated to result from less than 700 streptavidin molecules binding to the

single Ag nanoparticle [49]. Similarly, Raschke et al. demonstrated the use of single

biotinylated-Au nanoparticles to detect streptavidin binding [48].

Single-nanoparticle sensing has proven to be an effective method for detecting

small amounts of molecules. However, it has been an under-exploited area of

research because it is an extremely low-throughput method, as only one particle

can be measured at a time. Additionally, it has been a challenge to measure the

LSPR spectra of moving single nanoparticles. In the next part of this section, a high-

throughput wide-field apparatus is described, in which moving particles can be

measured and characterized.

Wide-Field Single Nanoparticle Imaging and Spectroscopy

Typical methods of measuring single nanoparticle LSPR spectra require the nano-

particle to be isolated in a narrow field of view determined by the slit width of the

spectrometer [47, 52, 53]. This method is inefficient for collecting multiple single

nanoparticle spectra and limits experiments to particles that are immobile. Spatial

tracking of moving single particles has been of interest to the biological community

due to the new information it provides on the organization of cell membranes,

particle movement on cell surfaces, and the effects of the external cell environment

[54–60]. Single particle tracking is used to determine the diffusion coefficients of

individual particles, allowing for modes of motion inside cells to be characterized.

The work reported here describes results obtained from a wide-field LSPR imaging

apparatus which was used to simultaneously track and collect scattering spectra

from hundreds of mobile nanoparticles.

Fig. 2.12 Scattering

spectrum of a biotinylated

single Ag nanoparticle before

(1) and after (2) exposure

to 10 nM streptavidin.

Reproduced with permission

from ref. [49]
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The wide-field imaging method utilized dark-field microscopy and an LCTF

to measure the resonant Rayleigh scattered light from multiple nanoparticles.

The scattered light was sent through an LCTF, which has a continuously tunable

transmission from 400 to 720 nm, to a CCD detector (Fig. 2.13). A wide-field

intensity image was obtained from light scattered by multiple nanoparticles at each

specified wavelength and the intensity of the scattering was integrated as a function

of wavelength to construct single nanoparticle spectra. This wide-field method

allowed for hundreds of single nanoparticle spectra to be measured simultaneously,

providing a plasmon distribution of the specific nanoparticle sample [50].

Not only did each intensity frame have wavelength information, but it also

had time information, since the LCTF was scanned with a specific time interval.

This feature made it possible to measure moving particles. The location of each

particle at a given time in the wide-field image was known, allowing diffusional

dynamics of moving particles to be characterized (Fig. 2.14). Figure 2.14a, b

display the LSPR scattering spectra and the single-particle trajectories, respec-

tively, of three single Ag nanoparticles. The mean square displacement (hr2i)
was calculated from the nanoparticle trajectories and plotted as a function of time

lag, t (Fig. 2.14c) demonstrating a linear relationship. For Brownian diffusion in

two dimensions, the relationship between hr2i and t is expected to be linear with

the slope equal to 4D, where D is the diffusion coefficient. From the linear fit

in Fig. 2.14c, particles 1, 2, and 3 were determined to have diffusion coefficients

of 1.33 � 10�10 cm2 s�1, 8.75 � 10�11 cm2 s�1, and 5.73 � 1011 cm2 s�1, resp-

ectively. Using the Stokes-Einstein relationship, the nanoparticles were found to

Fig. 2.13 Wide-field

imaging apparatus. The

scattered light from multiple

nanoparticles is collected by

the objective and sent through

the LCTF, where only the

specified wavelength of light

is transmitted to the CCD

(535 nm shown here) and is

seen as an intensity image

of the nanoparticles.

Reprinted with permission

from ref. [50]. Copyright

2009 American Chemical

Society
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Fig. 2.14 Characterization

of three single moving

nanoparticles. (a) The

normalized LSPR scattering

spectra of particles 1, 2, and 3

with lmax of 524, 627, and

689 nm, respectively. The

scattering spectra were

obtained while the particles

were moving according to the

trajectories in (b). (b) Two-

dimensional trajectories of

particles 1, 2, 3. The insets
show a magnification of the

trajectories at 200, 400, and

500% for particles 1, 2, and 3,

respectively. (c) The mean

square displacement, hr2i, is
plotted as a function of the

time lag, t, for particles 1, 2,
and 3 and fit with a linear

regression. Adapted and

reprinted with permission

from ref. [50]. Copyright

2009 American Chemical

Society
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have sizes of 177 nm, 269 nm, and 410 nm for particles 1, 2, and 3, respectively.

Using this method, the particle size was approximated within a factor of ~2–3

of the actual nanoparticle size of 80–100 nm [61].

Although the sizes of the Ag nanoprisms were larger than expected by a factor of

~2–4, this work demonstrated the first time both spectra and diffusion coefficients

of single nanoparticles were correlated in real-time. Wide-field LSPR imaging and

spectroscopy has proven to be an effective and efficient method for obtaining many

single nanoparticle spectra for both stationary and moving particles. With high

throughput methods and particle tracking capabilities, it is feasible that LSPR

spectroscopy can reach the ultimate level of detection, single molecule.

Coupling Molecular Identification to LSPR Spectroscopy

LSPR spectroscopy is a sensitive method for measuring the local refractive index

changes surrounding noble metal nanoparticles. The LSPR spectrum shifts when

adsorbates bind close to the nanoparticle, allowing for the quantitative determina-

tion of adsorbate concentrations. LSPR spectroscopy methods obtain specificity

from nanoparticle functionalization with molecular recognition elements like

antibodies, SAMs, or other specific interactions. However, LSPR spectroscopy

methods are not well-suited to identify unknown analytes. Therefore, the versatility

of LSPR assays can be improved by coupling with molecular identification

techniques such as SERS and laser desorption ionization mass spectrometry.

Surface-Enhanced Raman Spectroscopy

Light scattering by molecules can occur elastically (i.e., Rayleigh) or inelastically

(i.e., Raman). Raman scattered photons are shifted in frequency from the incident

photons by the energy difference necessary to excite a vibrational mode, a process

known as normal Raman scattering (NRS). Raman scattering spectrum is unique

to a molecule and can be viewed as a molecular “fingerprint.” For example, the

dye rhodamine 6G (R6G-d0) and its isotopologue R6G-d4 (which is identical to

R6G-d0 with the exception of four deuterium atoms in place of hydrogen atoms)

have unique Raman spectra [62]. However, Raman scattering is a weak effect.

When molecules are in proximity to a plasmonic nanoparticle, the enhanced local

electromagnetic field increases the Raman scattering by a factor of 106–108,

known as surface-enhanced Raman scattering [2, 8]. The field enhancement

results from Raman excitation and emission coupling with the nanoparticle

LSPR. The enhancement is greatest when the LSPR lmax falls between the

excitation wavelength and the wavelength of the scattered photon [8]. Therefore

the complementary nature of LSPR and SERS makes them ideal techniques for

biomolecular recognition and detection. SERS substrates can be fabricated with a
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specific LSPR so that the enhancement is maximized. This section discusses the

detection of glucose and calcium dipicolinate (CaDPA) using SERS-based

sensors.

A critical aspect in the management of diabetes is the quantitative, real-time

detection of glucose. Lyandres and Shah et al. demonstrated the feasibility of a

SERS-based glucose sensor using Ag FON substrates [63]. For the development

of a SERS glucose sensor, a partition layer on the metal nanoparticle surface

was necessary. The partition layer increased the affinity of glucose for the sensor

surface, and allowed glucose to bind reversibly in order to accurately reflect

fluctuations in glucose levels. The partition layer consisted of a mixed monolayer

of decanethiol (DT) and mercaptohexanol (MH), which possessed both hydropho-

bic and hydrophilic properties making it well-suited for in vivo use [63]. The SERS

glucose sensor provided stable glucose level measurements in bovine plasma

over 10 days. To establish the reversibility of the sensor, the DT/MH AgFON

was exposed to cycles of water and 100 mM glucose solutions. Difference spectra

demonstrated partitioning and departitioning of glucose into and out of the DT/MH

SAM (Fig. 2.15). Recently, the glucose SERS sensor was successfully transitioned

Fig. 2.15 Glucose pulsing sequence on the SAM-modified AgFON surface (inset). SER spectra

of the sample cycled between 0 and 100 mM aqueous glucose solutions (a–d). Normal Raman

spectrum of aqueous saturated glucose solution (e). Difference spectra showing partitioning/

departitioning of glucose (f–i). An asterisk (*) denotes adu.mW�1 min�1. Reproduced with

permission from ref. [63]. Copyright 2005 American Chemical Society
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from in vitro models to in vivo testing in the Sprague–Dawley rat [64]. The in vivo

studies were compared to a commercial glucose sensor (Ascensia ELITE) and both

were successful in monitoring glucose concentration fluctuations with similar

trends.

SERS-based sensors have also been used for biological warfare agent detection.

In addition to being specific and sensitive, the SERS biowarfare agent sensor

must exhibit a fast response time. Work by Zhang et al. demonstrated sensitive

and rapid detection of CaDPA, a biomarker for anthrax, using a portable Raman

spectrometer [65]. Extracted from Bacillus subtilis spores, (a harmless stimulant of

Bacillus anthracis), the CaDPA was drop coated on bare AgFON surfaces, which

were optimized for 750 nm laser excitation. The intensity of the characteristic

1,020 cm�1 CaDPA peak increased linearly with spore concentration initially,

then saturated at higher concentrations. The LOD was determined to be 2,600

spores, which is below the anthrax infectious dose of 104 spores. When the

AgFON substrates were functionalized with alumina, fabricated by atomic layer

deposition (ALD), the LOD for the spores was improved to 1,400 spores [66].

Alumina has a strong affinity for carboxylate groups, making the alumina-AgFON

an ideal candidate for Bacillus spore detection using CaDPA.

Laser Desorption Ionization Mass Spectrometry

Mass spectrometry (MS) is a highly utilized analytical technique that allows the

identification of unknown analytes via their unique mass or mass fragmentation

pattern [67]. Analysis first requires that the sample be ionized to create a mobile

charged species, and the mass/charge ratio is subsequently measured by a detector.

Variations in ionization techniques allow the analysis of a wide range of analytes,

from gases to small molecules to proteins. Matrix-assisted laser desorption ioniza-

tion time of flight (MALDI-TOF) MS is a technique that was developed to allow

intact detection of very large molecules such as proteins. In this technique, the

analyte is embedded in a small-molecule matrix and ionized using a laser source.

The matrix absorbs at or near the incident laser wavelength, assisting in energy

transfer to the analyte (desorption), as well as ionizing the analyte via proton

transfer. MALDI-TOF MS functions for analytes over a mass range from 500 Da

to upwards of 250,000 Da, and is widely used in the biological community to study

protein composition [68]. As an analytical tool, it provides information that

complements LSPR bioassays.

Anker et al. demonstrated the first combination of LSPR and MALDI-TOF MS

(Fig. 2.16) [69]. LSPR bioassays and MALDI-TOF MS analysis were performed

serially in order to first detect, and then identify ADDLs, a biomarker for

Alzheimer’s disease. It was shown that an anti-ADDL detection antibody could

specifically detect ADDLs adsorbed to the LSPR sensor, and that subsequent

MALDI-TOF MS could identify ADDLs by the characteristic mass peak at

4,516 Da. A matrix was spotted directly onto the LSPR sensor post-assay to
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facilitate ionization, with no further sample preparation required (Fig. 2.17a).

Real-time data collection during the LSPR assays (Fig. 2.17b) allowed for the

determination of kinetic rates of binding interactions. In addition to demonstrating

the ease and utility of combined LSPR-MS analysis, this study identified a modified

form of the ADDLs monomer, with a mass peak shifted by 16 Da (Fig. 2.17c).

It was proposed that this second mass peak resulted from a post-translational

modification to the ADDLs protein, which may be correlated with ADDLs toxicity.

Although this investigation reported the detection of purified, synthetic analytes,

Fig. 2.16 Schematic of LSPR sensor made of an array of silver nanoparticles and the

MALDI-TOF instrument used for MS analysis of the sensor surface. Reprinted with permission

from ref. [69]. Copyright 2009 American Chemical Society

Fig. 2.17 (a) Experimental protocol. (b) Real-time detection of ADDLs binding to octanethiol/

11-MUA functionalized nanoprisms. (c) MALDI mass spectrum of Ab monomers bound to the

nanoprisms, using a layer of sinapinic acid as the matrix. Reprinted with permission from ref. [69].

Copyright 2009 American Chemical Society
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applications to clinical diagnostics can be inferred. LSPR sensors can be patterned

with arrays of antibodies to allow multiplexed detection and quantification of

multiple biomarkers in a single sample. MS can subsequently verify the identity

of the biomarkers immobilized on the antibody array, as well as identify structural

modifications which may not be distinguishable in an immunoassay, but which

are important indicators of disease progression. Thus, the combination of LSPR

bioassays with mass spectrometry provides new information about biological

systems that cannot easily be obtained using any other single technique.

Raman Tags

An additional way to couple LSPR spectroscopy with molecular information is to

use SERS-nanotags. SERS-nanotags are typically composed of a plasmonic nano-

particle coated with a Raman-active molecule. Wustholz et al. characterized single

SERS-nanotags by correlating the nanotag structure with both the LSPR spectrum

and SER spectrum [70]. Raman tags have been used for in vivo tumor targeting and

detection [71] as well as multiplexed imaging in living mice [72]. Additionally,

SERS nanotags have been used for sensing applications in SERS immunoassays.

The SERS immunoassays are based on the sandwich-type assay utilizing

antibodies, with the SERS-nanotag attached to the detection antibody. Both the

SER spectrum and the LSPR of the sample are measured and the SER spectrum

intensity can be quantitatively correlated to the analyte concentration [73]. When

used in a similar fashion to the Au plasmonic labels (AB-NPs) described in section

“Plasmonic Labels,” an enhanced LSPR shift will likely be observed, but an

additional detection method will be available by examining the SER spectra of

the nanotags. Ultimately, by coupling molecular identification methods with LSPR

spectroscopy, more specific and sensitive biosensing platforms can be developed.

Future Directions

The field of nanotechnology has been rapidly expanding for over a decade, and

devices that utilize the LSPR property of nanoparticles will continue to be the focus

of numerous fields of research. As demand for these devices grows, it will become

increasingly important to have a thorough understanding of structure–property

relationships. Despite significant gains in the theoretical understanding of LSPR,

we are far from having a comprehensive and predictive model for how structure

affects LSPR properties. Mock et al. was among the first to report a systematic

study of the effects of size and shape on the spectral features of single Ag

nanoparticles by combining TEM imaging and optical spectroscopy [51]. Since

then, research has continued to focus on understanding how nanoparticle features,

such as tip sharpness, rounding, size, and anisotropy, give rise to specific spectral
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features, like peak position, line shape, and line width [70, 74–76]. The ultimate

goal of structural-spectral correlation experiments is to develop a structure-

plasmonic function correlation in order to drive rational nanoparticle design.

For example, in sensing and SERS applications, it is important to know what

specific structure is the most sensitive to the external environment or has the

most enhanced EM field. With the continuation of correlated structural-spectral

studies, these questions can be answered.

In addition to rationally designed nanostructures, the successful commer-

cialization of plasmonic sensors will require the development of scalable fabrica-

tion techniques and fast, user-friendly readout capabilities. Parallel fabrication

strategies, such as Dip Nanolithography [77], wet chemical syntheses, photolitho-

graphy, and templated syntheses [78] create highly reproducible nanoscale

structures over large areas and should translate well to industrial settings. On the

user end, utility will be improved by designing devices with a multiplexed array

format, where readout is performed serially using an automated device, or in

parallel via imaging technologies. As diagnostics, nanoparticles have been used

as imaging contrast agents, force probes, colorimetric or electrochemical detectors,

and optical signal-enhancing agents. On the therapeutics side, nanoparticles are

utilized to enhance drug bioavailability, tag cancerous cells for subsequent

therapy, or act as targeted drug delivery vectors [28, 79–82]. The development of

techniques for nanoparticle tracking within cells has enabled researchers to gain

insight into the dynamic behavior of cellular components [83]. Further advances in

the field of nanotechnology will continue to impact the utility of plasmonic devices

as medical diagnostic and therapeutic devices, and may one day enable us to

address major challenges in medicine.
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Chapter 3

Nanoplasmonic Sensing Combined

with Artificial Cell Membranes

Magnus P. Jonsson, Andreas B. Dahlin, and Fredrik H€o€ok

Abstract This chapter is dedicated to nanoplasmonic sensing systems made

compatible with studies of artificial cell membranes. After a short motivation to the

opportunity of sensors designed for such studies to fill an existing technological gap,

we introduce basic features of cell membranes and common mimics of the cell

membrane that have been proven useful in various bioanalytical sensing applications.

With suitable examples from the literature, subsequent sections exemplify how

nanoplasmonics can be used to study different reactions that are associated with cell

membranes. In particular, focus is on unique possibilities provided by different types

of nanoplasmonic structures. For example, while discrete nanoplasmonic particles

can be used as mobile probes attached to cell membranes, conductive nanoplasmonic

hole structures can be used for combined optical and electrical transduction.

Examples on how the latter possibility has enabled cell membrane-related reactions

to be investigated with nanoplasmonic sensing combined with quartz crystal micro-

balance with dissipation monitoring are presented. Another key aspect of

nanoplasmonic structures is that the plasmonic field (and hence the refractive index

sensitivity) is strongest at the sensor surface and decays rapidly away from the

surface.We describe how this feature provides a means tomonitor structural changes

of molecules on the surface, such as the spontaneous rupture of lipid vesicles into a

supported lipid bilayer on silicon oxide-coated nanoplasmonic holes.

M.P. Jonsson (*)

Department of Bionanoscience, Kavli Institute of NanoScience, Delft University of Technology,

Lorentzweg 1, 2628 CJ Delft, The Netherlands

Department of Applied Physics, Chalmers University of Technology, G€oteborg 41296, Sweden

e-mail: magnus@mpjonsson.com

A.B. Dahlin • F. H€o€ok (*)

Department of Applied Physics, Chalmers University of Technology, G€oteborg 41296, Sweden

e-mail: fredrik.hook@chalmers.se

A. Dmitriev (ed.), Nanoplasmonic Sensors, Integrated Analytical Systems,

DOI 10.1007/978-1-4614-3933-2_3, # Springer Science+Business Media New York 2012

59

mailto:magnus@mpjonsson.com
mailto:fredrik.hook@chalmers.se


Introduction

As discussed in this book, the concept of nanoplasmonics has shown great promise

as a powerful tool for bioanalytical sensing applications. Optimization with respect

to refractive index (RI) sensitivity and noise minimization is important and of

general interest for most applications. Hence, significant efforts have been directed

towards developing “the ultimate” nanoplasmonic sensor. In this context, bulk

RI sensitivity in terms of resonance peak shift and the figure of merit (see Chap.

10 and 13) are two common parameters used to compare different nanoplasmonic

sensors. However, when designing a nanoplasmonic sensor for a particular appli-

cation, other properties of the structure are often as important. For example, the

choice of surface materials may be essential to allow for material-specific surface

modifications or for a specific biomolecular reaction to occur in a desired way.

In other applications, the surface topography or the electrical properties of the

sensor may be more important parameters. In this chapter, we discuss such issues

with respect to the design of nanoplasmonic sensors made compatible with studies

of artificial cell membranes and biomolecular recognition reactions controlled by

cell membranes.

The Cell Membrane

The core structural element of the cell membrane, also called the plasma mem-

brane, is a 5 nm thick lipid bilayer shell that surrounds the living cell. It is a vital

part of life as it makes it possible to maintain (and protect) molecules and function-

ing organelles (which themselves are surrounded by lipid bilayer membranes)

inside a confined compartment. The main constituents of the cell membrane are

amphiphilic lipid molecules. While the hydrophilic head group of a lipid prefers to

be exposed to water, its hydrophobic tail prefers not to be in contact with water.

In an aqueous environment, the lipids therefore spontaneously self-assemble into a

bilayer-like structure. The tails are shielded from the aqueous solutions by pointing

towards each other and the polar head groups are facing the two liquid

environments inside and outside of the cell, as depicted schematically in Fig. 3.1.

The resulting lipid bilayer structure thus acts as a hydrophobic barrier. This barrier

limits the membrane permeability with respect to large, charged, and polar

molecules as well as atomic ions and thereby allows for molecular gradients that

are essential for life to be maintained.

Still, the cell membrane can also enable selective transport of molecules in and

out of the cell, and it is also responsible for signaling between cells, adhesion of

cells to surfaces and to other cells, and more. These important properties are

controlled by different kinds of proteins and protein complexes that are embedded

inside the cell membrane (signaling receptors, ion channels, aquaporins, etc.) [1].

In fact, around 30% of the around 20,000–25,000 human genes [2] codes for
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proteins that are embedded in the cell membrane or in other ways associated with

membrane-related processes [3].

It should also be pointed out that the complexity of the cell membrane is not

restricted to its composition. The cell membrane is also constantly undergoing

changes, both in shape and also by lateral movement of membrane components

within the lipid bilayer. The lateral fluidity is important, as it makes the membrane

self-healing, but also because it allows embedded proteins to form complexes

and lipids to be able to organize into domains (often referred to as rafts) [4].

Such organized structures, in turn, play essential functional roles in for example

membrane-fusion processes as well as in the pathogenesis of various diseases [4–7].

The important role of the cell membrane is manifested by the fact that more than

half of the most common drugs are directed towards membrane-residing proteins

[3]. However, despite their vital importance, the knowledge about the structure and

function of membrane proteins is still very limited. This is, to a large extent, due to

their low natural abundance and the difficulty to produce and purify them [8].

Furthermore, to preserve their function, membrane proteins should be maintained in

a native-like environment, that is, in a lipid bilayer. Biosensors that are compatible

with studies of lipid bilayer assemblies are therefore particularly appealing for

functional investigations of membrane proteins, both from a fundamental perspec-

tive, but also with respect to the development of applications for medical

diagnostics and drug development.

Supported Cell Membrane Mimics

In order to study processes associated with the cell membrane in a controllable way,

it is valuable to use model membranes that are less complex than the native cell

membrane. We will here focus on the two artificial membrane concepts that so

Fig. 3.1 A simplified schematic illustration of the cell membrane
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far have been most widely used in combination with surface-based sensors [3],

including nanoplasmonic sensing. These are the lipid vesicle and the supported lipid

bilayer (SLB).

Lipid Vesicles

One popular artificial cell-membrane mimic is the lipid vesicle, also known as

liposome (see Fig. 3.2 left). It is spherical lipid bilayer shell that can be thought

of as a small cell filled with aqueous solution. Depending on preparation method,

lipid vesicles may have multiple shells (like an onion, multilamellar vesicles) or

single shells (unilamellar vesicles). Unilamellar lipid vesicles, which we will focus

on in this chapter, can be formed using different methods, such as tip sonication and

extrusion [9–11]. In the extrusion method, which has been used in most of the

examples presented below, an unordered lipid suspension is forced through a

polymer membrane containing multiple nanopores. This results in lipid vesicles

being formed in a process similar to that of blowing soap bubbles. The method

enables the preparation of vesicles with different lipid compositions and with

diameters ranging from tens to hundreds of nanometers [11].

The possibility to tether lipid vesicles to a surface [12] is highly valuable for

bioanalytical sensing applications, because the transduction mechanisms of many

sensors are based on biomolecule-induced optical, electrical, or mechanical

changes at or close to the sensor surface. One popular means of attaching vesicles

to a surface is to prepare the vesicles with a small fraction of biotin-modified lipids.

These vesicles can then be bound to a surface modified with avidin (or streptavidin

or NeutrAvidin) [13]. An increasingly popular approach is to use DNA as surface

tethers. A lipid vesicle modified with single-stranded DNA can be site-selectively

bound to a surface modified with complementary DNA strands [14, 15]. Because

the hybridization process is highly specific, this strategy has the potential for

multiplexed automatic sorting of vesicles, which may be of particular value for

array-based membrane-proteomics [16]. DNA tethers can be attached to lipid

Fig. 3.2 Schematic illustrations of a lipid vesicle (left) and a SLB (right)
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vesicles by, for example, covalently attaching DNA to lipids modified with reactive

head groups [17]. One can also use cholesterol-tagged DNA, which spontaneously

incorporates into lipid bilayers [18, 19]. In this case, the hydrophobic cholesterol

part self-incorporate into the hydrophobic part of the lipid bilayer, making the

concept highly attractive in combination with, for example, lipid vesicles derived

directly from native cell membranes [20].

The Supported Lipid Bilayer

An alternative to immobilized lipid vesicles is the concept of planar SLBs [21–23].

A SLB is a planar lipid bilayer that rests on a support, which may be part of a

surface-based sensor system. Silica-based supports (i.e., glass) are most popular by

far, mainly because of the simple SLB preparation procedure. On silica, mica and

some metal oxides, such as titanium dioxide, SLBs can be formed spontaneously by

adsorption and spontaneous rupture of lipid vesicles, without the need of

prefunctionalization of the surface apart from normal cleaning procedures

[24–26]. In contrast, under normal conditions, vesicles do not rupture on other

materials, including the metals (e.g., gold and silver) that are typically used in

nanoplasmonic biosensors. Instead, the vesicles adsorb and remain nonruptured on

such surfaces. A simplified schematic illustration of the SLB formation process on

silicon dioxide (SiO2) is presented in Fig. 3.3.

Analogous to the lateral fluidity of a real cell membrane, the lipids in a SLB have

a high lateral diffusivity, although somewhat reduced compared with that of lipid

vesicles [27]. Note also that the lateral mobility of a lipid bilayer membrane is

dependent on the temperature. Above a certain, lipid-specific, melting temperature,

the membrane is in the fluid phase with a high lateral mobility. Below the melting

temperature, the membrane is in a gel phase with a significantly reduced mobility.

In one of the last examples in this chapter we describe how nanoplasmonics can be

used to investigate the transition between these two phases [28].

Similarly to lipid vesicles, SLBs can be modified with different components,

including membrane proteins [29]. Further, SLBs have been proven successful in

studies of crystallization of water-soluble proteins [25, 30–33], multivalent

interactions [34], and cell adhesion [21], to mention a few important examples.

By forming a SLB from vesicles that contain a small fraction of fluorescently

labeled lipids (typically 0.1–1%), the final SLB also becomes fluorescent.

Fig. 3.3 Simplified schematic illustration of supported lipid bilayer formation from vesicles

on SiO2
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Except from traditional fluorescence-based imaging, this enables the characteriza-

tion of the lateral mobility in the artificial cell membrane using, for example,

fluorescence recovery after photobleaching (FRAP) [35, 36]. In FRAP, fluorescent

molecules in a small region (typically around 10 mm in diameter) of the

microscope’s field of view are photobleached. For a fluid SLB that is considerably

larger than the bleached region, nonbleached lipids will diffuse into the bleached

area and the fluorescence will recover with time. In contrast, if the mobility is low,

as for or a SLB in gel phase, or if the diffusion is limited to within regions smaller

than the bleached area, as for a layer of vesicles, there is essentially no fluorescence

recovery. This makes FRAP a powerful tool in the characterization of cell mem-

brane mimics. Further, in the case of SLBs formed on nanostructures, the diffusion

coefficient can be used to determine if a SLB follows the contour of the

nanostructured surface or not [37, 38], which is of high relevance when SLBs are

combined with nanoplasmonic sensors.

Other variants of supported cell membrane mimics include tethered and

polymer-SLBs [39, 40]. For certain applications, these are promising alternatives

to conventional SLBs, because they can be formed also on materials that do not

promote spontaneous SLB formation from vesicles and also because they provide a

liquid reservoir under the lipid bilayer. The latter property may be particularly

beneficial when working with membrane-protruding proteins, such as ion channels.

Another concept is that of free-hanging membranes [41] (SLBs that span apertures),

which also provides space under the membrane and liquid reservoirs on both sides

of the lipid bilayer.

Patterns of Cell Membrane Mimics

One of the attractive features of nanoplasmonic sensing is the possibility of

miniaturization (down to sensing of single nanostructures) [42–46] and the potential

for array based sensing [47]. In this respect, formation of SLB and vesicle patterns

may be useful. In the case of vesicles, the DNA-controlled immobilization strategies

discussed above are promising for multiplexed sorting of vesicles on the sensor

surface [16]. DNA-controlled binding, combined with materials-specific surface

modifications, can also be used to attach vesicles specifically to the most sensitive

regions of a nanosensor [48]. This is particularly relevant with respect to

nanoplasmonic sensors, which are known to provide sensitive fields that are highly

localized to the nanostructure. It is in this context worth mentioning that such

specific binding to high-sensitivity regions can be used to improve the performance

of nanoplasmonic sensors [49].

Several techniques have been developed to create patterns or patches of SLBs.

For example, barriers on a SiO2 surface can be used to hinder lipids from diffusing

between two adjacent fluid SLB patches [50]. As discussed in more detail below,

this principle was utilized to form around 100 nm in diameter SLB patches in the

bottom of nanoplasmonic holes [51]. Although to our knowledge not yet combined
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with nanoplasmonic sensing, microcontact printing with patterned stamps is

another attractive approach to create SLB patches [52] and more serial techniques

include dip-pen nanolithography [53], and nanoshaving [54]. SLBs have also

been formed on nanostructured surfaces, both from a self-spreading technique

[55], via the vesicle fusion principle [56] and most recently, by driving a preformed

lipid bilayer [57] over a nanostructured surface using the hydrodynamic shear force

generated by a liquid flow [38].

Introduction to Short-Range Ordered Nanoplasmonic
Holes in Thin Metal Films

Many of the examples that are presented in this chapter are based on the optical

properties of short-range ordered holes in a thin gold film. The short-range order

refers to a nonperiodic arrangement of holes, but where there is a characteristic

distance between neighboring holes [58] (see Fig. 3.4 left). Short-range ordered

holes in thin gold films have similar sensing behavior to that of discrete plasmonic

particles, such as gold nanodisks [59]. This includes a lower bulk refractive index

sensitivity compared with that of conventional surface plasmon resonance (SPR)

sensors based on both flat metal films as well as metal films with gratings or

periodic arrays of holes in thicker metal films [60–62]. On the other hand, the

average decay length of the plasmonic field associated with nanoholes in thin metal

films [63] and plasmonic nanoparticles [64] is around one order of magnitude

shorter (tens of nanometers) than that of conventional SPR sensors [61, 62]

(typically hundreds of nanometers). From the perspective of measuring thin

biomolecular films, these two properties compensate each other, leading to compa-

rable sensing behavior for the two cases [65].

Fig. 3.4 (Left) Scanning electron microscopy image of a typical sample with short-range ordered

nanoholes (diameter around 130 nm) in a 30 nm thick gold film supported on glass. The scale bar is

200 nm. (Right) Extinction spectrum of the sample shown in left. The left SEM image is adapted

with permission from ref. [37] Copyright 2008 American Chemical Society
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Nanoplasmonics and Artificial Cell Membranes

As explained above, lipid vesicles interact differently with different surfaces, where

gold and silica-based materials may be the most well studied materials. Both of

these materials are stable in typical buffer solutions. These materials are also

possible to modify chemically (and specifically without cross-modification) in

order to either promote or prevent binding of biomolecules [66]. Together with

material-specific surface modifications, which enable either of the two materials to

be selectively modified, this makes nanoplasmonic systems based on gold

nanostructures on glass substrates ideally suited for biosensing applications in

general. In particular, tuning the design of nanoplasmonic structures, including

the chemical surface modifications, enables self-assembly of different artificial cell

membrane mimics on such sensor surfaces.

Nanoplasmonic Structural Sensing: SLB Formation

To perform nanoplasmonic sensing of cell membrane mimics, it is desirable to be

able to form SLBs on nanoplasmonic sensor surfaces. Because lipid vesicles

rupture into SLBs on glass and silicon oxide, but not on gold, this is not straight-

forward, but may be achieved by coating the structure with a thin layer of silicon

oxide (or another material that allows for SLB formation). This possibility was

investigated by us using silicon oxide-coated short-range ordered nanoholes in a

thin gold film (see Fig. 3.5) [37]. Using a small fraction of fluorescently labeled

lipids in the vesicles, fluorescence-based microscopy investigations, including

FRAP [36], were used to verify that macroscopic SLBs were formed on the

substrate. The SLB was shown to be fluid with a high, long-range lateral mobility.

From a reduction in diffusivity of around 20% compared with that of a SLB formed

on flat silicon oxide, it was concluded that the SLB followed the contour of the

substrate in a similar manner to that depicted in Fig. 3.5.

The SLB formation process was investigated in real-time by monitoring

the temporal variation in the plasmon resonance, as shown in Fig. 3.6. The nano-

plasmonic sensor structure was mounted in a flow cell that was filled with buffer.

Fig. 3.5 Schematic illustration of SLB formation from vesicles on a silicon oxide-coated

nanoplasmonic hole surface
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Lipid vesicles were injected into the flow cell at 0 min and subsequent adsorption to

the surface induced local changes in RI resulting in a corresponding increase in the

plasmon resonance (plasmon resonance shift is denoted Dl in Fig. 3.6). At around

5min, the sensor response accelerated before it finally saturated after around 10min.

The acceleration and corresponding kink in the response curve is attributed to the

structural change during vesicle rupture.

The observed signature for bilayer formation can be understood based on the

strong confinement of the plasmonic field to the sensor surface. A molecule with a

refractive index (RI) different from that of the surrounding solution that enters the

plasmonic field will induce a shift in the plasmon resonance (for example measured

as a redshift of the wavelength at maximum extinction). This forms the base for

using nanoplasmonics for RI-based sensing. However, the magnitude of the shift

induced by the molecule is related to the square of the plasmonic field strength (that

is, the field intensity), which is strongest at the surface of the nanoplasmonic

structure and decays rapidly away from the surface [60, 67]. A molecule that

binds directly on the surface will therefore induce a larger plasmonic shift than a

molecule that binds (or in other ways becomes located) at a certain distance away

from the surface (for example a tethered molecule). As a result, if a molecule that is

placed at a distance from the surface moves closer to the surface, it would induce a

redshift in the plasmon resonance wavelength. Hence, not only binding of

molecules, but also the movement of molecules closer or further away from the

surface can be monitored through shifts in the plasmon resonance. The acceleration

of the response shown in Fig. 3.6 was therefore attributed to rupture of vesicles,

resulting in a movement of the average lipid distribution closer to the surface and

hence into a stronger plasmonic field [37].

The concept of using nanoplasmonics to probe biomolecular structural changes

has also proven capable of resolving reversible conformational changes in proteins

induced by changes in concentration of calcium (Ca2+) [68]. Further, conforma-

tional or structural changes of biomolecules have been studied using so-called

plasmon rulers [69]. In this method, plasmonic nanoparticles are attached to each

end of the biomolecule of interest. The plasmon coupling between the two particles

and hence their optical properties are highly sensitive to changes in the distance

Fig. 3.6 Temporal variation

in the plasmon resonance

during SLB formation on

silicon oxide-coated

nanoplasmonic holes. The

kink around 5 min is

attributed to vesicle rupture.

Modified with permission

from ref. [63] Copyright 2008

American Chemical Society
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between the particles. Because this distance will change upon a structural change in

the molecule, this phenomenon can be used to study structural changes of, for

example, DNA molecules [69].

Specific Protein Binding to SLBs on Nanoplasmonic Sensors

For many applications, not the least within medical diagnostics and drug develop-

ment, it is essential to be able to investigate the interaction of molecules with

membrane-embedded receptors. In fact, this was accomplished already in the first

combination of nanoplasmonic RI sensing and artificial cell membranes using

functionalized SLB patches in the bottom of nanoplasmonic holes [51].

There are mainly two criteria for the surface chemistry that are important in

order to enable the investigation of specific binding reactions using surface-based

sensors. First, it should be possible to modify the sensor surface with one of the two

binding partners so that the interacting partner can bind specifically to the sensor.

As discussed above, SLBs can be modified with a wide range of receptors and

molecules, although it may for certain applications be beneficial to use other cell

mimics, such as free-hanging membranes or lipid vesicles. Second, when subse-

quently adding the target molecule it is important that the sensor response

corresponds only to specific interaction between the added target molecule and

the immobilized receptor. It is therefore important to minimize unspecific adsorp-

tion of both the target as well as other biomolecules to the sensor surface, because

such adsorption events will result in false positives. Fortunately, nonfunctionalized

SLBs are known to provide surfaces with extremely low unspecific adsorption of

biomolecules [70]. SLBs are therefore suitable to be used for studies of specific

binding reactions to membrane receptors. Figure 3.7 shows an example where the

protein NeutrAvidin binds specifically to biotin-modified lipids in a SLB formed on

silicon oxide-coated nanoplasmonic holes. The first part in the curve shows the

successful formation of a SLB from biotin-modified vesicles, manifested by the

signature discussed above. After rinsing, NeutrAvidin was added to the flow cell

(marked by the arrow) and the binding reaction could be investigated in real-time

by monitoring the temporal variation in the plasmon resonance peak position.

Biomolecular interactions on surface-supported artificial cell membranes have

been studied also with other types of nanoplasmonic sensors. This includes the use

of nonperiodic nanoplasmonic holes without silicon oxide coating [51], periodic

arrays of plasmonic holes [71] as well as nanoplasmonic systems that are based on

discrete nanostructures, including both gold [46, 72] and silver nanostructures

[73, 74]. For example, Baciu et al. recently formed lipid bilayers over surface

supported gold nanorods and showed that protein–membrane interactions could be

probed by monitoring the plasmonic resonance of single gold nanorods [46].
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Estimation of the Decay Length of the Nanoplasmonic
Field Using a SLB

A SLB forms a continuous and very homogeneous around 5 nm thick film on silicon

oxide. Hence, the volume of the decaying evanescent field that is occupied by a SLB

is relatively well defined, which makes the system suitable for estimates of the decay

length of the nanoplasmonic field. This stems from the fact that the sensitivity to

changes in bulk RI after SLB formation will be reduced compared with a bare

substrate due to the volume occupied by the SLB.

The bulk RI sensitivity of a nanoplasmonic sensor is generally measured by

probing the variation in the plasmon resonance during immersion in solutions of

varying RI (e.g., different concentrations of glycerol). The slope of a linear fit to the

peak shift (Dl) vs. changes in the RI of the liquid environment represents the bulk

RI sensitivity. The shift in the plasmon resonance induced by a bulk RI change is

proportional to the field strength squared integrated over the whole volume that is

probed. Assuming that the field decays exponentially from the surface with an

average decay length, L, the peak shift induced by a bulk change on a bare sensor

can then be written as [75]:

Dl ¼ Dn � 2Sbare
L

ð1
0

e�2z=L dz ¼ Dn � Sbare (3.1)

Fig. 3.7 Temporal variation in the plasmon resonance peak position of silicon oxide-coated

plasmonic holes during SLB formation and subsequent binding of NeutrAvidin. The arrow
marks the addition of the NeutrAvidin. The schematic inset illustrates the binding reaction
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where Sbare is the bulk sensitivity of the bare sensor and z is the distance from the

sensor surface. Note that (3.1) is normalized with 2/L in order to directly obtain

Sbare as the bulk sensitivity of the bare sensor.

The bulk sensitivity of a nanoplasmonic sensor is expected to decrease upon

addition of an adsorbed film on the surface. The reason is that the adsorbed film will

occupy a significant fraction of the sensitive volume of the sensor and thus exclude

this volume from the bulk sensitivity measurement. Only the plasmonic field

outside the adsorbed film (z > t) should now be considered, and the shift induced

by a change in RI outside the adsorbed film is (corresponding to that in (3.1)):

Dl ¼ Dn � 2Sbare
L

ð1
t

e�2z=L dz ¼ Dn � Sbare � e�2t=L ¼ Dn � Sfilm (3.2)

where Sfilm is the measured bulk RI sensitivity after film adsorption. Interestingly,

from the last equality in (3.2) it is clear that the thickness and the sensitivity

measured before (Sbare) and after (Sfilm) film adsorption provides an estimate on

the average field decay length according to:

L ¼ 2t

lnðSbare=SfilmÞ (3.3)

With the adsorbed film being homogeneous, as in the case of a SLB, the average

decay length can be directly obtained from (3.3) using measured values of Sbare
and Sfilm.

Figure 3.8a shows the temporal variation in the peak position of a sample with

silicon oxide-coated short-range ordered nanoholes during (i) bulk sensitivity

measurement using increasing concentrations of glycerol, (ii) the formation of a

SLB from lipid vesicles and (iii) a second bulk sensitivity measurement.1

The slopes of the blue and red curves in Fig. 3.8b correspond to the bulk RI

sensitivity measured before (Sbare) and after (Sfilm) bilayer formation. As expected,

the sensitivity was lower after bilayer formation and with a SLB thickness of

around 5 nm, as measured with a quartz crystal microbalance (QCM), this yielded

an average field decay length of around 40 nm [63]. The corresponding decay

length of the sensitivity was thus 20 nm, in agreement with both an independent

study using the same combined setup [76] and with numerical simulations of

similar nanoplasmonic holes [77].

1 Note that although these three steps are sufficient for this analysis, the data also includes the

adsorption of NeutrAvidin to the bilayer (a small fraction of biotinylated lipids were used as in the

example above) and a third bulk sensitivity measurement. These steps are discussed in the next

section.
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Estimation of the Refractive Index of SLBs
and Adsorbed Molecules

In a similar manner, bulk sensitivity measurements before and after biomolecular

binding can provide information on the (absolute) refractive index of the adsorbed

molecules. Importantly, in this case the adsorbed biomolecular film does not need to

be homogeneous. This concept was first used by Haes et al. to determine the

absolute refractive index of hexadecanethiols adsorbed on silver nanoparticles

[78]. The principle is exemplified here for both a SLB and for NeutrAvidin

bound to the SLB using the same measurements as described in the previous section

(Fig. 3.8). Bulk sensitivity measurements were performed before and after both the

SLB formation and the NeutrAvidin binding reaction. The corresponding sensitiv-

ity curves are shown in Fig. 3.8b. Note that the curves are separated by the shifts

induced by the SLB and the NeutrAvidin, respectively. Those shifts, in turn, are

dependent on the difference in RI of the molecules and the RI of the surrounding

medium. Hence, the separations of the curves in Fig. 3.8b were done at the RI of the

surrounding buffer solution. This also means that the plasmon resonance shifts

would have been smaller if the buffer would have had an RI closer to that of the

molecules. In fact, there would be no shift at all if the buffer and the molecules

would have had the same RI, simply because the binding reaction would in that case

not induce a RI contrast within the probed volume. This means that the

interceptions between the curves in Fig. 3.8b (the two interceptions that are marked

with dashed lines in the inset) will correspond to the refractive indices of the SLB

and the NeutrAvidin, respectively. In this particular example, this approach yields

values of around 1.48 and 1.55 for the SLB and the protein, respectively [63], which

are in excellent agreement with literature data.

Fig. 3.8 (a) Temporal variations of the peak position during the following sequential steps: (i)

bulk sensitivity measurement using increasing concentrations of glycerol, (ii) SLB formation from

lipid vesicles, (iii) bulk sensitivity measurement, (iv) adsorption of NeutrAvidin to the

functionalized bilayer, and (v) bulk sensitivity measurement. (b) The peak shift vs. the refractive

index for the experimental values (squares) extracted from (a) for the glycerol cycle before (blue),
after bilayer formation (red) and after adsorption of NeutrAvidin (green). The full lines are linear
fits to the experimental data. The inset is a close up of the same graph and the dashed linesmark the

intersections that represent the refractive index of the SLB and NeutrAvidin, respectively. Adapted

with permission from ref. [63]. Copyright 2008 American Chemical Society
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Combined Nanoplasmonic and QCM-D Sensing
of Artificial Cell Membranes

In this section we present how the conductive properties of nanoplasmonic hole

sensors enables a direct combination with the quartz crystal microbalance with

dissipation (QCM-D) monitoring technique. In particular, we describe how this

setup provides two independent measures on structural changes, such as the one

occurring during SLB formation.

The reader is advised to previously published reports for detailed presentations

of the QCM-D technique [79]. In brief, the QCM-D technique is based on the

mechanical oscillation of a piezoelectric quartz crystal, whose resonance frequency

will decrease upon binding of a biomolecular film on the surface. Similarly to the

nanoplasmonic sensing concept, the QCM-D method can thus be used for label-free

investigation of biomolecular binding events in real-time, but instead of measuring

changes in refractive index, it gives a measure on the change in the mass that

couples to the mechanical oscillation of the crystal. Further, changes in the energy

dissipation (the damping of the crystal, which is inversely proportional to the

quality factor of the resonator) can be used to investigate changes in the viscoelastic

properties of the adsorbed film.

The QCM crystal is typically driven electrically using one electrode on the

sensing side that is immersed in liquid and one electrode on the backside of the

crystal. Because a perforated nanoplasmonic hole film is electrically conductive, it

can be used as the sensing electrode and thereby enable combined nanoplasmonic

and QCM-D sensing [63, 76]. By making a small hole in the backside electrode, the

nanoplasmonic response can be measured using conventional transmission spec-

troscopy as depicted schematically in Fig. 3.9.

The formation of a SLB from adsorption and rupture of lipid vesicles will be

used to exemplify the combined setup. In 1998, the Kasemo group showed that

both the frequency and the dissipation of the QCM-D setup provide clear

signatures for the rupture of lipid vesicles into a planar SLB [80]. This feature

was nicely reproduced also for the QCM-D signals in the combined setup

(Fig. 3.10a), where the SLB was formed on a surface with silicon oxide coated

nanoplasmonic holes. The origin of the peculiar QCM-D response relates to the

fact that not only the mass of the lipid bilayer shells of adsorbed lipid vesicles

contributes to the response, but also the liquid contained inside and between the

vesicles. This results in a relatively large decrease in the frequency upon initial

vesicle adsorption. However, when the vesicles rupture (at around 5–6 min in

Fig. 3.10a), the hydrodynamically coupled liquid is decoupled and no longer

sensed by the crystal. The rupture process therefore results in a decrease in the

effective mass on the sensor and a corresponding increase in the frequency until

saturation is reached at around�25 Hz (for a QCMwith resonance close to 5 MHz

normalized with the overtone number). The dissipation signal, in turn, reflects the

viscoelastic properties of the system, yielding an increase in dissipation as the

lipid vesicles adsorb on the surface. During rupture, an acoustically more rigid
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Fig. 3.10 (a) Temporal variation of the dissipation, DD (red) and the frequency, Df/3, (blue) at the
third overtone during SLB formation on the nanostructured surface. (b) Same as in (a), but instead

showing the dissipation (red) and the LSPR peak shift, Dl (green). An initial (at around 0 min)

drop in peak shift due to a wavelength dependence on the light scattering of vesicles has been

removed. The vertical dashed lines in both (a) and (b) are there as visual aids and to demonstrate

the temporal correlation between the turnover in the dissipation and the LSPR kink, respectively.

The short black line and the arrow demonstrate the possibility to investigate the initiation of

vesicle rupture from the kinky LSPR response. Adapted with permission from ref. [63]. Copyright

2008 American Chemical Society

Fig. 3.9 Schematic illustration of the combined sensor principle for simultaneous nanoplasmonic

and QCM-D measurements on the same surface of, for example, SLB formation. Adapted with

permission from ref. [63]. Copyright 2008 American Chemical Society
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layer is formed and the dissipation decreases to a relatively small value of around

5 � 10�7 for the final SLB.

In Fig. 3.10b, the change in dissipation of the QCM crystal is plotted together

with the nanoplasmonic response, demonstrating a clear correlation in time

between the two signatures for SLB formation. Note also that the nanoplasmonic

response provides an estimate of the start of the vesicle rupture process,

corresponding to the time at which the curve starts to deviate from the initial

binding curve (marked with arrow).

The combined sensor setup contributes to improved quantification of the bound

mass, in particular via the information about effective film thickness that can be

obtained from the QCM-D response. It is also worth noting that the combination of

two different sensor techniques, such as the one presented here, generally provide

more information about a reaction then the two separate techniques do alone. In this

particular case, it was possible to verify that the acceleration in the nanoplasmonic

response actually reflects the structural transformation that occurs during vesicle

rupture into a SLB. This added value stems mainly from the fact that the responses

of different sensor methods originate from different physical processes. In this exam-

ple, the nanoplasmonic response was due to local changes in refractive index, while

the QCM-D response corresponds to the damping of the oscillating crystal. Recently,

it was also shown that the QCM-D can be operated by using the liquid itself as an

electrode, enabling QCM-D to be combined also with nonconductive nanoplasmonic

sensor systems, such as an array of gold nanodisks on a blank crystal [72].

Positioning of SLBs and Lipid Vesicles in Nanoplasmonic Holes

We have so far discussed artificial membranes in combination with nanoplasmonic

systems where the sensor surface consists of one material only. However, in many

nanoplasmonic sensors there are two or more materials available for biomolecular

interactions. Typically, one material provides the plasmonic properties (e.g., gold or

silver) and the other material is the supporting substrate (e.g., glass or other dielec-

tric materials). To function properly, such systems require material-specific surface

modifications. First, this is a key aspect in order to avoid nonspecific adsorption and

potential false signals, but it can also be used to control positioning of molecules.

In the first report on nanoplasmonic sensing of artificial cell membranes this concept

was utilized to form nanoscale SLBs in the bottom of short-range ordered holes

(110 nm in diameter) in a thin gold film (20 nm) on a glass (quartz) substrate [51].

This structure was thus mainly composed of gold, except for the bottom of the holes,

which were made of glass. The gold surface was made inert to vesicle adsorption by

incubation of the substrate in a solution containing biotin-modified bovine serum

albumin (biotin-BSA),which binds selectively to gold and not to the glass regions

[14]. In this way, the glass in the bottom of the holes becomes the only region of the

sensor that is available for vesicle binding, where formation of SLB patches was

shown possible if calcium (Ca2+) was added to the buffer.
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This concept has recently been extended to selective tethering of lipid vesicles to

SLB-patches in the bottom of similar nanoplasmonic holes [48]. In this study, the

gold surface was first made inert using thiol-modified poly(ethylene glycol) (thiol

PEG, 3 kD average molecular weight). SLB patches could then be formed preferen-

tially in the bottom of the holes in a way similar to that used in the previous example.

Subsequently, cholesterol-modified DNA with a sticky end (a short single-stranded

part) was added to the flow cell, leading to self-incorporation into the SLB patches.

Lipid vesicles (around 100 nm in diameter) modified with DNA complementary to

that of the DNA on the SLB patches were subsequently added (see Fig. 3.11).

The vesicle binding reaction could be monitored optically through the temporal

variation in the plasmon resonance (see Fig. 3.11b), yielding strong contrasts

between unmodified and DNA-modified vesicles. Complementary fluorescence-

based methods were used to verify that single vesicles were bound to single holes.

We anticipate the positioning of lipid vesicles into the high plasmonic field strength

in the void of the holes as an interesting system to probe both molecular binding to

the lipid membrane as well changes in the refractive index inside the vesicles, in a

way similar to the use of conventional SPR for this purpose [81].

Fig. 3.11 (a) Schematic illustration of a vesicle tethered to a SLB in a nanoplasmonic hole using

cholesterol anchored DNA. Not to scale. (b) Temporal variation in the plasmon resonance

wavelength during addition of vesicles. The blue curve shows efficient binding (hybridization)

and the red curve shows the response when noncomplementary DNA is used. (b) Is adapted from

ref. [48]. Copyright Wiley-VCH Verlag GmbH & Co. KGaA, reproduced with permission
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Nanoplasmonic Particles for Imaging and Heating
of Cell Membranes

With respect to the investigation of lipid bilayer membranes and associated reactions,

discrete nanoplasmonic particles hold great promise, because they can be used as

mobile optical probes in or on the cell membrane [82], as illustrated in Fig. 3.12.

The strong light scattering at the plasmon resonance wavelength makes it

possible to image nanoplasmonic particles using, for example, confocal or dark

field microscopy [83, 84]. Plasmonic particles can hence be used as labels or

contrast agents for imaging in solution (as compared to surface-based

nanoplasmonic systems) and even in vivo. For example, Xu et al. [85] used this

concept to investigate the transport of silver nanoparticles through the outer and

inner lipid membrane of living microbial cells. Because the particle plasmon

resonance and corresponding color is dependent on the size of the particle, the

particle size distribution accumulated in the cells could be measured and related to

the membrane permeability and porosity at the nanometer scale.

Apart from transport through cell membranes, plasmonic particles can also be

designed to bind to cell membranes. For example, Sokolov et al. functionalized

gold particles with monoclonal antiepidermal growth factor receptor (anti-EGFR)

antibodies [83]. The EGFR is a transmembrane glycoprotein that typically is over

expressed in epithelial cancers (e.g., lung cancer). The functionalized particles

could therefore be bound preferentially to cancer cells, which could thus be

differentiated from healthy cells. Moreover, plasmonic particles do not only scatter

light, but plasmonic excitations in general also have an absorbing component that

Fig. 3.12 Schematic illustration of mobile plasmonic nanoparticle probes attached to a lipid

bilayer
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rapidly converts into heat [86]. This makes it possible not only to use plasmonic

particles for imaging and diagnostics, but also for photothermal therapy by light-

induced local heating and corresponding cell death [87].

With respect to nanoplasmonics combined with cell membranes, plasmonic

heating can be used also for other purposes than therapy. Urban et al. recently

used the concept to induce and investigate the transition between the gel phase (low

lateral mobility) and the fluid phase (high lateral mobility) of a lipid bilayer [28].

Gold nanoparticles modified with cetyl trimethyl ammonium bromide (CTAB)

were attached to the lipid membrane of a giant vesicle (tens of mm in diameter).

The movements of single particles on the membrane were tracked in real-time using

dark-field microscopy. At room temperature, the lipid bilayer was in the gel phase

(membrane melting temperature ¼ 41�C) and the particles attached to the mem-

brane showed a low diffusivity. The membrane was then heated extremely locally

by illuminating single gold nanoparticles with a laser. This resulted in a significant

increase in the diffusivity of the same particle, illustrating that the transition from

gel to fluid phase could be achieved locally and in a controlled manner with

plasmonic heating.

For over 20 years, position-tracking of strongly scattering gold particles has

served as a useful tool to reveal new insights about the cell membrane [82, 88].

Recently, this concept was extended to utilize also plasmon coupling between

particles [89]. As mentioned above, the plasmon resonance wavelength of a particle

pair is dependent on the separation between the particles [90]. Rong et al. [89] made

use of this feature using nanoplasmonic particles attached to the surface of a cell.

In contrast to tracking of single plasmonic particles, which can provide an excellent

position determination [91], the coupling of particles could be used to determine

also the distance between particles with subdiffraction limited resolution. This was

successfully used to study the short-range interactions between gold nanoparticle-

labeled integrin surface receptors in living cells [89].

Concluding Remarks and Outlook

The development of nanoscale sensors made compatible with cell-membrane mimics

and studies of the various biological reactions that they control is very likely to

contribute with important new fundamental insights. These sensor systems may

also have a large impact on both medical diagnostics and drug development.

The aim of this chapter is to provide an overview of how these visions so far have

been approached using nanoplasmonic sensing. In particular, we have highlighted

some of the unique possibilities with various nanoplasmonic systems, ranging from

utilizing electrically conducting structures to discrete mobile particles in combination

with cell-membrane mimics.

It is worth mentioning that the strong electromagnetic fields associated with

plasmonic excitations in metal nanostructures can be beneficial in other contexts

than those discussed herein. For example, the evanescent near-field inside a
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nanohole in an aluminum film can be used to locally excite fluorescent molecules

inside the holes. Edel et al. [92] used this concept to carry out fluorescence

correlation spectroscopy to study the lateral diffusion of lipids in the membrane.

Moreover, apart from tuning fluorescence emission with nanoplasmonics, the

strong electromagnetic fields may also be used to enhance signals that are intrinsic

to the biomolecules themselves. An interesting example that may be useful in

combination with artificial cell membranes is surface-enhanced Raman spectros-

copy (SERS) [67].

We also anticipate that several new applications will emerge in the near future.

For example, an interesting extension of the nanoplasmonic holes formed in thin

gold films on solid supports is nanoplasmonic pores that provide liquid access at both

sides of the substrate [71, 93, 94]. These may become useful, for example, in

combination with so-called pore-spanning lipid membranes [41], because molecular

transport through such membranes could then be probed through changes in the

plasmonic properties. This would, in turn, complement existing methods based on

electrical readout [41] by making it feasible to study transport also of noncharged

molecules. In fact, a similar concept was already proven successful using lipid

vesicles and conventional SPR [81, 95]. In addition, electrical impedance spectros-

copy (EIS) is well established for studies of the electrical properties of lipid

membranes tethered on e.g., planar gold substrates [96]. Current work focused on

the understanding of nanoplasmonics in combination with electrochemistry and EIS

[97] may using, for example, conductive substrates similar to those used in combi-

nation with QCM-D measurements, open up entirely new avenues in this line of

research.

By having provided a basic overview of the current knowledge on the interaction

of lipid bilayers with materials of relevance for nanoplasmonic systems, we hope to

have guided the readers to contribute to the further optimization of nanoplasmonic

sensors systems designed for studies of cell membrane mimics.
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Chapter 4

Dual Functions of Nanoplasmonic Optical

Antennas: Nanoplasmonic Gene Switches

and Biosensors

Somin Eunice Lee, Younggeun Park, Taewook Kang, and Luke P. Lee

Abstract Within a living cell, the intracellular distribution is spatially nonuniform

and dynamically changing over time in response to environmental cues. By focus-

ing on electromagnetic fields down to dimensions smaller than the diffraction limit,

nanoplasmonic optical antennas, functioning as nanoplasmonic gene switches,

enable on- demand and spatially precise regulation of genetic activity to give rise

to location-specific function. In addition to on-demand gene regulation,

nanoplasmonic optical antennas also function as label-free biosensors that signifi-

cantly enhance spectral information for plasmon resonance energy transfer,

surface-enhanced Raman spectroscopy, and nanoplasmonic molecular rulers.

“Spectral snapshots” (i.e., spectroscopic imaging) of the dynamically changing

intracellular biochemical distribution can be obtained over time.
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Introduction

A living cell dynamically responds to its perpetually changing environment, such

that signaling proteins, transcription factors, and enzymes are constantly

synthesized, transported from one organelle to another, and finally shuttled to

their appropriate locations to give rise to cell function. The intracellular distribution

of these molecular complexes is spatially nonuniform and dynamically changing

over time in response to environmental cues [1]. Quantitative knowledge of the

intracellular biochemical distribution is critical for understanding intracellular

organization and function in developmental processes, growth, differentiation,

apoptosis, and disease.

Intracellular manipulation in conjunction with real-time imaging can provide

unparalleled insight into the dynamic biochemical distribution as a result of local

environmental changes. Recent advancements in nanotechnology and

nanoplasmonics now enable sub-nanometer and nanometer tools to directly inter-

face with intracellular processes. By focusing on electromagnetic fields down

to dimensions smaller than the diffraction limit, nanoplasmonic optical

antennas—functioning as nanoplasmonic gene switches—enable spatially precise

regulation of genetic activity to give rise to location-specific function.

Nanoplasmonic optical antennas—functioning as biosensors—also focus electro-

magnetic fields to significantly enhance spectral information for plasmon reso-

nance energy transfer (PRET) [2–4], surface-enhanced Raman spectroscopy

(SERS) [5–13], and nanoplasmonic molecular rulers [14]. In this way, quantita-

tive “spectral snapshots” (i.e., spectroscopic imaging) of the intracellular bio-

chemical distribution can be obtained over time as function of changes in the local

environment.

In this chapter, the dual functions of nanoplasmonic optical antennas as

nanoplasmonic gene switches and biosensors are reviewed (Fig. 4.1). Because of

their extraordinarily large surface-to-volume ratio, nanoplasmonic optical antennas

are ideal carriers of cargo, such as DNA/RNA oligonucleotides. In the presence of

light that is matched to their plasmon resonance wavelength, nanoplasmonic optical

antennas behave as nanoplasmonic gene switches by photothermally releasing their

DNA/RNA cargo, activating DNA/RNA functionality, and regulating intracellular

genes on-demand. Nanoplasmonic optical antennas also serve as label-free

biosensors to acquire enhanced spectral information. PRET biosensors [2–4] are

described, where energy transfer results in biochemical-specific spectral informa-

tion by matching the plasmon resonance spectrum of the biosensors to the absorp-

tion spectrum of the molecules-of-interest. SERS biosensors are also reviewed,

where biochemical-specific spectral information is enhanced in proximity of the

biosensor’s surface. Nanoplasmonic molecular rulers for label-free measurement of

DNA length and real-time kinetic studies of nuclease activity are also reviewed.

Equipped with new dual-functional nanoplasmonic optical antennas to directly

manipulate and image the intracellular environment, quantitative approaches
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should capture dynamic “spectral snapshots” of the intracellular biochemical dis-

tribution of living systems that were otherwise previously impossible to detect

using conventional methods.

Dual Functions of Nanoplasmonic Optical Antennas

Dual-functional nanoplasmonic optical antennas are powerful biological tools for

on-demand gene regulation and label-free biosensing. A nanoplasmonic optical

antenna receives, focuses, and transmits incoming optical and near-infrared (NIR)

electromagnetic radiation as an analogous, classical antenna receives, focuses, and

Fig. 4.1 Concept of optical nanoantennas for nanoplasmonic gene regulation and nanoplasmonic

biosensing. The intracellular distribution is spatially nonuniform and dynamically changing over

time in response to environmental cues. By focusing electromagnetic fields down to dimensions

smaller than the diffraction limit, light-absorbing optical nanoantennas—functioning as

nanoplasmonic gene switches—enable spatiotemporally precise regulation of genes. Light-

scattering optical nanoantennas—functioning as nanoplasmonic biosensors—enhance spectral

information for plasmon resonance energy transfer (PRET) and surface-enhanced Raman spec-

troscopy (SERS). “Spectral snapshots” of the dynamically changing intracellular biochemical

distribution can be obtained over time using multiple optical nanoantennas with distinct plasmon

resonance wavelengths matched to incident light wavelengths l1, l2, and l3. Reprinted with

permission from Lee et al Current opinion in biotechnology, vol 21, pp 489–497, Copyright

2010 Elsevier
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transmits radio-frequency electromagnetic radiation. A nanoplasmonic optical

antenna focuses incoming electromagnetic radiation down to dimensions smaller

than the diffraction limit, otherwise known as the antenna effect, by coupling the

incoming electromagnetic radiation to the localized excitation of conduction

electrons at the conductor-dielectric interface of the nanoplasmonic optical antenna

(Fig. 4.2a). This antenna effect is prominent when the incoming electromagnetic
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Fig. 4.2 Design and mechanism of the dual functions of optical nanoantennas. (a) When the

diameter d of an optical nanoantenna is much smaller than the wavelength l of incoming

electromagnetic radiation: an optical nanoantenna focuses incoming electromagnetic radiation

down to dimensions smaller than the diffraction limit, otherwise known as the antenna effect, by

coupling the incoming electromagnetic radiation to the localized excitation of conduction

electrons at the conductor-dielectric interface of the optical nanoantenna. (b) Nanoplasmonic

gene-switches are geometrically designed such that their absorption cross-sections dominate

over their scattering cross-sections. Therefore, when the incoming electromagnetic radiation is

coupled to the localized excitation of conduction electrons at the conductor-dielectric interface of

the nanoplasmonic gene-switch, these conduction electrons are excited from the ground (unex-

cited) state. Energy is then transferred from the excited conduction electrons to the lattice through

electron–phonon collisions. As the system relaxes back to the ground state, the absorbed energy is

finally dissipated as heat through phonon-phonon interactions. (c) Nanoplasmonic biosensors are

designed such that their scattering cross-sections dominate over their absorption cross-sections in

order to substantially enhance scattering spectra of biomolecules in proximity of the biosensors.

Therefore, when the incoming electromagnetic radiation is coupled to the localized excitation of

conduction electrons at the conductor-dielectric interface of the biosensor, a momentary transition

from the ground state to a virtual state occurs. Transitions are related to the biochemical

composition. Enhanced Raman scattering, utilized in SERS, results when the transition is imme-

diately to a vibrational level of the ground state. Enhanced Rayleigh scattering, utilized in PRET,

results when the transition is immediately back to the ground state
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radiation is matched to the plasmon resonance of the nanoplasmonic optical antenna,

and as a result, the conduction electrons at the conductor-dielectric interface of the

nanoplasmonic optical antenna collectively oscillate in phase on resonance.

Nanoplasmonic optical antennas, functioning as nanoplasmonic gene switches,

utilize the antenna effect to convert absorbed light energy into surface-localized

heat, otherwise known as photothermal conversion [15–17]. Nanoplasmonic gene

switches are geometrically designed such that their absorption cross-sections

dominate over their scattering cross-sections for efficient photothermal conver-

sion. Therefore, when the incoming electromagnetic radiation is coupled to the

localized excitations of conduction electrons at the conductor-dielectric interface

of the nanoplasmonic gene switch, these conduction electrons are excited from

the ground (unexcited) state (Fig. 4.2b). Treating the electrons and the lattice as

two coupled systems [17], energy is then transferred from the excited conduction

electrons to the lattice through electron–phonon collisions. As the system relaxes

back to the ground state, the absorbed energy is finally dissipated as heat through

phonon–phonon interactions. This photothermally generated heat transfer

from the surface of nanoplasmonic gene switches’ to the surrounding cellular

environment is highly localized, decaying exponentially within a few nanometers

[15, 18, 19] and therefore is thought to have minimal adverse effects on cells.

Additionally, the plasmon resonance of the nanoplasmonic gene switches is also

tuned to the near-infrared (NIR) during fabrication, since tissues and cells are

essentially transparent in the NIR wavelength regime [20]. Nanoplasmonic gene

switches utilize photothermally generated heat to liberate surface-bound cargo,

such as single-stranded DNA, small interfering RNA (siRNA), or plasmid DNA,

in a highly localized manner (Fig. 4.3a).

Nanoplasmonic optical antennas, functioning as label-free biosensors, also uti-

lize the antenna effect. To increase biosensor sensitivity, the geometry and structure

of biosensors are specifically designed to substantially enhance the antenna effect

by utilizing (1) the plasmon coupling between closely positioned geometrical

features of the biosensor and (2) the lightning rod effect [21] at sharp

geometrical features of the biosensor. Biosensors are designed such that their

scattering cross-sections dominate over their absorption cross-sections in order to

substantially enhance scattering spectra of molecular complexes in proximity of the

biosensors. Therefore, when the incoming electromagnetic radiation is coupled to

the localized excitations of conduction electrons at the conductor-dielectric inter-

face of the biosensor, intense scattered radiation is generated. Molecules in prox-

imity undergo a momentary transition from the ground state to a virtual state occurs

(Fig. 4.2c). Transitions are related to the biochemical composition. Enhanced

Raman scattering, utilized in SERS, results when the transition is immediately to

a vibrational level of the ground state. Enhanced Rayleigh scattering, utilized in

PRET, results when the transition is immediately back to the ground state. In this

way, biosensors enable a highly sensitive and label-free spectral readout of the

biochemical composition in the local environment.
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Intracellular Nanoplasmonic Gene Switches

Nanoplasmonic gene switches enable on-demand and spatially precise intracellular

regulation of genetic activity. Using remote-controlled NIR light as a trigger to

release free oligonucleotides and “activate” their functionality, endogenous intra-

cellular genes can be silenced on-demand. In addition to the inhibitory effects,

exogenous foreign genes can also be introduced and expressed on-demand.

Because of their extraordinarily large surface-to-volume ratio, nanoplasmonic

gene switches—in this case rod-shaped nanoplasmonic optical antennas—are ideal
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Fig. 4.3 Nanoplasmonic gene-switch. (a) Duplexes of thiol-modified sense and antisense DNA

are covalently bound to the gold rod-shaped nanoplasmonic gene-switch. In the presence of

continuous-wave illumination, the antisense DNA strands photothermally dehybridize while the

thiol-modified sense strands remain attached to the gene-switch. The photothermally generated

heat transfer from the surface of the gene-switch to the surrounding cellular environment is highly

localized, decaying exponentially within a few nanometers. Scanning electron microscopy image

of gold rod-shaped nanoplasmonic gene-switches. (b) Fluorescently-labeled antisense DNA are

hybridized to thiolated complementary sense DNA and bound to the gene-switch’s surface through

gold-thiol covalent bonds. Gene-switches conjugated with sense-antisense DNA are immobilized

onto a glass substrate. Photothermal dehybridization is monitored by observing the fluorescence

intensity in an area away from the gene-switches. Initially, the fluorescence intensity in the

background is zero. Immobilized gene-switches are then illuminated with light at varying power

densities. The resulting dehybridization of fluorescently-labeled antisense DNA is observed by

visualizing an increase in the background fluorescence intensity over time. Reprinted with

permission from [18], Copyright 2009 American Chemical Society
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carriers of oligonucleotides, such as short single-stranded DNA, siRNA, and

plasmid DNA (Fig. 4.1). For example, short single-stranded DNA, otherwise

known as antisense DNA, are hybridized to thiolated complementary sense DNA

and bound to the switch’s surface through the gold-thiol covalent bond [18]

(Fig. 4.3a). While attached to the switches, oligonucleotides are rendered inactive

due to steric hindrances between the tightly-packed DNA. In the presence of

continuous-wave incident light that is matched to their plasmon resonance wave-

length, antisense DNA is photothermally dehybridized from its carrier to freely

interact with the local environment. To demonstrate controlled photothermal

dehybridization, fluorescently labeled antisense DNA are hybridized to thiolated

complementary sense DNA and bound to the switch’s surface through the gold-

thiol covalent bond (Fig. 4.3b). Switches conjugated with double-stranded DNA are

immobilized onto a glass substrate. Photothermal dehybridization is monitored by

observing the fluorescent intensity in an area away from the switches. Initially, the

fluorescent intensity in the background is zero. Immobilized switches are then

illuminated with light at varying power densities. The resulting dehybridization

of fluorescently-labeled antisense DNA is observed by visualizing an increase in the

background fluorescent intensity over time. Antisense DNA has also been

photothermally dehybridized from other antenna structures, such as gold nanoshells

[22] and gold nanoprisms [23]. Release of circular plasmid DNA [24, 25],

linearized plasmid DNA [26], siRNA [27], and directly conjugated single-stranded

DNA [28] has also been demonstrated by photothermally melting the carrier. This

strategy of photothermal dehybridization offers several notable advantages. Firstly,

no chemical modifications are made to the antisense DNA strand itself since a

thiolated complementary strand is used to directly conjugate to the switch’s surface.

Because chemical modifications can interfere with nucleic acid functionality and

gene silencing efficacy, unmodified antisense DNA is highly desirable. Secondly,

gold-thiol covalent bonds are stable after illumination, such that the switch’s

surface remains covered with the thiolated complementary sense strands. With

respect to cytotoxicity, this surface coating of complementary strands after illumi-

nation is critical. While the gold core is widely accepted as being biocompatible,

bare nanoparticles have been shown to interact with proteins and induce mis-

folding at physiological conditions [29]. Maintaining surface coverage with com-

plementary strands after illumination also prevents reattachment of antisense DNA

strands back onto the switch since rehybridization events are thermodynamically

unfavorable due to steric hindrances and electrostatic repulsive forces at the

switch’s surface [30]. Finally, the structural integrity of the switches is

uncompromised after illumination. Maintaining structure after illumination allows

unique nano-scale optical properties to be retained, thereby enabling the same

incident light wavelength to be used. Repetitive or finely-graded release of cargo

is conceivable for future applications requiring precise temporal patterns of cargo

release. Maintaining structure after illumination is also crucial for in vivo

applications, where the size, geometry, coating material, and core material of

nanoparticles are precisely designed and carefully characterized for proper

biodistribution [31].
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Using nanoplasmonic gene switches, endogenous intracellular genes are silenced

on-demand. As illustrated in Fig. 4.4a, the duplex of thiol-modified sense and

unmodified antisense DNA is covalently bound to nanoplasmonic gene switches

and internalized in BT-474 cells. In the presence of continuous-wave illumination,

antisense DNA strands dehybridize and release into the cytosol, while the thiol-

modified sense strands remain attached to the switches. The unbound antisense DNA

then binds to a portion of the mature mRNA corresponding to ERBB2. Once the

mRNA/antisense DNA heteroduplex is formed, it is recognized and degraded

by RNase H enzymes in the cytosol, thereby silencing ERBB2. As seen in

Fig. 4.4b, on-demand silencing of ERBB2 expression is qualitatively demonstrated

using immunofluorescence imaging and quantitatively shown using flow cytometry

[18]. Since RNase H is ubiquitously present in both the cytosol and the nucleus [32,

33], an alternativemodel [32] suggests that unbound antisense DNA transports to the

nucleus. In the nucleus, the antisense DNA binds to the premature mRNA. Once this

heteroduplex is formed, it is recognized and degraded by RNase H enzymes in the

nucleus. Intracellular genes can also be nanoplasmonically silenced using siRNA

[27]. In addition to the inhibitory effects of interfering oligonucleotides, exogenous

foreign genes can also be nanoplasmonically expressed on-demand [26]. In this way,

nanoplasmonic gene switches can enable spatially precise regulation of intracellular

activity to give rise to location-specific function.

Intracellular PRET Biosensors

In addition to on-demand gene regulation, nanoplasmonic optical antennas can also

serve as label-free biosensors to significantly enhance spectral information for

PRET. Plasmon resonance energy can be transferred from nanoplasmonic optical

antennas to molecules in proximity. When the plasmon resonance spectrum of an

antenna is intentionally matched to the absorption spectrum of the molecules,

energy transfer by PRET [2–4] results in wavelength-specific quenching in the

Rayleigh scattering spectrum (Fig. 4.5a). For instance, when the plasmon resonance

energy of the biosensors is transferred to adsorbed cytochrome c, wavelength-
specific quenching is observed in the Rayleigh scattering spectrum of the biosensor

[2, 4]. The quenching positions exactly correspond to the absorbance peaks of

cytochrome c. PRET efficiency is dependent on the extent of the spectral overlap, as

shown in Fig. 4.5b with biosensors of different plasmon resonances. Therefore, the

greater the spectral overlap, the higher the PRET efficiency and plasmon quenching

intensity.

Real-time production of cytochrome c in living cells can be dynamically imaged

using PRET spectroscopy [4]. It is well known that cytochrome c is released from

the mitochondria to the cytoplasm in response to pro-apoptotic stimuli, such as

ethanol, due to increased permeability of the outer membrane of the mitochondria

[34]. Therefore, when carboxylic acid-terminated biosensors are internalized into

HepG2 cells and cells are then exposed to ethanol, the production of intracellular
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Fig. 4.4 Nanoplasmonic gene silencing. (a) Concept of nanoplasmonic gene silencing of human

epidermal growth factor 2 (HER2/neu, also known as ERBB2) in human BT-474 breast carcinoma

cells. In step 1, duplexes of thiol-modified sense and unmodified antisense DNA are covalently

bound to gene-switches and internalized in BT-474 cells. In step 2, in the presence of continuous-

wave illumination, antisense DNA strands dehybridize and release into the cytosol, while the thiol-

modified sense strands remain attached to the gene-switches. In step 3, the unbound antisense DNA

then binds to a portion of the mature mRNA corresponding to the ERBB2 gene. In step 4, once the

mRNA/antisense DNA heteroduplex is formed, it is recognized by RNase H enzymes. In step 5

RNase H enzymes degrade the heteroduplex, thereby silencing the ERBB2 gene. (b) Flow

cytometric data and immunofluorescent images showing nanoplasmonic gene silencing of

ERBB2 using activated nanoplasmonic gene-switches in BT-474 cells. Flow cytometric data and

immunofluorescent images of the control showing no silencing using unactivated nanoplasmonic

gene-switches. Part (a) reprinted with permission from Lee et al Current opinion in chemical

biology, vol 14, pp 623–633, Copyright 2010 Elsevier. Part (b) reprinted with permission from [18],

Copyright 2009 American Chemical Society

4 Dual Functions of Nanoplasmonic Optical Antennas. . . 91



cytochrome c results in distinguishable wavelength-specific quenching in the scat-

tering spectra over time. In Fig. 4.5c, the positions I, III, and IV correspond to the

nucleus, whereas the positions II, V, and VI correspond to the cytoplasm. Dynamic

quenching as a function of time is shown at different positions. Before exposure

to ethanol, no quenching was observed at these intracellular positions. On the other

hand, after exposure to ethanol, significant quenching at 550 nm occurred.

The observed quenching at 550 nm in the scattering spectra is attributed to the

release of cytochrome c from mitochonodria to cytoplasm induced by ethanol.

In addition to cytochrome c sensing, highly sensitive and selective metal ion

sensing is also enabled by PRET spectroscopy. When the transition metal ion (blue)

binds with the matching ligand (red), d orbitals are split, generating a new absorp-

tion band of the metal-ligand complex in the visible range [3] (Fig. 4.6a). Due to

this new absorption band, Rayleigh scattering energy from the biosensor can be

transferred to the metal-ligand complex. There is no spectral overlap between

Fig. 4.5 Intracellular biosensor for PRET imaging of cytochrome c. (a) Typical Rayleigh

scattering spectrum of bare gold nanoparticles. Typical absorption spectra of biomolecules in

bulk solution. When the plasmon resonance spectrum of the biosensors is intentionally matched to

the absorption spectrum of these biomolecules, plasmon resonance energy transfer (PRET) results

in wavelength-specific quenching in the Rayleigh scattering spectra of the biosensors that is

specific to the biomolecules. (b) Representative Rayleigh scattering spectra and corresponding

colors. PRET efficiency depends on the extent of spectral overlap between the plasmon resonance

spectrum of the biosensor and the absorption spectrum of cytochrome c. The greater the spectral
overlap, the higher the PRET efficiency and plasmon quenching intensity. (c) Dynamic imaging of

intracellular cytochrome c using PRET. Intracellular cytochrome c production is induced using

100 mM ethanol. Representative dark-field image of human HepG2 liver hepatocellular carcinoma

cells with internalized biosensors. Part (a) reprinted with permission from [2], Copyright 2007

Nature Publishing Group. Part (b, c) reprinted with permission from [4], Copyright 2009 American

Chemical Society
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ligands and the biosensor in the absence of the metal ion. When the electronic

absorption frequency of the metal-ligand complex matches with the Rayleigh

scattering frequency, the selective energy transfer is induced by this spectral

overlap and distinguishable resonant quenching in the resonant Rayleigh scattering

spectrum is observed [3] (Fig. 4.6a). PRET biosensors enable high spatial resolu-

tion due to the small nanometer-scale size of the biosensor, as well as highly

sensitive biosensing that is up to 100–1,000 times higher sensitivity compared to

conventional organic reporter-based methods.

High selectivity of metal ions by PRET can be achieved by the selective

formation of metal ion complexes and selective resonant quenching of the biosen-

sor by the conjugated complexes. Here, this biosensor is composed of a gold
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Fig. 4.6 Biosensor for PRET imaging of metal ions. (a) When the transition metal ion (blue)
binds with the matching ligand (red), d orbitals are split, generating a new absorption band of the

metal-ligand complex in the visible range. Due to this new absorption band, Rayleigh scattering

energy from the biosensor can be transferred to the metal-ligand complex. There is no spectral

overlap between ligands and the biosensor in the absence of the metal ion. When the electronic

absorption frequency of the metal-ligand complex matches with the Rayleigh scattering frequency,

the selective energy transfer is induced by this spectral overlap and distinguishable resonant

quenching in the resonant Rayleigh scattering spectrum is observed. (b) Concept of PRET sensing

of Cu2+ between a single nanoparticle and the conjugated resonant complexes [Cu(TMSen)2]
2+

and resulting Rayleigh scattering profile. Biosensor response is compared for biologically relevant

metal ions (Cu2+, K+, Ca2+, Mg2+, and Na+) and transition metal ions (Co2+ and Ni2+). With the

exception of Cu2+, no energy transfer or color change is observed in the presence of other metal

ions. Reprinted with permission from [3], Copyright 2009 Nature Publishing Group
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nanoparticle, which allows for the surface-binding of an ethylenediamine moiety

for selective recognition of aqueous Cu2+. Using this biosensor, PRET sensing of

Cu2+ is visualized in the Rayleigh scattering profile [3] in Fig. 4.6b. To demon-

strate the highly selectivity for Cu2+ by this PRET biosensor, its response to other

biologically relevant metal ions (Cu2+, K+, Ca2+, Mg2+, and Na+) and other

transition metal ions (Co2+ and Ni2+) are compared in Fig. 4.6b. With the exception

of Cu2+, no energy transfer or color change is observed when using other metal

ions in the presence of the PRET biosensor. This remarkable selectivity is

attributed to two key features of this detection system: exclusive complex forma-

tion with only the target metal ion and energy transfer only in the case of a

frequency-matching condition between the biosensor and the metal–ligand com-

plex. This approach can easily be extended to detect other metal ions and various

molecules by either substituting another resonant metal-ligand pair or by

modulating the biosensor’s plasmon resonance positions. This highly resolved

sensing ability can be also used for mapping location-specific metal ions

concentrations in living systems.

Interestingly, PRET sensing of cytochrome c and metal ion Cu2+ result in

distinctly different effects evident in the Raleigh scattering spectrum. Depending

on the spectral bandwidth of the molecule’s absorption spectrum, an amplitude

decrease or wavelength-specific spectral quenching is observed in the Raleigh

scattering spectrum of the biosensor. In the case of cytochrome c, its absorption
spectrum consists of the spectrally narrow bandwidths. Therefore, PRET

biosensing of cytochrome c results in wavelength-specific spectral quenching in

the Raleigh scattering spectrum, where the quenching positions exactly correspond

to the absorbance peaks of cytochrome c at 525 nm (FWHM ~ 20 nm) and 550 nm

(FWHM ~ 12 nm). In contrast, the exclusive complex formation with the target

metal ion Cu2+ results in an absorption spectrum with a spectrally wide bandwidth.

As a result, PRET biosensing of metal ion Cu2+ results in an amplitude decrease in

the Raleigh scattering spectrum. More experimental and theoretical approaches are

needed to address the effects of the extinction coefficient strength, plasmon depen-

dence, surface coverage, and distance dependence on energy transfer by PRET.

SERS Biosensors

For biological and biomedical applications, the ideal biologically functional

nanoplasmonic optical antenna must exhibit non-toxicity, plasmon resonance in

the NIR regime, high local field enhancement, and mobility under physiological

conditions. Therefore, the material, size, and structure of the nanoplasmonic optical

antenna are designed to simultaneously achieve the aforementioned features. Gold

is selected since it is widely accepted as a biocompatible material. The nano-scale

size and dimensions of the nanoplasmonic optical antenna are selected to achieve

plasmon resonance tunability in the NIR regime between 700 and 1,300 nm, where

tissues and cells are essentially transparent [20]. Finally, a nanocrescent structure is
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specifically designed to substantially enhance the antenna effect by utilizing the

plasmon coupling between closely-spaced crescent tips and the lightning rod effect

[21] at the sharp geometrical features of the nanocrescent.

A systematic numerical analysis is used to optimize the geometry of the

nanocrescent to show high local field enhancement and plasmon resonance tunabil-

ity in the NIR regime. A finite element model is used to solve the time-harmonic

Maxwell equations over the domain-of-interest, which reduces to the Helmholtz

equation [35]. The domain consists of the 2D nanocrescent in free space (vacuum)

with a transverse magnetic (TM) plane wave incident at an angle y measured from

the vertical axis. The permeability of gold is assumed to be mr ¼ 1 and the complex

permittivity e is assumed to be a function of wavelength [36]. The geometry of the

nanocrescent is defined by four parameters: an outer radius ro; an inner radius ri; the
center-to-center distance between the circles (cavity offset) d; and the filet radius of
the sharp tips s (Fig. 4.7a).
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Fig. 4.7 Nanocrescent antenna for SERS. (a) Diagram of the nanocrescent illustrating key

geometric parameters: outer radius ro; an inner radius ri; the center-to-center distance between

the circles (cavity offset) d; and the filet radius of the sharp tips s. (b) Maximum local field

enhancement as a function of cavity offset d and incident free-space wavelength l0. Field

distribution for d ¼ 21 nm, l0 ¼ 785 nm. Field distribution for d ¼ 46 nm, l0 ¼ 785 nm

(ro ¼ 70 nm, ri ¼ 50 nm, s ¼ 1 nm, y ¼ 0 �). (c) Maximum local field enhancement as a function

of tip-to-tip distance and incident free-space wavelength l0. Field distribution for t ¼ 5 nm,

l0 ¼ 1,000 nm and (c) field distribution for t ¼ 70 nm, l0 ¼ 1,000 nm (ro ¼ 70 nm, ri ¼ 50 nm,

d ¼ 15 nm, y ¼ 0 �). Reprinted with permission from [37], Copyright 2008 IOP Science
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Significant plasmon band tuning can be seen by varying the overall nanocrescent

size or by varying the cavity offset d, keeping the other parameters constant [37].

As shown in Fig. 4.7b, by decreasing d, the plasmon resonance peak can be brought

well into the NIR regime. Varying d affects the tip-to-tip distance of the

nanocrescent, and as d is reduced, dipole-like coupling increases between the tips.

High local field enhancement can be achieved by varying the tip-to-tip distance t.
As shown in Fig. 4.7c, as t becomes less than 10 nm, strong coupling occurs between

the tips and high local field enhancement occurs, concentrated in a small region near

the tips. Therefore, by varying the nanocrescent geometry, the plasmon resonance

peak can be tuned to the NIR and the local field enhancement can be increased

significantly, with maximum enhancement of the electric field amplitude of approx-

imately 100 for realistic geometries.

Having optimized geometrical features by numerical analysis, biologically

functional gold nanocrescent antennas are batch-fabricated for use as SERS

biosensors (Fig. 4.8a). Firstly, a monolayer of sacrificial spherical polystyrene

nanospheres is cast onto a photoresist-coated glass substrate (Fig. 4.8b). Secondly,

a thin gold layer is coated onto the surface of the polystyrene nanospheres using

electron beam evaporation. During this deposition, the sample is rotated at an angle

with respect to the gold target. The plasmon resonance and enhancement factor can

be tuned during fabrication by selecting the size of the sacrificial polystyrene

nanospheres, varying the thickness of the thin gold layer, and varying the deposition

angle. The gold-coated polystyrene nanospheres are then lifted off from the glass

substrate. Finally, the sacrificial polystyrene is dissolved. The resulting gold

nanocrescent antennas exhibit plasmon resonance in the NIR regime. High local

field enhancement is achieved due to the lightning rod effect at the sub-10 nm sharp

edges and plasmon coupling between the closely-spaced crescent tips.

To characterize biosensor functionality, different concentrations of Rhodamine

6G (R6G) are adsorbed onto the surface of antennas, since the biochemical compo-

sition and the Raman scattering spectra of R6G are well known. A NIR laser source,

matched to the plasmon resonance of the antenna, is used to induce the antenna

effect. SERS spectra are then collected from a single gold nanocrescent antenna.

Nanocrescent antennas significantly enhance the Raman scattering of R6G [9]. As

seen in Fig. 4.8c, vibrational peaks (e.g., 615 cm�1), corresponding to the aromatic

ring bending and stretching of R6G, are significantly enhanced, with an estimated

Raman enhancement factor of larger than 10 [10], by using a nanocrescent antenna

as a biosensor.

When nanoplasmonic optical antennas are internalized in living cells for use as

intracellular biosensors, their intracellular position and orientation are random.

However, the specific intracellular position of a nanoplasmonic optical antenna is

critical for biosensing since the intracellular biochemical distribution is spatially

nonuniform. Additionally, the orientation of asymmetrical antennas with respect to

the incoming electromagnetic radiation is also crucial for enabling large local field

enhancement and therefore high biosensor sensitivity. As shown in Fig. 4.9a, the

maximum local field enhancement occurs when the propagation direction of

the incoming electromagnetic radiation is parallel to the symmetry line of the
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nanocrescent structure. To enable external control of position and orientation by an

external magnetic field, magnetic nanocrescent antennas have been designed

and fabricated (Fig. 4.9a, b). Magnetic nanocrescent antennas consist of

multi-layers of gold, silver, iron, and gold (Au/Ag/Fe/Au). The fabrication of

magnetic nanocrescent antennas is similar to the fabrication of gold nanocrescent

antennas, except that thin layers of Au, Ag, Fe, and Au are sequentially deposited

onto the surface of polystyrene nanospheres using electron beam evaporation.

Similar to gold nanocrescent antennas, magnetic antennas also exhibit plasmon
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Fig. 4.8 Gold nanocrescent antenna functioning as biosensor for SERS. (a) Concept of gold

nanocrescent antenna functioning as a biosensor for SERS. The gold surface can be functionalized

with target ligands to recognize specific biomolecules. High local field enhancement is achieved

due to the lightning rod effect at the sub-10 nm sharp edges and plasmon coupling between the

closely-spaced crescent tips. Nanocrescent antenna enhances the Raman scattering intensity of

biomolecules in proximity of the antenna. Transmission electron microscope images of gold

nanocrescent antenna. The scale bar is 100 nm. Local electric field amplitude distribution of a

nanocrescent antenna at its 785 nm scattering peak wavelength. The geometry of the nanocrescent

is shown in the inset schematics where r is the inner radius, R is the outer radius, and d is the

center-center distance as shown as two partially overlapping circles. For this nanocrescent

antenna, r ¼ 150 nm, R ¼ 200 nm, d ¼ 51 nm. The shown field amplitude is normalized

with respect to the incident field amplitude. The direction of light incidence is from left to right.

(b) Batch fabrication of gold nanocrescent antennas. Firstly, a monolayer of sacrificial spherical

polystyrene nanospheres is cast onto a photoresist-coated glass substrate. Secondly, a thin gold

layer is coated onto the surface of the polystyrene nanospheres using electron beam evaporation.

During this deposition, the sample is rotated at an angle with respect to the gold target. The gold-

coated polystyrene nanospheres are then lifted off from the glass substrate. Finally, the sacrificial

polystyrene is dissolved. Scanning electron microscopy image of resulting gold nanocrescent

antennas. The scale bar is 200 nm. (c) SERS spectra of different concentrations of Rhodamine

6G (R6G) adsorbed on a single gold nanocrescent antenna. Reprinted with permission from [9],

Copyright 2005 American Chemical Society
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resonance in the NIR regime. Large local field enhancement is also achieved due to

the lightning rod effect at the sub-10 nm sharp edges and plasmon coupling between

the closely-spaced crescent tips.

To demonstrate the magnetic nanocrescent antenna as an externally controllable

and highly sensitive biosensor, 3-mercaptopropyltrimethoxysilane (MPTMS) is

covalently bound to the surface of magnetic nanocrescent antennas. A NIR laser

source, matched to the plasmon resonance of the biosensor, is used to induce the

antenna effect. An external magnet is continuously rotated 20 � to systematically

control the position and orientation of this magnetic biosensor. SERS spectra are

then collected from single particles at different positions and orientations. As seen

in Fig. 4.9c, the vibrational peak at 637 cm�1, corresponding to MPTMS, is

significantly enhanced by the biosensor when its structural symmetry line is parallel
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Fig. 4.9 Magnetic nanocrescent antenna functioning as biosensor for SERS. (a) Concept of

magnetic nanocrescent antenna functioning as a biosensor for SERS. A magnetic nanocrescent

antenna consists of multilayers of gold, silver, iron, and gold. The gold surface can be

functionalized with target ligands to recognize specific biomolecules. High local field enhance-

ment is achieved due to the lightning rod effect at the sub-10 nm sharp edges and plasmon coupling

between the closely-spaced crescent tips. Nanocrescent antenna enhances the Raman scattering

intensity of biomolecules in proximity of the nanoantenna. Transmission electron microscope

images of gold nanocrescent antenna. The scale bar is 100 nm. Simulated local electric-field-

amplitude enhancement in dB by a single magnetic nanocrescent oriented 0 � and 45 � with respect
to the 785 nm light incident direction. (b) Concept of externally controllable biosensor using an

external magnetic field. (c) MPTMS is covalently bound to the surface of magnetic nanocrescent

antennas. A NIR laser source, matched to the plasmon resonance wavelength of the biosensor, is

used to induce the antenna effect. An external magnet is continuously rotated 20 � to systemati-

cally control the position and orientation of this magnetic biosensor. SERS spectra are then

collected from single particles at different positions and orientations. Reprinted with permission

from [8], Copyright 2005 John Wiley and Sons
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with the propagation direction of the incoming NIR electromagnetic radiation [8].

These externally controllable and highly sensitive biosensors will be useful for

obtaining location-specific biochemical information in living systems.

Biosensors can also be chemically functionalized to target specific cellular entities

for location-specific biochemical information.Achievingboth targetingand sensing via

SERS by a single nanoplasmonic optical antenna is challenging because targeting

ligands attached on the surface will inevitably impede SERS measurement of the

molecules-of-interest. Therefore, a portion of the antenna surface must be kept

ligand-free to prevent blockage of the SERS sensing surface and interference of

mixed signals, while the other portion of the antenna surface is conjugated with

targeting ligands. Therefore, a new type of nanoplasmonic optical antenna, called a

nanocoral [38], is designed which combines cellular-specific targeting with biochemi-

cal sensing, yet decouples the two functional modes (Fig. 4.10a). Analogous to natural

sea corals that use roughened surfaces to maximize surface area for efficient capture of

light and food particles, nanocoral antennas utilize a highly roughened surface at the
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Fig. 4.10 Biosensor for SERS with target and sensing capabilities. (a) Concept of nanocoral

biosensor for target and sensing. Insets show scanning electron microscopy images of fabricated

nanocoral biosensors; the polystyrene (PS) template has been etched in the bottom right inset.

(b) Targeting capabilities of nanocoral biosensors. (a) bright-field, (b) fluorescent, and (c) sche-
matic images of 300-nm nanocoral biosensors attached to human BT-474 breast carcinoma cell

surfaces with HER-2/anti-HER-2 binding; fluorescent PS nanospheres are used as the nanocoral

template; (d) bright-field, (e) fluorescent, and (f) schematic images for a control experiment where

PS is functionalized with isotype antibodies and very few nanocoral biosensors bind to the cells;

(g) bright-field, (h) fluorescent, and (i) schematic images for a control experiment for human HeLa

cervical carcinoma cells with PS functionalized with anti HER-2 and very few nanocoral

biosensors bind to the cells. Reprinted with permission from [38], Copyright 2010 John Wiley

and Sons
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nanoscale, on one hemisphere, to increase analyte adsorption capacity and create a high

density of SERS hotspots for large local field enhancement. The other polystyrene

hemisphere of the nanocoral is then selectively functionalized with antibodies to target

the receptors of specific cells (Fig. 4.10b). This functionalization leaves the roughened

gold region of the nanocoral specifically for SERS measurements. Therefore, the

targeting and sensing mechanisms are decoupled and can be separately engineered

for a particular experiment.

Nanoplasmonic Molecular Rulers

Biosensors functioning as nanoplasmonic molecular rulers enable label-free

measurement of DNA length, real-time kinetic studies of nuclease activity, and real-

timedetectionof specificbindingactivities betweenproteins andDNA.Nanoplasmonic

molecular rulers are ideal for long-term kinetic studies because they do not suffer from

photobleaching or blinking. Nanoplasmonic molecular rulers utilize double-stranded

DNA as an enzymatic substrate and calibration standard. In Fig. 4.11a, the double-

stranded DNA is designed to contain cleavage sites for endonucleases HindIII, XhoI,
SalI, and KpnI, centered at nucleotide positions 12, 24, 36, and 48, respectively. This

double-stranded DNA is then tethered onto the biosensors, in this case gold

nanoparticles. Scattering images and spectra of individual biosensors are acquired

using a dark-field microscope, a true-color imaging charge-coupled device (CCD)

camera, and a spectrometer. Figure 4.11b shows typical scattering spectra and plasmon

resonance wavelengths for biosensors conjugated with double-stranded DNA after

cleavage reactions with HindIII, XhoI, SalI, and KpnI [14]. After 1 h of cleaving, the

plasmon resonance wavelength blueshifts approximately 67, 62, 45, 28, 10, and 0 nm,

respectively. An average wavelength shift of approximately 1.24 nm is observed per

DNA base pair. The change in plasmon resonance wavelength corresponds to a change

in the dielectric layer around the biosensor when bound DNA is digested. Therefore, a

plasmon resonance shift is related to the length of theDNAwhich canbemeasuredwith

sub-nanometer axial resolution.

Using this nanoplasmonic molecular ruler, nuclease enzymatic kinetics can be

studied in real-time. For example, the exonuclease enzyme, Bal31, is known to

degrade both 30 and 50 termini of double-stranded DNA. When Bal31 is in the

presence of biosensors conjugated with DNA, Bal31 degrades double-stranded

DNA from the untethered end (Fig. 4.11c). After introduction of Bal31, the

plasmon resonance wavelength of the biosensor conjugated with DNA blueshifts

approximately 52 nm in 20 min (Fig. 4.11d). By taking advantage of the high

quantum efficiency of Rayleigh scattering in comparison to fluorescence or Raman

scattering, the time resolution of this nanoplasmonic molecular ruler can be as high

as one spectrum per second. Therefore, kinetic reactions can be measured on the

timescale of seconds. The ability to resolve a single nanoparticle without the need

for radioactive or fluorescent labeling also makes it possible for eventual integra-

tion with microfluidic devices [13, 39, 40] for high-throughput screening.
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Conclusions

In conclusion, the dual functions of nanoplasmonic optical antennas as nanoplasmonic

gene switches and biosensors have been reviewed. Functioning as nanoplasmonic

gene switches, nanoplasmonic optical antennas enable on-demand and spatially

precise intracellular regulation of genetic activity. Functioning as label-free

biosensors, nanoplasmonic optical antennas enable PRET-based and SERS-based

biosensing for spectroscopic imaging in living cells as well as in vitro molecular

Fig. 4.11 Nanoplasmonic molecular ruler. (a) Design of the nanoplasmonic molecular ruler. The

double-stranded DNA contains endonuclease incision sites positioned at 12, 24, 36 and 48 bp from

the tethered end of the gold nanoparticles. The fluorescent labeling with fluorescein isothiocyanate

(FITC) is only for further confirmation of the nuclease reactions, and is not necessary for plasmon

resonance measurements. The 20-nm gold nanoparticle modified with a phosphine surfactant

monolayer is enclosed by a layer of synthesized 54-bp double-stranded DNA. A thiol group and

the fluorophore (as indicated by a green star) are present at each end of the dsDNA, respectively.

Through the thiol–Au chemistry, the double-stranded DNA is tethered onto the gold nanoparticles.

(b) Typical scattering spectra of gold nanoparticles functionalized with double-stranded DNA

after cleavage reactions with four endonuclease enzymes, HindIII, XhoI, SalI, and KpnI.
(c) Concept of real-time sensing of nuclease enzymatic kinetics. Bal31 degrades both 30 and 50

termini of double-stranded DNA. When Bal31 is in the presence of biosensors conjugated with

DNA, Bal31 degrades double-stranded DNA from the untethered end. (d) After introduction of

Bal31, the plasmon resonance wavelength blueshifts approximately 52 nm in 20 min. Reprinted

with permission from [14], Copyright 2006 Nature Publishing Group
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detection.Nanoplasmonicmolecular rulers for label-freemeasurement ofDNA length

and real-time kinetic studies of nuclease activity have also been reviewed. Equipped

with new dual-functional nanoplasmonic optical antennas to directly manipulate and

image the intracellular environment, quantitative approaches should capture dynamic

“spectral snapshots” of the intracellular biochemical distribution of living systems that

were otherwise previously impossible to detect using conventional methods.
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Chapter 5

Individual Plasmonic Nanostructures as Label

Free Biosensors

Greg Nusz and Ashutosh Chilkoti

Abstract This chapter reviews our work and that of other groups in the use of

individual plasmonic nanostructures that are presented by a substrate for the label-

free detection of biomolecular binding events. This class of single particle

nanosensors is based on the local surface plasmon resonance (LSPR) behavior of

noble metal nanostructures that enables optical transduction of binding events at

their surface into an optical signal [1–5]. The LSPR peak location and intensity are

sensitive to the local refractive index surrounding the nanoparticle, which is altered

by the binding of biomolecular targets to receptor-functionalized nanostructures,

and forms the basis of their utility as label-free biosensors [6].

We have previously shown that this transduction modality allows label-free, optical

biomolecular detection in a chip-based format [7, 8]; this ensemble approach has

also been validated by other groups [9–14]. Most work on LSPR biosensors has

been based on interrogation of an ensemble of nanoparticles. In an effort to push

this technology to its limits, we and others have explored single plasmonic

nanostructures as transducers of biomolecular binding events, with the ultimate

goal of single molecule detection of proteins (and other biomolecules) from com-

plex mixtures. These developments are reviewed in this chapter.

There are two primary motivations that direct work into the exploration of label-

free sensors based on individual nanoparticles. First, the miniaturization of the
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entire transduction system down to the nanometer scale offers many distinct

advantages regarding sensor manufacture and performance. Second, by analyzing

individual nanostructures—the quantum unit by which all plasmonic detection

systems are built—a greater understanding of these systems can be achieved

allowing for optimization and rational design of any system utilizing plasmonic

nanostructures. This chapter is hence divided into two primary sections. The first

describes the motivation and practical application of biosensing with individual

nanostructures. The second illustrates an example of nanostructure optimization

and discusses its impact on overall sensor performance as well as its implications

toward the development of future generations of sensors.

Single-Nanoparticle Biosensing

The power of a nanoparticle-based sensor comes from its size. A single plasmonic

nanoparticle has characteristic dimensions in the 10–100 nm size range. Thus, by

miniaturizing a detection system down to a single nanoparticle, the entire sensing

platform is in the same size regime as the target analyte molecules. This offers

advantages to minimizing detection limits at least in terms of the minimum number

of molecules that can be detected and opens the door for label-free detection of

individual molecular binding events. It should be noted that the ability to detect

single molecules will not, per se, provide a gain in sensitivity as defined by the

lowest concentration of the analyte that can be detected, primarily because of mass

transport limitations [15–17]. Rather, miniaturizing the sensor to a single nanopar-

ticle is of interest because it is a useful test of the limits of this technology for

biosensing and also because it provides a potentially useful biophysical tool for the

interrogation of single binding events that is complementary to other transduction

modalities under development for single molecule, stochastic sensing [18–21].

Additionally, with concomitant miniaturization of the fluid handling system,

sample volumes can be greatly reduced, which is likely to be important in the design

of clinical diagnostics where analysis is constrained by the available sample volume

(e.g., in neonatal diagnosis and archival samples), or by the high cost of reagents.

The miniaturization of a biosensor down to the nanoscale also allows for

measurements to be made in regions not accessible by macroscopic sensors, such

as within live cells [22]. As single nanostructure detection systems advance, the

realization of optical, label-free single molecule is becoming a reality [23, 24]. Such

detectors offer the chance to study molecular interactions in a real-time, stochastic

manner, enabling further exploration into the fundamental nature of these reactions.

Single nanoparticle interrogation also offers a method to bypass LSPR peak broad-

ening present in ensemble studies introduced by the heterogeneous size and shape

distribution of nanoparticle. By interrogating single nanoparticles, individual reso-

nance peaks are analyzed independently, each with a much narrower line-width than

the ensemble average, thereby increasing the ability to discern peak shifts and thus

increase the overall measurement accuracy [25].
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Just as many of the advantages of single nanostructure detection methods are

derived from their scale, so are many of their disadvantages. Signals generated by

individual nanoparticles are obviously quite small, so specialized equipment is

typically necessary to detect these signals. As a result, single nanostructure detection

systems are typically more expensive and complex than those needed for ensemble

measurements, which can be performed by a conventional visible spectrophotometer.

Additionally, the smaller absolute signal that emanates from a single nanoparticle

also results in low a signal-to-noise ratio (SNR) limiting the reliability of measuring

small spectral resonance shifts. These smaller signals also typically require a longer

acquisition time, which increases the SNR of each measurement but also reduces the

temporal frequency at which measurements can be made, thereby limiting the time-

resolution of dynamic measurements. Despite these disadvantages, the LOD for

detection of proteins by single nanostructures are competitive with both conventional

planar SPR and ensemble LSPR techniques, with protein detection limits in the

0.02–2 ng/mL range [9, 26–30].

Even though individual plasmonic nanostructures exhibit very large extinction

cross sections relative to their physical size, detecting optical signals from individ-

ual structures presents some challenges. The most common means of detection

relies on the scattering component of the plasmon resonance. Light scattered by

individual nanostructures can be easily separated from the overwhelming illumina-

tion light by using darkfield microscopy, a technique commonly used to visualize

light scattered by individual nanostructures. Under darkfield illumination, the

incident light is directed such that it will illuminate the sample area, but will not

be collected by the imaging objective. The only light that reaches the collecting

optics is that which has been scattered by objects within the sample. There are

several experimental configurations that produce darkfield illumination. The first is

referred to as reflection mode, and it is achieved by introducing the incident light at

a shallow angle to the sample surface [31–33]. This configuration is illustrated in

Fig. 5.1a. Because of the shallow angle, the reflected beam is not collected by the

imaging objective, so only light scattered by the sample surface is collected. While

relatively simple to assemble, reflection mode darkfield is restricted to samples that

have no reflective surfaces above the scatterers because this reflected light may be

collected by the objective. However, reflection mode darkfield modes have the

advantage of being able to image samples on opaque substrates. For example, this

technique has been used to collect micrographs of scattered light of gold

nanospheres on a gold surface [34]. A second darkfield configuration is the well-

studied Kretschmann configuration, which is commonly used for conventional

planar SPR studies. Also known as total internal reflection, in the Kretschmann

configuration light is incident at a shallow angle through an index-matched prism

on the back side of the sample [35]. Because of the lower refractive index of the

medium above the substrate, the incident beam totally internally reflects providing

the dark background necessary to achieve darkfield illumination. The evanescent

field created at the point of total internal reflection excites nanostructures on the

substrate, causing them to scatter light, which is collected by the microscope

objective as shown in Fig. 5.1b. It is important to note that the function of the

prism in this configuration is simply to provide a relatively high refractive index
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medium to facilitate total internal reflection of the incident beam and is not

required to modify the momentum of the incident light to allow coupling into the

nanoparticle electron resonance as in the case of conventional planar surface

plasmon resonance. A third experimental means of achieving darkfield illumination

is referred to as epiillumination, which involves using the imaging objective for

both illumination of the sample as well as collecting scattered light. As shown in

Fig. 5.1c, this is accomplished by using a beam-splitter to separate incident light

from light reflected by the sample. This light is then further separated by a field stop

to isolate light scattered from the sample surface from reflected illumination light

[36]. This approach is particularly useful for imaging structures under a confined

environment that does not allow simple optical access to the sample surface such as

in a fluid cell, or an incubator for the imaging of live cells [37]. The fourth approach

to achieve darkfield illumination is by the use of commercially available darkfield

condensers that focus collimated illumination light at an angle steeper than can be

collected by the objective. Figure 5.1d shows an illustration describing transmission

Fig. 5.1 Schematics of darkfield illumination techniques. Incident light and scattered light are

depicted by yellow and red arrows respectively. (a) Reflected darkfield (b) total internal reflection
(Kretschmann) configuration, (c) epiillumination darkfield (d) transmission darkfield
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darkfield illumination. This technique has been used by many groups [23, 25,

38–43], to collect scattering spectra of individual nanostructures.

Because of their subwavelength dimensions, plasmonic nanostructures are

imaged as diffraction-limited spots in darkfield microscopy, and exhibit the familiar

and well-characterized Airy pattern. Thus, the resulting optical micrographs of

plasmonic nanostructures under darkfield illumination are bright spots

corresponding to light scattered by individual nanoparticles against a dark back-

ground. Although the nanostructure size is far below the typical resolution limits of

optical microscopy, plasmon resonant nanostructures are visible in darkfield optical

microscopy (under far field conditions) because they exhibit very large scattering

cross sections. A scattering cross section represents a hypothetical disk around a

nanoparticle such that all light incident upon that area is scattered. For example, a

30 nm diameter gold nanosphere has a scattering cross section of 90 nm2 at

resonance whereas a polystyrene bead with 30 nm diameter has a scattering cross

section of approximately 0.1 nm2 at visible wavelengths [44]. The large scattering

cross section of plasmonic nanostructures hence allows the collection of high signal-

to-noise images of individual nanoparticles with darkfield microscopy. In fact,

individual nanoparticles scatter enough light that they can be easily visualized by

eye through a darkfield microscope. As an illustrative example, chemically

synthesized gold nanorods characterized by transmission electron micrograph

(Fig. 5.2a) could be easily visualized individually by darkfield microscopy of gold

nanorods that were sparsely immobilized on glass; these images were collected with

an integration time of 200ms with a typical RGB (red-blue-green) CCD showing the

ease with which they can be optically imaged (Fig. 5.2b). These images have

spectroscopic content as well; the red trace in Fig. 5.2c shows a typical scattering

spectrum of a single nanorod that is obtained by darkfield illumination using a slit-

imaging spectrometer [42]. This spectrum of an isolated gold nanorod by darkfield

imaging spectroscopy with an acquisition time of 10 s has a high SNR of 80 and a

low FWHM of ~60 nm. This is in contrast to the blue trace that shows an extinction

spectrum of an ensemble of the same nanorods measured with a conventional

spectrophotometer (Cary 300-Bio). This ensemble measurement interrogates

a macroscopic area of several square millimeters, which includes on the order of

Fig. 5.2 (a) TEM micrograph of gold nanorods. (b) Darkfield micrograph of gold nanorods.

(c) Extinction spectrum of an ensemble of gold nanorods (blue) and of a single gold nanorod (red).
Figure reprinted with the permission of the American Chemical Society [42]
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109 nanorods. The ensemble spectrum exhibits heterogeneous broadening compared

to the single Lorentzian peak observed for each resonance of a single nanoparticle.

This broadening is simply due to the fact that even the most careful chemical

synthesis will yield nanoparticles with a distribution of size and shapes, and as the

LSPR behavior of a nanoparticle is strongly dependent upon these structural

parameters, this structural inhomogeneity leads to a broadening of the ensemble

LSPR peaks. Additionally, the location and amplitude of smaller scattering peaks

corresponding to plasmonic resonances other than the longitudinal resonance of the

nanorod are observed for the isolated nanorod. The location and magnitude of these

minor peaks has been shown to be highly dependent on nanorod end cap geometry

and thus tends to vary widely between chemically synthesized nanorods [45].

The LSPR properties of metal nanostructures are derived from their surface

conduction electrons. The electric field from incident light provides an oscillating

driving force that pushes the conduction electrons away from the metal lattice core.

A restoring force is then provided by the coulomb attraction between the displaced

electrons and the positively charged metal lattice. When driven at resonance, the

oscillating electrons behave as a single dipole, emitting photons as it oscillates.

Thus, individual nanoparticles behave as elastic light scatterers, preferentially

scattering light, which couples resonantly with the oscillating electrons. Any

change in the system that alters the resonant energy of the plasmon will therefore

change the scattering properties of the nanoparticle. In particular, nanoparticle

composition, geometry, proximity to other conductors, chemical bonds to lattice

atoms, and the local refractive index (RI) are all parameters that have been shown to

alter the LSPR spectrum of plasmonic nanoparticles.

The RI sensitivity of plasmon resonant nanostructures is particularly useful for

label-free, optical detection of biomolecular binding. Changing the dielectric

properties of the medium surrounding the nanostructure alters the energy associated

with the electric field oscillation. As most biological materials are nonabsorbing and

nonmagnetic, a change in dielectric can be directly translated to a change in RI.

Generally this effect is observed as a red shift in the LSPR peak of a nanostructure

upon an increase in the local RI. This effect can be exploited for biosensing by

functionalizing the nanoparticle surface with a specific “receptor,” and observing

the LSPR change as the local RI increases upon binding of a target analyte [46].

Ensemble measurements of receptor-analyte binding were first demonstrated using

gold nanospheres in suspension to determine the affinity of protein–ligand interactions

[6]. This approach was then extended by our group to gold spheres immobilized on a

surface in a chip-based format allowing for easier nanoparticle functionalization

[8, 47]. Since then, several groups have reported the measurement of biomolecular

interactions by observing ensemble LSPR shifts of particles immobilized to a surface

using gold rods [12], silver triangular prisms [9], silicon–gold core–shell

nanoparticles [48] and other nanoparticles [15]. Biomolecular detection limits in the

subnanomolar range have been reported for ensemble-based LSPR sensors with a

dynamic range of four to five orders of magnitude of analyte concentration [12, 49].

Using darkfield illumination techniques, these LSPR sensors can be miniaturized

down to the single nanostructure level. The specific recognition of streptavidin by
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individual, biotin-conjugated gold nanorods is discussed below as an example. For

this example, gold nanorods were selected as plasmonic transducers of biomolecu-

lar binding events for two reasons: first, gold was selected over silver, even though

silver nanoparticles exhibit a higher bulk refractive index sensitivity than gold

particles of the same shape and size [50], because the greater reactivity of silver

as compared to gold makes it less suitable for use in biologically relevant media.

Second, nanorods were chosen over many other possible shapes because gold

nanorods can be conveniently synthesized to desired geometries by appropriately

tuning chemical synthesis methods [51]. Because the primary LSPR sensing

metrics—the refractive index sensitivity and electric field enhancement—are dic-

tated by the particle geometry, the ability to tune the plasmon behavior by control of

two orthogonal variables—the size and aspect ratio of gold nanorods—provides a

degree of synthetic control over plasmonic properties that are enormously useful in

optimizing a LSPR sensor for a specific receptor–analyte pair of interest.

Figure 5.3 shows a cartoon illustrating the basic assembly and operation of a

gold nanorod biosensor. First, a glass substrate is treated with a self-assembled

monolayer (SAM) of a silane to enable chemisorption of chemically synthesized

nanoparticles to the surface. In order to do so, the silane SAM typically presents a

thiol or amine group to which the gold rods bind by chemisorption. After the

nanorods are immobilized, a second thiol-terminated SAM is formed around the

nanorod that is a mixed monolayer of two molecules: one that is amine-terminated

to which biotin receptor molecules are conjugated, and the other is terminated with

an oligo(ethylene glycol) group which serves to both space the biotin molecules and

also to prevent nonspecific adsorption to the nanorod surface. Detection occurs

when streptavidin molecules bind to the biotin conjugated to the nanorod surface as

shown in Fig. 5.3. The increase in the local RI caused by the binding of streptavidin

molecules to the biotin presented by the nanorods induces an shift in the plasmon

resonance of the nanorod.

This resonance shift can be quantified by observing the LSPR peak wavelength

shift of a single diffraction-limited spot. Figure 5.4a–d show typical LSPR spectra,

collected using a slit-imaging spectrometer [42], of streptavidin binding to an

individual biotin-functionalized gold nanorod utilized by the scheme illustrated in

Fig. 5.3. In Fig. 5.4a, b, the blue trace is the LSPR spectrum of a single nanorod

that has been immobilized on a glass substrate and treated with a silane SAM.

Fig. 5.3 Cartoon depicting a

label-free biodetection

system based on the

plasmonic resonance shifts of

individual gold nanorods
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The red trace is the LSPR spectrum of the same particle after conjugation of biotin

molecules. A 5 nm LSPR shift is observed upon attachment of biotin, which

resulted from the increase in local RI from conjugation of the biotin to the nanorod.

The black trace is the LSPR spectrum of the same gold nanorod after reaching

saturation in a solution of 130 nM streptavidin. The resulting 5.2 nm shift indicated

that streptavidin binding occurred on the surface of the biotinylated nanorod.

Figure 5.4c, d show the results of a control experiment after incubation of biotin-

functionalized nanorods in a 1 mM solution of streptavidin that had been previously

saturated with free biotin. The characteristic 5 nm LSPR shift resulting from the

biotin coupling was observed, consistent with the previous experiment, which

indicated that biotin was successfully conjugated to the gold nanorods. However,

there was no further shift in the LSPR peak upon incubation with the biotin-saturated

streptavidin, which clearly demonstrated that the saturation of biotin-binding sites

on the streptavidin prevents binding of streptavidin to the biotin-functionalized

nanoparticle surface. These results also suggest that the mixed SAM on the nanorod

surface successfully prevented nonspecific adsorption of streptavidin because the
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Fig. 5.4 (a, b) Scattering spectra of a bare single gold nanorod after sequential incubation of the

conjugation SAM (blue), biotin (red), and 130 nM streptavidin (black). (c, d) Scattering spectra of
a single gold nanorod after sequential incubation of the conjugation SAM (blue), biotin (red), and
1 mM streptavidin presaturated with free biotin (black). Figure reprinted with the permission of the

American Chemical Society [42]
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streptavidin molecules did not nonspecifically adsorb to the nanorods when their

biotin-binding sites were blocked. Together, these results strongly suggest that the

measured LSPR shifts observed for streptavidin binding to the biotin-functionalized

nanorods are caused by molecular recognition of biotin by streptavidin.

At the time of writing this chapter, the authors were aware of only four other

studies that have explored specific biomolecular interactions at the single nanopar-

ticle level, in addition to those described above utilizing gold nanorods [23, 42].

The first example of biodetection with individual nanoparticles was demonstrated

by Raschke et al. who used spherical gold nanoparticles functionalized with biotin

to detect streptavidin binding, albeit at the much higher detection level of 50 mg/mL

level in 2004 [38]. The following year, Rindzevicius et al. reported the detection of

1 mg/mL neutravidin to biotin-BSA using single plasmonic nanoholes in a gold film

as a plasmonic transducer [52]. This was followed in 2008 by our report of the

detection of streptavidin to biotin-functionalized gold nanorods at a much lower

detection limit of 50 ng/mL, as described above [42]. Also in 2008, Baciu et al.

reported the detection of streptavidin at 1 mg/mL on single gold nanorods that have

been activated by depositing a biotin-containing lipid bilayer over the entire sensor

surface [53]. This was followed by a report in March 2009 of the detection of avidin

with a detection limit of 1.3 mg/mL was reported using gold spheres decorated with

an oligonucleotide aptamer [54].

Nanostructure Optimization

It is important to note that all of the single nanoparticle biodetection studies

described above are essentially proof-of-concept experiments. In order to exploit

the full potential of these miniaturized biosensors, these systems need to be

optimized. Ideally, the nanoparticle transducer itself would be optimized for a

specific analyte, as would the optical detection system. Single nanostructure

systems offer the most direct route towards optimization because the effects of

design perturbations on system performance can be directly observed. The resulting

optimized system components, for example an ideal nanostructure geometry, can

then be used as a building block with which to construct the next generation of

LSPR-based biosensors.

As an example illustrating how such optimizations can be performed and also to

describe the potential benefits of such optimization, we return again to the example

of gold nanorods. Motivated by the goal of rationally designing LSPR sensors, we

integrated recent progress in understanding the structural details of metal

nanoparticles that control their plasmonic behavior with various measurement

system parameters into a quantitative model. The resulting analytical model

quantifies the LSPR shift of a gold nanorod caused by the local refractive index

increase from the presence of analyte molecules as a function of system design

parameters.
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The utility of this model is twofold. First, it provides an analytical model that

allows a priori design of a LSPR sensor with figures-of-merit such as the molecular

detection limit (MDL) and dynamic range (DR) that can be analytically calculated

completely as a function of sensor components for a given receptor–analyte pair.

Because the model calculates LSPR shifts for individual bound binding events, the

MDL is defined as the smallest number of bound molecules that are measurable by

the system, and the dynamic range is the maximum number of molecules that can be

detected by a single nanostructure. We define the MDL in term of minimum number

of particles detected per nanoparticle so that the focus of model is the interaction of

the bound analyte with the plasmonic nanoparticles and the LSPR signal that is

generated, and not the mass transport kinetics of the sensor system. Therefore, the

optimal nanoparticle can be determined for a proposed analyte strictly by using the

model to predict which geometry will offer the lowest MDL. To illustrate its

experimental utility, the model was used to identify the optimal gold nanorod

geometry (length and width) that was predicted by the model to yield the lowest

MDL for the detection of streptavidin by a biotin-functionalized gold nanorod LSPR

sensor. This model is useful because it allows the contribution of different system

parameters to overall sensitivity to be individually parsed. Thus, the effects of

potential system enhancements can be approximated, thereby providing a frame-

work to guide the design of future detection systems.With the ultimate goal of label-

free, single molecule detection by LSPR sensors, we conclude with a discussion of

optimization of the system within realistic physical and current technological

constraints that might allow the fabrication of an LSPR detection system that is

capable of detecting the binding of individual analyte molecules.

The goal of the analytical model was to provide an estimate of the MDL and

dynamic range of a LSPR sensor for a specific analyte–receptor pair based on the

geometric dimensions of the gold nanorod used. To do so, an equation was

developed that calculates these two figures-of-merit as a function of nanorod length

and diameter, as well as the RI and volume occupied by the analyte. A cartoon

illustrating the geometry of the model is shown in Fig. 5.5.

To formulate an analytically simple relationship between these variable, several

approximations and assumptions were made. First, it was assumed that the nanorods

are cylindrical in shape with a length (l) and diameter (d). It is noted that the

assumption that the nanorods are perfect cylinders is an approximation because

transmission electron micrographs of chemically synthesized nanorods indicate that

the nanorods are only approximately cylindrical, as they have “end-caps” with

visible curvature on their ends as seen in Fig. 5.2a. This approximation will

introduce some error, as it has been shown that end-cap geometry has an impact

on the optical scattering spectra of nanorods [45, 55].

The basis of the model is the assumption that the LSPR peak shift, DlLSPR, is
directly proportional to the change in local refractive index. While this relation-

ship is theoretically not perfectly linear, over the relatively small range of refrac-

tive indices considered a linear approximation is appropriate—indeed, the

refractive index sensitivity of plasmonic structures reported in the literature are

calculated as the linear proportionality constant of this relationship. This is

extended to describe discrete, local increases in RI caused by bound analytes by
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assuming that the DlLSPR induced by a single bound analyte is proportional to the

total LSPR shift that is expected if the entire surrounding medium increased to

the RI of the analyte. The proportionality constant is the fraction that the analyte

volume occupies of the total sensing volume of the nanorod. For example, if

analytes occupy 50% of the total nanorod sensing volume, then the resulting

DlLSPR would be half of that if the entire sensing volume were filled. These

assumptions yield the following relationship

DlLSPR ¼ S0
VS

DRI � N � VA (5.1)

where DlLSPR is the induced LSPR shift, S0 is the bulk RI sensitivity of the nanorod,
DRI is the difference between the RI of the analyte and the surrounding medium,

N is the number of analyte molecules bound, and VA is the volume of a single

analyte molecule. In order to determine the MDL of the system, we replace DlLSPR
in (5.1) with U, the measurement uncertainty of the optical system in detecting

wavelength shifts—that is, the smallest wavelength shift that can be reliably

measured by the detection system. By this substitution, the right hand side of

(5.1) becomes an expression of the bound optical mass that would induce the

minimum detectable LSPR wavelength shift. In this case, solving for N yields an

expression for LM, the MDL of the system in terms of the minimum detectable

number of bound biomolecules.

LMðl; dÞ ¼ N ¼ VS

VA

� U

S0 � DRI (5.2)

where LM is a function of the length l and diameter d of the nanorod.

VA

Vs r
Id

I

d

DRI

Fig. 5.5 Schematic illustrating the geometry of the nanorod detection model. Variables shown are

the analyte volume VA, the refractive index increment of the analyte DRI, the nanorod sensing

volume VS, the decay length of the sensitivity ld, the binding distance r, the nanorod length l and
nanorod diameter d

5 Individual Plasmonic Nanostructures as Label Free Biosensors 115



This equation, however, assumes that the RI sensitivity of the nanoparticle is

uniform in space, with a distinct cutoff at a fixed distance. This is an oversimplifi-

cation as the spatial extent of the sensitivity is correlated with the plasmonic electric

field enhancement [56], which has a more complex spatial distribution. It has been

shown that LSPR shifts induced by local RI have a strong distance-dependence as a

result of the exponential decrease in electric field enhancement further from the

nanoparticle surface [57]. Specifically, it has been shown that the LSPR associated

electric field is enhanced near the ends of nanorods [58, 59]. These observations

indicate that the location at which a target analyte binds to the nanorod (i.e., along

the sides or at the ends) will affect the magnitude of the induced LSPR shift.

The detector-analyte system described in this chapter provides reasonable certainty

in estimating the average binding distance r, which is determined by the length of

the receptor conjugated to the nanorod (biotin in the experimental case tested

herein) and its binding site. Hence, we model sensitivity as being a function solely

of the distance r from the surface of the nanorod S(r). The effect of this assumption

is that the model effectively outputs the LSPR response of the average bound

analyte at a fixed distance r from the surface of the nanorod. This is a simplification

of the physical phenomenon because of the known complexity of the electric field

enhancement distribution. Nevertheless, this model is the closest representation to

the actual detection experiments because the actual binding locations cannot be

controlled, nor can the fraction of analytes that bind along the nanorod ends vs.

sides be accurately estimated. In such a case, it has been shown that an exponential

decay model can be reliably extended to describe LSPR response of individual

nanoparticles despite exhibiting a high degree of electric field localization [49, 57].

Thus, the model is formulated assuming that the spatial distribution of the

sensitivity is an exponentially decaying function as a function of the binding

distance, r. This exponential decay is described by a characteristic decay length ld
that relates the rate of sensitivity decay with increasing distance and is a function of

the nanorod length and diameter. Incorporating these considerations into (5.2)

yields the following expression:

LMðl; dÞ¼ VS

VA � DRI �
U

exp
�2r

ld

� �
� ð3S0Þ

(5.3)

where the 2 in the exponential is a result of the fact that RI sensitivity scales with

the square of the electric field intensity and the 3 in the denominator is a normali-

zation factor so that the volume integral of the sensitivity is equal to the bulk RI

sensitivity, S0 [23]. Since S0 can be determined analytically from nanorod

dimensions [60, 61], now every variable on the right hand side of the expression

is either characteristic of the detection system (U, VA and DRI) or a function of

nanorod length and diameter. Figure 5.6 shows the theoretical MDL for streptavidin

binding to biotin decorated gold nanorods as predicted by (5.3) for single nanorods

of arbitrary dimensions when measured in the microspectroscopy system we used,
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which has been determined to have a U of 0.3 nm. The simulation was restricted to

nanoparticles that have LSPR peak wavelengths in the range 300–900 nm because

that is the range observable in the microspectroscopy system. We also applied a

minimum SNR threshold of 30 to exclude particles with small scattering cross

sections that cannot produce enough scattered light to be visualized in the darkfield

microscopy setup with a SNR above 30. The streptavidin molecules are assumed to

have a volume [62] of 114 nm3 and a RI of 1.57 [56]. Figure 5.6 shows that

nanorods with a length between 55 and 65 nm in length and between 25 and

33 nm in diameter offer the lowest MDL of ~18 streptavidin molecules. It is

important to note that the nanorodMDL predicted by (5.3) are a monotonic function

of several detection system and analyte parameters. Although the absolute value of

the MDL will vary across detection systems and receptor–analyte pairs, the relative

performance of a nanorod with a specified geometry will not vary, so that once the

optimal rod geometry has been identified for a target analyte, it will always offer the

lowest MDL across detection systems and different receptor-ligand configurations.

In addition to the absolute MDL, the dynamic range (DR) is an important

quantitative figure-of-merit (FOM) of a biomolecular sensor. Within the context

of this model, the DR is defined as the theoretical maximum number of analyte

molecules that are detectable by a single nanorod. This definition was chosen

because it is consistent with the model output, which is quantified as the number

of bound molecules. The DR was determined by calculating the total surface area

available for binding, and dividing it by the footprint of a bound analyte molecule.

This value was then scaled by a factor of 0.9, which assumes a hexagonal packing

density of hard spheres, which would yield the highest possible coverage that could

be achieved in practice.

By this definition, a larger nanorod will obviously exhibit a higher DR because

of its larger surface area. However, larger nanorods also tend to have higher MDLs

Fig. 5.6 (a) Calculated molecular limits of detection for gold nanorods of arbitrary dimension based

on (5.3). (b) Composite figure-of-merit (FOM) for nanorods of arbitrary dimensions. The composite

FOM is calculated as the maximum number of bound molecules divided by the minimum number

of detectable molecules. The surrounding gray regions in both are indicative of nanorod geometries

thatwere not considered in thismodel because they either had resonances outside the visible spectrum

or had scattering cross-sections that are insufficient to collect spectra with SNR greater than 30.

Figure reprinted with the permission of the American Chemical Society [23]
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because of the increased sensing volume. To balance these considerations, we

calculate a composite FOM for nanorods that includes both the DR and MDL of

these nanorod plasmonic sensors operating in the single nanorod mode. The

composite FOM is calculated simply as the ratio of the DR vs. its MDL. Figure 5.6b

shows the composite FOM for nanorods of arbitrary dimensions, and shows that

rods with a length of 85 nm and diameter 40 nm offer the highest composite FOM

with the potential to bind ~35 times as many molecules as are required to generate

its lowest detectable signal. Although nanorods of those dimensions may exhibit a

MDL of ~22, their higher dynamic range indicates they may be more useful as a

streptavidin sensor over a wider range of analyte concentrations.

To experimentally test the results provided by the model, gold nanorods were

synthesized with dimensions that were as close to the geometry predicted by (5.3),

and visually represented in Fig. 5.6a as having the lowest streptavidin MDL. These

nanorods were shown by TEM to have a length of 63.3 � 8.2 nm and a diameter of

24.9 � 4.9 nm (N ¼ 319). Equation (5.3) calculates that these rods have a mean

MDL of 20 molecules and a composite FOM of 22. To experimentally test the

predictions of the model, streptavidin binding experiments were performed with

these nanorods after biotin functionalization.

A dose–response curve for streptavidin–biotin binding was determined by

incubating identical samples of biotin-functionalized gold nanorods that were

chemisorbed on glass slides in streptavidin solutions that spanned a range of protein

concentration. Sensor fabrication of all samples and streptavidin incubation were

performed identically as described previously in this chapter. Figure 5.7 shows

the steady-state LSPR shift of single nanorods as a function of streptavidin

Fig. 5.7 LSPR peak shift of individual, biotin-activated gold nanorods vs. concentration of

streptavidin. Open circles are the mean LSPR shift of 15 nanorods per measurement at each

concentration and the error bars indicate 95% confidence interval. The solid line is a sigmoidal fit

to the data. The dotted line indicates the detection limit as defined by LSPR peak shift measure-

ment uncertainty. This occurs at a concentration of 160 pM (8 ng/mL). Figure reprinted with the

permission of the American Chemical Society [23]
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concentration. A sigmoidal fit was applied to these data, and the concentration at

which the fit crosses the LSPR peak measurement uncertainty of 0.3 nm was defined

as the experimental minimum detection limit [25]. The optimized nanorod sensor

has a minimum streptavidin detection limit of 160 pM (8 ng/mL) which is an

improvement by a factor of 6 over the best previously reported gold nanorod sensor

operating in single nanorod mode [42].

As a further check of the relevance of the MDLs predicted by our model, we

observe that the mean LSPR shift at saturation is 4.4 nm (Fig. 5.7). Using (5.3), we

calculate that this shift arises from the binding of approximately 280 streptavidin

molecules to the nanorod surface. For the nanorods used in these experiments,

approximately 8,000 nm2 of biotin-activated surface is available for the binding of

streptavidin molecules. Each streptavidin molecule is a tetramer of four identical

biotin binding subunits, and the entire tetramer is roughly ellipsoidal with axes

5.4 � 5.8 � 4.8 nm [63, 64]. Thus, the footprint that a streptavidin molecule would

occupy on the binding surface is approximately 25 nm2. In this orientation, a

maximum of only 320 molecules would be expected to fit on the nanorod surface.

Approximating the streptavidin molecules as hard spheres, the model of random

sequential adsorption [65] predicts a packing ratio of 0.54 which would translate to

only 170 bound molecules. Whereas the highly ordered method of hexagonal

packing predicts a packing ratio 0.9, allowing for up to 290 streptavidin molecules.

Therefore, the 280 molecules bound at saturation as determined by (5.3) is reason-

able and suggests a more ordered arrangement of bound streptavidin molecules.

Prospects for Sensor Improvement

The described analytical model can also be used to systematically explore the

parameters in (5.3) within physically realistic limits to determine which parameters

can be modified in order to develop a LSPR sensor with a single molecule MDL.

The product VA�DRI is a parameter of the analyte and of the surrounding

medium. For proteins with a RI commonly near 1.57, detection in water

(RI ¼ 1.33) yields a typical DRI of 0.24. By drying the samples and taking

measurements in air (RI ¼ 1.00) DRI can be increased to 0.57. Thus, a factor of

2.4 improvement in MDL is possible through this method. We note that this

approach would preclude real-time detection, and require further processing steps

of the sample, which detracts from the strength of label-free detection. However,

this drying methodology has been successfully utilized by Van Duyne and

coworkers [9].

The total sensing volume VS of the nanoparticle is determined by the nanoparti-

cle shape and decay length ld. Smaller VS and ld are indicative of nanostructures

with small, intense electric field enhancements. In general, the sensing volume will

vary proportionally with the cube of the decay length simply because it is a three

dimensional volume subtended by the decay length. In the case of rods, smaller rods

have shorter decay lengths. So ideally, one would want to use the smallest nanorods
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possible. However, smaller rods also exhibit smaller scattering cross-sections CSCA,

which means they scatter less light under darkfield illumination. For rods in

particular, CSCA varies approximately as the square of the rod length and propor-

tionately to rod diameter [60]. So if the length and diameter of a nanorod were both

reduced by a factor of 2, CSCA would be reduced by about a factor of 8. On the other

hand, to maintain an adequate SNR of the collected spectra, the intensity of the

illumination source must be increased. An upper limit to this intensity exists

because at some point the nanorods will melt due to photothermal effects

[66, 67]. The use of a broadband illumination source, such as a supercontinuum

fiber laser, would allow the complete scattering spectrum to be collected and would

provide a light output that is 6–10-fold more intense than the tungsten filament used

in the experimental setup used here. Hence, (5.3) predicts that a physically realistic

increase in illumination intensity by a factor of 10 could enable the visualization of

smaller nanorods, effectively reducing the size of the rod by about 1.5, thereby

reducing the sensing volume and decay length, which would ultimately reduce the

MDL by a factor of 7.

The decay length of the electric field enhancement ld is determined by the

geometry of the nanoparticles. Equation (5.3) assumes a uniform decay length for

nanorods. The actual electric field enhancement has a more complicated geometry

and in particular has been shown to exhibit larger enhancements near the ends of the

rod [59, 68–70]. Thus, analyte molecules that bind near the end of the nanorod will

cause a greater LSPR shift than those binding on the lateral portion. For this reason,

(5.3) is applicable to a MDL that stems from the LSPR response of individual

biomolecules that are spatially averaged around the nanorod surface. It is reason-

able to make this approximation for the experiments described here, because the

streptavidin molecules are adsorbed a fixed distance r from the nanorod surface, but

no further spatial localization is possible. However, if analyte binding can be

limited to only within these regions, it is reasonable to assume a concurrent

sensitivity increase can be realized due to the reduction of sensing volume.

A recent paper offers describes selective functionalization of nanoparticle vertices

by a thiol-replacement strategy that reportedly provides a route to site-specific

functionalization of nanorods with initial reports citing a reduction in concentration

detection limits by a factor of 500 [71]. As a rough estimate as applied to the MDL

model, we assume molecular binding can be restricted to only the end-caps of the

nanorod while maintaining the same net LSPR shift upon saturation. This results in

the reduction of the available binding area, and thus number of molecules bound at

saturation by a factor of 4. Further, if we restrict binding to only the end-cap edges,

this factor is increased to 9.

The binding distance r is the physical distance that the analyte binds from the

surface of the nanoparticle. It is determined by the length of the receptor which is

approximated to be 2.4 nm for the experiments presented herein. EDC-NHS

coupling is used to conjugate amine-terminated biotin to the carboxyl-terminated

monolayer applied to the gold surface. We employ this binding moiety because it

offers easy translation to other amine-terminated receptors, such as antibodies or

aptamers [12]. It would be possible to employ a smaller receptor that would cause
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the target analyte to bind closer to the surface of the nanoparticle where the field

enhancement, and thus RI sensitivity, is greater. For example, using thiol-

terminated biotin has been successfully employed as a receptor for streptavidin

detection with single nanoparticles [72]. This would reduce r by as much as a factor

of 2, which in return would reduce the overall MDL by a factor of expðl�1
d Þ. For the

case of nanorods with a decay length ld that is generally on the order of 10–20 nm,

this results in a factor of 1.1 improvement (i.e., 10% decrease in MDL). In most

practical situations, however, the size of the receptor–analyte pair is likely to be

significantly larger than the model biotin–streptavidin pair used here (e.g.,

antibody-protein), so that some of the gains realized from the optimization of the

parameters discussed here are likely to be offset by the size of the receptor–analyte

pair. Nevertheless, these results suggest that minimizing the size of the receptor

while retaining high binding affinity and specificity for its analyte is an important

factor in extracting the minimum MDL of which LSPR sensors are capable. In this

regard, the use of smaller receptors such as aptamers [73, 74] or smaller, engineered

antibody fragments such as single chain antibodies are preferable to intact

antibodies, which to date are the most commonly used class of receptors in

biosensors [4, 75–77].

The bulk RI sensitivity of a nanostructure S0 is dependent on its size, shape and

material composition. However, Miller and Lazarides have observed that S0 is

correlated with the LSPR peak wavelength, regardless of nanoparticle shape [61,

78]. Thus, for a nanostructure of known material composition, its bulk RI sensitivity

can be predicted simply by characterizing its LSPR peak. Because longer wave-

length resonances exhibit higher bulk RI sensitivities, the highest sensitivities will

be from particles with LSPR peaks in the red end of the spectrum. Assuming the

detection is to remain in the visible light spectrum, LSPR peaks at wavelengths up

to 800 nm could be measured. Thus, bulk RI sensitivities as high as 600 nm/RIU

could be expected. This is more than a twofold improvement over the 260 nm/RIU

sensitivity of nanorods used in this study. However it is worth noting that for the

case of nanorods, longer resonances correspond to larger rods with larger sensing

volumes and longer decay lengths. Equation (5.3) was used to balance the

contributions for these effects to optimize sensor performance using the nanorod

geometry. Thus, for this factor of 2 increase to be realistic, an alternative nanopar-

ticle geometry would be sought that could indeed have a resonance far into the red

without such large geometries. Additional sensitivity could be achieved by struc-

turing the sensor to operate in near-IR wavelengths where the bulk RI sensitivities

are higher, although the optics and instrumentation could be potentially more

challenging. Also, silver nanoparticles exhibit sensitivities typically 1.5-fold higher

than gold particles at similar resonant wavelengths. However, as mentioned above

the high reactivity of silver makes it less suitable as a sensor for use in biologically

relevant media.

The peakmeasurement uncertaintyU represents themost direct way at improving

sensor detection limits. Obviously, the smaller the wavelength shifts that can be

reliably detected, the greater the accuracy and lower the overallMDLwill be. For the

system used in these experiments U was found to be 0.3 nm. However, an in-depth
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analysis of the contributing factors toU found that a large portion of the uncertainty

is the result of physical system stability [25]. In particular, it was found that stability

in microscope focus and sample stage drift account for the largest contributions in

uncertainty. It is proposed that by using active feedback hardware to control

microscope focus and XY-sample location, U can theoretically be reduced to the

order of 0.02 nm resulting in a 15-fold decrease in MDL [25].

These possible enhancement factors are displayed in Table 5.1. From here it is

seen that the estimated possible enhancement factors could potentially provide an

7,200-fold improvement over the 18 molecule detection limit described herein.

Thus, it is shown that the ultimate limit of label-free detection of single molecule

binding events is theoretically possible within the framework of (5.3).

We have presented a simple mathematical model that analytically relates

physical detection parameters of a single nanoparticle LSPR sensor to the minimum

number of detectable analyte molecules. The utility of this model is twofold. It can

be used to select the optimum nanoparticle geometry for a desired detection system

completely analytically, forgoing otherwise necessary comprehensive, experimen-

tal characterization. The minimum number of detectable molecules can be

estimated as well as the number of molecules detected at saturation which provides

insight into the dynamic range of the system. Equation (5.3) was used to predict the

optimal nanorod geometry to for the detection of streptavidin molecules. A factor of

6 reduction in the minimum detectable concentration was established over previous

work using a nonoptimized nanorod detection system. The second application of

the model is that a framework is provided through which the effects of potential

system improvements can be assessed. Analysis of the theoretical limits of the

dependent variables of (5.3) indicates that a 7,200-fold reduction of the MDL for

the detection system described herein is possible. Clearly, not all of these potential

avenues for MDL reduction can be realized concurrently. However, because our

current MDL is 18 streptavidin molecules, we propose it is theoretically possible to

design a system capable of detecting single molecule binding events by careful

optimization of system parameters, as described herein.

In conclusion, we have reviewed developments in the field of LSPR biosensors

that use isolated plasmonic nanostructures on a surface. Our results and those of

Table 5.1 Theoretical improvement factors that can reduce the molecular detection limit of a

label-free, single particle LSPR sensor based on the modulation of parameters from (5.3)

Technique summary

Variable from (5.3)

involved

Potential enhancement

factor

Drying DRI 2.4

Brighter illumination source CSCA, VS and ld 7

Shorter binding moiety r 1.1

LSPR peaks in IR S0 2

Silver nanoparticles S0 1.5

High spectral resolution detection system U 15

Isolation to rod edges VS 9

Total ~7,200
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other groups show that miniaturization of LSPR sensors down to a single

nanostructure is possible, with metrics that approach those of ensemble LSPR

sensors that interrogate a large field of view of plasmonic nanostructures. Although

the FOM of individual nanostructure based LSPR sensors are no better than

ensemble LSPR sensors, they offer the intriguing possibility of detecting individual

binding events in real time. Our results show that this goal is tantalizingly within

reach, and we present a roadmap of improvements that may allow us to optimize

current LSPR sensors to reach this exciting goal.
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Chapter 6

Plasmon Biophotonic Arrays for Multi-analyte

Biosensing in Complex Media

Andrew M. Shaw, Rouslan V. Olkhov, Artem Jerdev, and William L. Barnes

Abstract The design of plasmon-based sensors for analysis of complex media

such as serum is sensitive to the effects of non-specific binding. A simple analysis is

presented to provide insight into the orders of magnitude involved in the kinetics of

the problem and how label-free Immuno-kinetic assays may compensate for these

effects. We then consider some specific challenges including sensitivity and

non-specific binding discussed in terms of the kinetic and thermodynamic

parameters of the protein–protein interactions which define the extent of fouling

of the target sensor surface. Nanoparticle plasmon arrays have some fundamental

advantages in multi-analyte sensing in complex media such as blood and the

advantages of multiple measurements are considered in the context of a global

mechanistic, kinetic analysis to profile the complex medium composition.

Overview

Many differential diagnoses are made on the basis of a single biomarker in the

blood, for example prostate specific antigen and prostate cancer [1], however not all

diseases may be diagnosed in this way and measurement of the relative and absolute

concentrations of a number of markers may prove to be a more reliable diagnosis

[2]. Most biomarker analyses are performed in the clinical chemistry laboratory on

large ELISA assay instruments which require significant sample preparation.

The alternative is a point-of-care multi-analyte sensing platform which will take

diagnosis out of the laboratory and into the doctor’s surgery and has the potential to

revolutionise health care [3]. A necessary pre-requisite is the discovery of the
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diagnostic patterns, the choice of biomarkers and an array-based platform that

requires little or no sample preparation. Many different approaches to biomarker

discovery [4] and biomarker patterns have been investigated, notably mass

spectroscopy [5, 6] where patterns in large collections of molecules, perhaps even

the entire metabolome, have been investigated although there are some doubts about

the validity of this approach [6]. Once biomarkers have been discovered these are

transferred onto presumptive tests on fluorescence-based array platforms [7, 8].

However, development of a point-of-care device remains elusive owing to problems

associated with the need for sample preparation to eliminate the effects of the large

blood proteome on the assays.

Here we address some of the challenges for point-of-care devices formulti-analyte

differential diagnosis, notably for label-free surface plasmon resonance (SPR) based

platformswhereminimal sample preparation anduser skill is required [9]. If a diagno-

stic is to proceed to clinical application there aremany tests that need to be performed

to optimise the design of the assay, ensuring reproducibility, sensitivity, accuracy and

specificity. Once the assay has been optimised, confidence in the diagnostic must be

achieved via a clinical trial before regulatory approval can be sought. Inwhat follows,

we assess the factors involved in the assay design on label-free plasmon platforms in

complex fluids, specifically blood. Here, themajor challenge is maintaining the assay

sensitivity, specificity and accuracy against the significant problem of non-specific

binding of blood proteins such as human serum albumin (HSA) which are in signifi-

cant and varying concentration from patient to patient.

The use of SPRs for biosensing has an extensive history over several decades

[10] and will not be reviewed here. The principal advantage of SPR is that it offers a

label-free approach removing the need to tag target analytes thereby significantly

reducing the overhead time required for sample preparation. Biospecificity is

achieved by binding a highly specific capture molecule, typically an antibody, to

the gold plasmon surface. The specificity of the biosensor then depends on the

immunological specificity of the target analyte binding to the antibody against a

background of non-specific binding [11]. The sensitivity and accuracy of the assay

depend on the measurement of the protein mass change at the plasmon surface.

The plasmon mode that was originally developed for biosensing applications was

the propagating surface plasmon resonance (PSPR) [11–13]. It involves a surface

plasmon mode that is bound to a metal surface in much the same way that light is

guided by an optical fibre. Importantly, the surface plasmon mode is sensitive to the

optical environment near the metal surface—the optical field associated with the

plasmon mode decays exponentially with distance from the metal surface, with a

typical decay length of ~200 nm [14]. The metal of choice in SPR biosensing is gold

since it provides a combination of good surface plasmon properties with suitable

surface chemistry. More recently sensors based on the localised particle SPRs

associated with metallic nanostructures have been developed as biosensors

[12, 15]. Whilst the raw sensitivity of these sensors is less than that of those

based on PSPR, the shorter field decay length, ~20 nm [16], is advantageous—it

reduces sensitivity to changes in the bulk: assays based on PSPR and localised

surface plasmon resonance (LSPR) thus have a comparable performance [17–19].
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The general approach of array-based plasmon sensors [15, 20] for the analysis of

multi-analytes in complex solutions in shown schematically in Fig. 6.1. For PSPR a

planar gold film is functionalized by printing localised assays of the capture

antibodies (ligands) with ligand-free gold surfaces between the arrays. The typical

array spot pitch is 100–300 mm and is significantly greater than the plasmon decay

length of ca. 200–300 nm into the medium above the surface and typically 60 mm
propagation length along the surface. Thus crosstalk between functionalised spots is

avoided and individual array spot areas can be interrogated independently and

simultaneously with 2D camera sensor. In the case of the LSPR-based sensor, a

glass substrate is coated with a number of spots that are made up of a large number

of gold nanoparticles. Each of these spots is then functionalized by having ligands,

e.g. antibodies, printed on top of the nanoparticles. The crosstalk between spots with

different functionality is even less of a concern in this case because the plasmon field

penetration depth is in the order of the particle radius, 20–50 nm. Sensing is

accomplished by monitoring the reflection (PSPR) or extinction (or scattering)

(LSPR) of light by the spots. The light scattered by the nanoparticles is collected

in real time by a video camera from each of the array spots. As the fluid to be

analysed is introduced both specific and non-specific binding occurs to the assay

spots, and the scattered light optical signal intensity changes directly in proportion to

the mass arriving within the plasmon field at the surface of the particle. This binding

changes the effective refractive index of the medium in the surface plasmon field,

i.e. close to the metal surface. A simple kinetic model, detailed below, shows that the

time-dependent signal should change in an exponential way with the exponent being

a product of the concentration of the analyte and the binding rate constant of the

analyte–ligand interaction. The kinetic response may be calibrated against known

concentrations so that the measured rate is proportional to the concentration of the

analyte: an immuno-kinetic assay. As we discuss below, this simple kinetic picture is

a crude approximation but allows the proof-of-principle to be demonstrated.

By monitoring a number of differently functionalized spots the concentration of

several different analytes can be monitored at once.

For single-analyte sensing the preferred instrumental configuration is a dual-

channel SPR platform. Here, two flow channels are placed close to one another

(separated by a few mm) on a continuous gold surface with one channel acting as a

control for temperature and non-specific binding of an analyte. The dual-channel

configuration is well established in the field with Biacore arguably the leading

Complex Fluid In Complex Fluid Out

Fig. 6.1 Biophotonic array functionalised for different target molecules with control spots
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commercial platform capable of detecting protein concentrations in ng mL�1 or

pM. For the ultimate in sensitivity, differential SPR (dSPR) [21] and interfero-

metric techniques [22] are best, perhaps two orders of magnitude more sensitive,

but are not yet developed in array-format. Array-format biosensing using

plasmonics has been explored by several groups [23, 24], and some are clearly

making good progress [25]. In the next section we look at some of the issues that

need to be addressed if the full potential is to be realised.

The Challenges of Biosensing Using Plasmonics

Refractive Index Sensitivity

The principle of SPR detection of biologically relevant molecules in aqueous

solutions relies on the adsorption of analyte molecules to the sensor surface

which forms part of the sensing volume of the plasmon field. For simplicity,

proteins are assumed to have similar refractive indices as determined by methods

comparing the change in the plasmon signal with alternative measures of absolute

surface protein concentration such as radio-labelled proteins [26] or quartz crystal

balance measurements [27, 28]. Measurement of the refractive index of proteins in

layers on surfaces by complementary techniques [29] allow estimates in the range

1.33156–1.38483 [29] and up to 1.5 but only for a limited number of proteins.

The independent techniques allow a dn/dcmeasurement (change in refractive index

with change in surface concentration) to be made, dn/dc ¼ 0.182 g�1 cm3 [29]:

SPR techniques are essentially mass sensors. In an angle-resolved measurement

that uses the standard format of propagating surface plasmons on a planar metal

surface, the smallest angular shift that can be detected is typically 10�4�. Using data
from Biacore (BIAUser training presentation) this corresponds to a change of 10�6

refractive index units (10�6 refractive index units � 1 RU), which in turn

corresponds to 1 fg mm�2 of protein. Given these operational parameters, is this

sensitivity appropriate for single biomarker sensing and what are the challenges in

the extension to multi-analyte biosensing?

The dominant challenge to the integrity of the biomarker assay in a point-of-care

device is the composition of the complex fluid (that is whole blood or serum) in

which there are a large number of different proteins which provide a background

against which the biomarker or panel of biomarkers should be detected [30].

The blood serum contains 60–80 g L�1 of various protein, the most abundant

component, the protein serum albumin, is present at 35–55 g L�1 concentrations,
followed by the immunoglobulin protein family at 10–35 g L�1. The concentrations
of the other proteins are orders of magnitude smaller, with the rest of the classic

plasma proteins being about 103–106 less abundant than albumin, and known tissue

leakage proteins (e.g. thyroglobulin ~ 10 ng mL�1) and interleukins spanning the

next six smaller orders of magnitude [30]. With the exception of a test for albumin,
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these concentrations present major challenges for multi-analyte SPR sensing: we

have to detect small amounts of the molecules of choice against a large background,

a general and well-known problem of non-specific binding [26, 31–35].

To gain further insight into the kinetic analysis in complex fluids, it is useful to

make some simple numerical estimates of mass-limited kinetics and concentration

limited kinetics. For the purposes of illustration let us calculate how many

molecules need to be detected if we are to be able to sense the presence of a typical

complement protein in blood serum. We need to know: (1) the number density of

surface sites to which analyte molecules may bind, (2) the number of analyte

molecules in a given volume which can react with the surface in a given time and

(3) the reaction rate. By way of example, let us take the following parameters as

indicative, they come from the much-studied BSA—antibody to bovine serum

albumin (aBSA) interaction and are:

• Time window, Dt: 1 s

• Reaction rate constant, ka: 10
5 M�1 s�1

• Analyte diff. coefficient, D: 6 � 10�11 m2 s�1 (typical for albumin in water

[36])

• Analyte surface coverage: 0 (maximal adsorption rate, no dissociation)

• Analyte concentration, [A]: 10 nM [30]

• Noise floor: ~2 RU (Biacore)

How many binding sites are there on the sensor surface? If we assume the

separation between binding molecules is of order 10 nm then there will be 104

sites per mm2. How reasonable is this estimate? A monolayer of IgG produces a

response of ~2,000 RU (equivalent to 2 � 10�3 RIU), which corresponds to a

protein mass load of ~2 ng mm�2, when converted to number of molecules per mm2,

this yields:

molecules per mm2¼ mass per mm2�Na

molarmass
¼ 2 � 109 g � 10�6 � 6.022 � 1023 M�1

150; 000 g M�1

� 8 �103

i.e. ~104, the same as the number of sites estimated above from the size of the

molecules.

Given the SPR sensitivity mentioned above, 1 fg mm�2, the surface number

density of binding sites we have just calculated, ~104 per mm2, looks to be more

than adequate, it corresponds to a protein mass load of ~2 ng mm�2—if analyte

molecules were to bind to all of these sites the resulting signal would be 103

above the noise floor. However, to estimate the mass of material that will actually

bind to the surface, and thus gain an idea of how sensitive our detectors really need

to be, we must go little further with the analysis. We need: (1) to examine how

many analyte molecules will diffuse so as to interact with these binding sites (in the

time interval) and (2) to determine how many molecules will bind to the surface in

that time. Let us look at these in turn.
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1. In 1 s, an albumin molecule can diffuse
ffiffiffiffiffiffiffiffi
2Dt
p ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2� 6� 10�11 m2 s�1 � 1 s
p

� 11 mm. As a result, the potential number of molecules that can collide with

each mm2 of sensor surface is 10�10�9 mol�Na

10�3 m3 ð1� 1� 11 mm3Þ � 70, i.e. many

fewer than the 104 sites available.

2. The reaction rate or change in surface coverage, Dy, that takes place during the

1 s time interval is given by:

Dy ¼ yt¼1 s � yt¼0 ¼ ð1� expð�ka½A�tÞÞ
¼ 1� expð�105 M�1 s�1 � 10 nM� 1 sÞ � 0:001

where y0 is the initial coverage and yt the coverage at the end then of the time

period. From these estimates, less than 0.1% of the surface may react with the

analyte in 1 s. (Note that this means that about 10% of the protein in the

interaction volume above the surface is depleted in the 1 s of interaction time.)

Thus, the number of analyte molecules that we might expect to bind to the

surface is �10 with a total mass load of ~1 pg mm�2, well within the sensitivity

range of standard SPR techniques. These benchmark calculations indicate that it

would be possible to measure many of the molecules of interest in the blood

proteome in a reasonable timescale of approximately 30 min. These measurements

are not sensitivity limited.

The analysis above is extremely simplified with many assumptions made, we

have ignored: dissociation, problems with unknown reaction rate constants,

inhomogeneities in the flow of the solution and in surface chemistry; we have

also assumed that the instrument response is reaction rather than mass-transport

(diffusion) limited. The calculations also completely ignore the non-specific bind-

ing question. If the integrity and specificity of the biosensor are to be preserved then

the sensitivity to protein load alone on the surface is insufficient to characterise the

sensor performance as a biosensor [37]. In what follows, we look at the problem of

non-specific binding in more detail and show that it is indeed a key limiting factor

that must be overcome if an array-format multi-analyte platform is to be success-

fully developed.

Non-specific Binding: Finding the Needle in the Haystack

The SPR sensor is sensitive to any molecule retained near the surface which

contributes to a change in the refractive index in the sensing, the technique does

not discriminate between specific binding of the target molecules and non-specific

binding of the other biomaterials that may be present in any given sample. The

specificity of the sensor is instead determined by the functionalisation of the surface

with biomolecular ligands which selectively bind the target analytes to the surface.
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For the case of protein binding, the ligand choices include DNA/RNA/peptide

aptamers [4, 38], affibodies [39] and antibodies, with the latter the most popular.

There are two broad categories of non-specific binding that need to be consid-

ered: (1) non-specific binding of the target molecules to regions of the sensor

surface by means other than the desired ligand; and (2) binding of any non-target

analyte components to the surface—an unwanted background. For a simple single-

analyte solution this problem is easily addressed through a dual-channel measure-

ment, as discussed in section “Binding of Target Molecules to the Sensor Surface

by Means Other Than the Desired Ligand”. The second non-specific binding

problem is of more importance to multi-analyte sensing in complex fluids and

involves the capture by ligand molecules of non-target molecules from the fluid.

This problem is discussed in more detail in section “Multi-analyte Photonic Array

Biosensing in Complex Media”.

Binding of Target Molecules to the Sensor Surface
by Means Other Than the Desired Ligand

Fitting of kinetic process parameters to data frommultiple surface reactions has been

tried by many groups to capture complex mechanisms of binding at the surface [31].

The global approach adopted by many is to write down the differential equation set

for the chosen mechanism and solve the equations numerically, fitting the rate

constants as parameters to the model directly. These models have been tried with

pre-binding complexes for antibody–antigen interactions [31, 40] and including the

effects of non-specific binding [35]. Myszka warns however [31] that a series of

experiments with different concentrations is insufficient to produce an accurate

description of the mechanism. One effect at the surface has been characterised

accurately under ideal conditions and that is the Vroman effect [41, 42] where

heavier proteins displace lighter proteins from the surface.

The multi-analyte sensor platform has potential to control for the presence of the

competing background reactions by monitoring simultaneously the effects of

the competing surface reactions on individual control spots within the array.

The objective would be to measure the rates of the competing reactions on different

control spots, fitting the data from assay spots and control spots simultaneously so

as to produce a model with better defined parameters and therefore provide some

insight into the binding processes at the surface. Here we present an analysis that

can be extended to the presence of simultaneous assays. Some preliminary data

looking at the measurement of total refractive index of some model sera are

discussed and the potential for the design of the correct control spots is considered.

The simplest model that allows us to simulate the kinetic response of a sensor

that includes the effect of this kind of non-specific binding is comprised of two

types of surface region either on the same surface or on different surfaces such as on

control spots, Fig. 6.2. An area L of surface is assumed to be covered with active
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ligand molecules, an area f is assumed to be free of such active binding sites.

The fraction of these surface areas to which analyte molecules are bound are yL and
yf respectively. If we denote the fraction of the available surface covered with

active binding sites as g, where g ¼ L=ðLþ f Þ, than the fraction of the total surface,
y, to which any analyte molecules are bound can be written as

y ¼ gyL þ ð1� gÞyf : (6.1)

The simplest one-to-one model describing the interaction of target analyte

molecules with a ligand-functionalised surface requires the following parameters:

the rate of association of the target molecules with surface binding sites and the rate

of dissociation of thus formed complexes, as well as the rates of association and

dissociation reactions for all other molecules present in analyte with the surface

sites: the cross reactions. We can write the rate of change of these fractional surface

occupations as follows:

rate of change ¼ rate of association � rate of dissociation

þ rate of association of cross-reactants

� rate of dissociation of cross-reactants:

In what follows these cross-reactants will be given the subscript i, whilst the
specific target will be given the subscript s. More specifically, for the area of surface

Fig. 6.2 Schematic for the interaction of target molecules (Ps) with the sensor surface. The left-
hand side shows an area L of the surface that has been functionalised. A fraction of these ligand

molecules are available for binding, (1 � yL) and the occupied fraction, yL. The right-hand side
shows an area f that is un-functionalised: of this area a fraction yf is covered with analyte

molecules
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coated with ligands, L, for the target analyte we can write the rate of change of the

fractional occupation of available binding sites as,

dyL
dt
¼ ka½Ps�ð1� yLÞ � kdyL;s þ

X
i;i6¼s

ka;L;i½Pi�ð1� yLÞ �
X
i;i 6¼s

kd;L;iyL;i; (6.2)

where the first two terms are the specific binding association and dissociation of the

target species for its ligand and the last two terms are the non-specific binding for all

other proteins, Pi, to the specific sensor surface. For other parts of the same sensor

surface that are non-functionalised, the same association and dissociation can occur

for all proteins both the specific binding protein, Ps and the non-specific proteins, Pi,

dyf
dt
¼ ka;f ½Ps�ð1� yfÞ � kd;fyf;s þ

X
i;i 6¼s

ka;f;i½Pi�ð1� yfÞ �
X
i;i6¼s

kd;f;iyf;i: (6.3)

In (6.2) and (6.3) [Pi] is the concentration of the ith component (molecular

species) in the fluid and [Ps] is the concentration of the target analyte, ka and kd are
analyte-surface association and dissociation rate constants.

In the simplest case the analyte sample contains only target molecules, which

may either specifically bind to respective surface ligands or non-specifically inter-

act with the rest of the surface. These processes are represented in Fig. 6.2.

The commonest method used to find the concentration of the target analyte is

based on using a dual-channel approach, a test channel and a reference channel.

The single reference channel on a conventional instrument is subtracted from the

test channel that is functionalised with the specific ligand. The reference channel is

used in an attempt to compensate for all non-specific binding processes—processes

which are assumed to contribute equally to the test channel and reference channel.

For the single component experiment with the target protein in a buffer solution,

[Pi] ¼ 0, (6.1), (6.2) and (6.3) are combined to give:

test channel: dy
dt
¼ g dyL

dt
þ ð1� gÞ dyf

dt

¼ gka½Ps�ð1� yLÞ þ ð1� gÞka;f ½Ps�ð1� yfÞ
�ð1� gÞkd;fyf;s � gkd;LyL;s

reference: dyf
dt
¼ ka;f ½Ps�ð1� yfÞ � kd;fyf;s

gDchannel = test � ð1� gÞreference: 1
g
dyL
dt
¼ ka½Ps�ð1� yLÞ � kd;LyL;s

(6.4)

Measuring the g-corrected difference response (gD channel) allows corrections

for temperature drift on the surface, assuming the reference surface is close to the

test channel, and importantly allows ka and kd to be determined, provided g is

known.
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Looking at the terms in the simple difference signal, test-reference, enables the

effect of g to be quantified which from (6.4) gives:

Dchannel ¼ test-ref :

1

g
dyL
dt
¼ ka½Ps�ð1� yLÞ � kd;LyL;s � ka;f ½Ps�ð1� yfÞ þ kd;fyf;s: (6.5)

A simulated response based on (6.5) is shown in Fig. 6.3. Simulations were

performed with g taking the values 0.1, 0.5 and 0.9. For the purposes of modelling

exercise the dissociation rate is assumed negligible, kd ¼ 0, and the association rate

constant for specific binding to the L is set at 105 M�1 s�1 and for the non-specific

binding of the target ligand to the un-functionalised surface is set at

5 � 103 M�1 s�1: 20-fold less. For each of the three surface coverages the data

from the test channel, reference channel and difference are simulated. The associa-

tion rate constants, kobs, determined by exponential fitting to the data from the test

channel and the (test-reference) difference are compared with the true ka. Note that
kobs derived from the difference channel is intrinsically an approximation since the

data is the sum of two exponential processes whilst the fit is to a single exponential.

In this particular model this leads to an overestimation of kobs because an apparent

coverage maximum decays faster than an initial reaction rate declines.

For low-surface ligand coverage the association to the bare surface is considerable

with the kobs for the test channel under estimating ka, kobs ¼ 0.62ka, but for the

difference channel, kobs ¼ 1.087ka, i.e. there is a small over-estimate. Similarly for

the 0.5 coverage in the test channel kobs ¼ 0.93ka and in the difference channel

kobs ¼ 1.087ka, whilst for 90% ligand coverage, kobs ¼ 0.99ka and kobs ¼ 1.087ka.
Despite the range of values of g, the difference channel allows for a constant 9% error

in the over-estimate of ka: on one hand the absolute error growswith increased g owing
to larger differences in ligand-free surface areas in test and reference channels but on

the other hand the absolute specific response is also proportional to g. Careful sensor
surface design involving blocking steps to fill the gaps and controlling the hydro-

phobic/hydrophilic properties of the underlying surface means that only molecules

binding to the ligands contribute to the mass change, the measured kinetics may then

be used to produce accurate estimates of ka and kd which are close to thosemeasured in

solution and are reproducible to within 15% internationally [43]. There are other

reasons for preferring to make g smaller, notably reduced ligand crowding on the

surface; these requirements have been discussed elsewhere [43, 44].

Multi-analyte Photonic Array Biosensing in Complex Media

The discussion of sensor response to single proteins using a two-channel platform

represents the majority of current usage of SPR platforms commercially, there are a

few exceptions, such as the 400-spot Flexchip platform from Biacore. Plasmonic
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6 Plasmon Biophotonic Arrays for Multi-analyte Biosensing in Complex Media 137



array imaging with nanoparticle-based arrays containing 96 spots has been

performed using an array reader platform based on nanoparticles [15, 45, 46]

which has the potential to measure many analytes simultaneously in complex

media where a large number of control spots may be used to understand the effects

of non-specific binding. The challenge is to design a series of control spots that

let the non-specific effects to be considered quantitatively, thereby allowing the

concentration of the target protein to be considered.

The detection of more than one protein against a background of a number of

proteins landing on the sensor surface requires the discussion presented above to be

extended to include the different mass contributions to the change in the refractive

index, non-specific binding onto the sensor surface competing with the target

binding and then a new series of surface displacement reactions which allow

non-specific proteins to be displaced from the sensor surface. The mass correction

needs to be introduced to convert the surface coverage of different mass proteins to

the refractive index response of the sensor through the equation:

dR

dt
¼ dR

dyS

dyS
dt
þ dR

dyNS

dyNS
dt

; (6.6)

where dR/dyS is the specific protein mass and surface coverage dependent variation

of the refractive index, and dR/dyNS is the same for the non-specific proteins. Whilst

these do not have to be absolute conversion factors, they must be scaled for the

relative masses of the proteins. Hence in a two-protein system m1 and m2 the

relative response is scaled in the ratio m1/m2.

Loosely Bound Surface Competition Reactions:
Blood Serum Contamination

The interaction between proteins in complex fluids may not follow the simple loosely

bound processes described above, more complex mechanisms may be present at the

sensor surface. Adsorption of proteins onto hydrophobic surface sites may lead to

conformational changes compromising their tertiary structure and lead to partial

denaturing, which ultimately results in irreversibly bound proteins thereby changing

the rate constants for the interactions. The surface denaturation is often combated

by reducing the ligand concentration and increasing the amount of blocking protein

on the surface in the same way as the minimisation of non-specific binding [31].

Molecules loosely bound to the surface may be exchangedwith other molecules from

the medium. Consequently, the simplified adsorption–desorption model presented

above may be extended to include the exchange and displacement reactions shown

schematically in Fig. 6.4.
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The extended reaction model can be represented mechanistically as:

ð1Þ adsorption: Pi þ SL=f
���!ka;L=f ;i

 ��������
kd;L=f ;i

Pi 	 SL=f

ð2Þ exchange: Pi þ Pj 	 SL=f ���!
kx;L=f ;ij

 ��������
kx;L=f ;ji

Pj þ Pi 	 SL=f

ð3Þ rearrangement: Pi 	 S�ku;i�!Pd
i 	 S (6.7)

where in reaction 2 one adsorbed species, Pi , are exchanged with other species, Pj,

from the bulk. A particular case of this reaction when low-mass adsorbed species

are exchanged with higher-mass species from analyte corresponds to the Vroman

effect [41]. Reaction 3 leads to deformed or (partly) denatured protein molecules

permanently occupying the surface site. The exchange and re-arrangement rates are

kx and ku respectively. An instance of the latter process is often induced on purpose
before the sensor is used in a practical experiment and is known as a “blocking

step”: the sensor surface is exposed to a solution of non-target proteins (BSA and

milk proteins are popular choices), which irreversibly interact with particularly

active surface sites, thus blocking those sites from binding with other biomolecules.

The following discussion is based on the assumption that non-specific binding

significantly contributes to the observed SPR signal.

The association rate of any particular biomolecule with the sensor surface is

proportional to the product of the corresponding rate constant and the concentration

of the biomolecule in question, therefore, even if the non-specific association rate

constants are smaller than the specific rate constants, the signal due to non-specific

binding can outweigh the desired signal simply because of the higher concentration

of the non-specific content of the sample. Consider the following reaction scheme

and simulation values, Fig. 6.5.

Fig. 6.4 Additional exchange and re-arrangement reactions when binding of non-target molecules

is possible
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The first and second reactions are the association of the target protein to

the surface with a rate constant consistent with a specific reaction giving a KD ¼
10�9 M corresponding to an interaction Gibbs free energy of �51.3 kJ mol�1,
which may be compared with the biotin-streptavidin KD ¼ 10�13 M or

�74.2 kJ mol�1. The third and fourth reactions correspond to a non-specific

interaction with KD ¼ 10�4 M corresponding to a Gibbs free energy of

�1.7 kJ mol�1. Thermal energy (RT) at 298 K is �2.5 kJ mol�1 which suggests

the non-specific complex will be unstable in the thermal bath and therefore can

readily dissociate to free up the binding site. The final reaction is the displacement

of the non-specific proteins from the target ligand which is set close to the associa-

tion rate constant for the specific reaction implying the non-specific complex is

easily broken.

The non-specific protein content of human serum albumin, HSA, in whole blood

is in a concentration some 200 times the target protein; therefore the initial surface

coverage is dominated by the rapid arrival of non-specific HSA protein covering the

surface. However, the serum albumin layer is easily replaced with each thermal

collision and the specific binding increases steadily with time, Fig. 6.6. The

resulting test, reference and their difference channel responses are shown in

Fig. 6.7. The reference channel shows a large initial change in refractive index

associated with the arrival of the high concentration of non-specific proteins such as

serum proteins with a similar rise in the test channel. The difference channel

effectively removes the large step change allowing the recovery of a rate constant

from the near-exponential trace with kobs ¼ 0.7 � ka for the specific binding.
The effect of a loosely bound non-specific protein binding or fouling the sensor

surface has been recently studied for the assay of the aBSA in model serum

solutions containing varying concentrations of HSA from pure buffer to physio-

logical concentrations of 450 mM [34]. The aBSA is detected absorbing specifically

to BSA bound to the sensor surface with HSA acting as the interfering molecule.

Large HSA concentrations interfere with aBSA binding to the surface as a decrease

in kobs of a factor of 3 is observed from the difference plots (Fig. 6.8).

There are two advantages associated with the multi-analyte array platform based

on the nanoparticle plasmonics; (1) a number of control spots can be position

around the array to control for the presence of a large concentration of the HSA;

and (2) the particle plasmon field is sensitive only to the region immediately

Fig. 6.5 Reaction scheme

and simulation values for high

serum concentrations
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above the particle, typically 20 nm. Both were exploited in the correction of the

immuno-kinetic assay for aBSA in these experiments. A simple empirical correction

was possible by measuring the bulk refractive index change on a control spot that

showed little or no non-specific binding and which was constructed using a
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multi-layer fibrinogen-coated control spot. Printing a large concentration of fibrino-

gen into the control spot partially fills the plasmon field so that small changes in

refractive index associated with non-specific binding are not observed making it an

ideal control spot. The change in bulk refractive index is a measure of the total

protein concentration in the serum sample which is therefore related directly to the

rate of non-specific binding. Correlating the fast bulk index change observed in the

reference channel with the rate of slower non-specific binding in the same reference

channel provides an empirical correction which can be used to balance the effect of

non-specific binding in test channels for all HSA concentrations producing a linear

correlation between the assay parameters and the concentration of aBSA—a

calibration curve, Fig. 6.9.

Surface Displacement Reactions

In the process of reaching equilibrium some reversibly bound molecules at the

surface can change their place with other molecules from the solution, and a

particular case of the substitution of lower-mass non-specifically adsorbed

molecules with higher-mass components is the Vroman effect [41]. This is an

energy competitive process which will be favoured by heavier masses.

Equations (6.2) and (6.3) can be modified to include the reactions indicated

in (6.7) and shown in Fig. 6.4. The surface coverages can be expressed as sums of
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Fig. 6.8 aBSA-BSA assay with varying concentrations of HSA: (a) 0 mM; (b) 100 mM;

(c) 200 mM; (d) 300 mM; (e) 450 mM (reproduced from ref. [34] with permission)
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yL/f,i—fractions of the surface covered with a particular analyte molecule Pi, where

labels L/f refer, as before, to ligand-functionalised or ligand-free surface binding sites:

dyL=f
dt
¼

X
i

dyL=f;i
dt

(6.8)

and where

dyL=f;i
dt
¼ ka;L=f;i½Pi�ð1� yL=fÞ � kd;L=f;iyL=f;i � ku;L=f;iyL=f;i

þ
X
j;j 6¼i

kx;L=f;ij½Pi�yL=f;j �
X
j;j6¼i

kx;L=f;ji½Pj�yL=f;i: (6.9)

The last two terms in (6.9) formally cancel each other when the summation over i is
done so as to express yL/f, but the SPR signal depends not only on the surface coverage,

but also on the nature of the molecules covering the surface, notably their mass,

therefore the individual yi needs to be used to discuss specific binding or the Vroman

effect. Finally, the effect of the mass in the plasmon field also needs to be corrected.

The simplest model for the Vroman effect can be illustrated with the following

assumptions:

– There are no specific binding sites on the surface for a given set of analytes

– The blocking step has been performed to minimise re-arrangement reactions,

i.e. ku � 0
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Fig. 6.9 Empirical correction of the immuno-kinetic assay for the variation of bulk [HSA],

symbols denote several different experimental series. ϑmka parameter is equivalent to the initial

rate of aBSA-BSA association reaction (reproduced with permission from ref. [34])
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– The non-specific affinity of analyte molecule Pi to the surface depends on the

contact area, and therefore size/mass ofPi : kx;ij ¼ kxf ðPi;PjÞandKa;i ¼ Kaf ðPiÞ,
such as kx,ij > kx,ji and Ka,i > Ka,j if mass of Pi > mass of Pj

which, for two-component analyte, reduce (6.9) to:

dy1
dt
¼ ka;1½P1�ð1� y1 � y2Þ � kd;1y1 þ kx;1;2½P1�y2 � kx;2;1½P2�y1; (6.10)

dy2
dt
¼ ka;2½P2�ð1� y1 � y2Þ � kd;2y2 þ kx;2;1½P2�y1 � kx;1;2½P1�y2: (6.11)

This two-component mechanism can be simulated for the reaction scheme with

sensible values of the kinetic rate constants presented in Fig. 6.10.

Here the first and second equations show a near-thermal binding energy for the

association of protein P1 with the surface �1.7 kJ mol�1, P2 has a stronger

association of �30 kJ mol�1 about half the strength of an antibody–antigen

interaction and a displacement reaction with P2 changing places with P1 with a

rate constant of 102 M�1 s�1. The channel responses have been simulated and are

shown in Fig. 6.11.

Since the formal description of the Vroman effect and competition of specific vs.

non-specific adsorption is the same, compare Figs. 6.5 and 6.10, the competitive

binding for the limited number of specific ligand-functionalised surface sites can

also be described using a similar approach:

– There are specific binding sites on the surface

– The blocking step has been performed to minimise re-arrangement reactions,

ku � 0

– The affinity of analyte Pi to the surface largely defined by specific interaction

when i ¼ s: such as Ka,s 
 Ka,i6¼s and kx,s,i 
 kx,i6¼s,s

Fig. 6.10 Reaction scheme

and simulation values for the

Vroman effect
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again, (6.9) reduces to:

dyL;s
dt
¼ ka;L;s½Ps�ð1� yL;s � yL;nÞ � kd;L;syL;s þ

X
i 6¼s

kx;L;si½Ps�yL;i; (6.12)

dyL;n
dt
¼

X
i 6¼s

dyL;i
dt

¼
X
i 6¼s

ka;L;i½Pi�ð1� yL;s � yL;nÞ �
X
i6¼s

kd;L;iyL;i �
X
i 6¼s

kx;L;si½Ps�yL;i: (6.13)

Extracting the specific part of the signal by reference subtraction can be done

only with respect to the surface which is free of specific ligand. This implies that

(1) the reference is always subject to the variation of affinities of analyte

components to the ligands used, and (2) the reference should ideally be

functionalized with a ligand similar in properties to the ligand in the specific

channel, but lacking the specific activity towards the target molecules. If such a

reference can be created than, for this channel featuring ligand L0,
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dyL0;n
dt
¼

X
i

dyL0;i
dt
¼

X
i

ka;L0;i½Pi�ð1� yL0;nÞ �
X
i

kd;L0;iyL0;i: (6.14)

If the degree of ligand functionalisation is g, and kL � kL0 , whilst yL,s is small,

then reference subtraction gives,

test channel:
dy
dt
¼ g

dyL;s
dt
þ dyL;n

dt

� �
þ ð1� gÞ dyf

dt

reference:
dy
dt
¼ g

dyL0;n
dt

� �
þ ð1� gÞ dyf

dt

Dchannel ¼ test - reference : dyL
dt
¼ g dyL;s

dt
þ dyL;n

dt
� dyL0 ;n

dt

� �

� g ka;L;s½Ps�ð1� yL;s � yL;nÞ � kd;L;syL;s þ
P
i 6¼s

kx;L;si½Ps�yL;i
" #

ys

� g ka;L0;s½Ps�ð1� yL0;s � yL0;nÞ � kd;L0;syL0;s þ
X
i 6¼s

kx;L;si½Ps�yL;i
" #

yn

(6.15)

Taking into account the fact that the SPR signal is proportional to the molecular

mass of the adsorbed species, m:

SPR responce:
d#

dt
¼ m

dy
dt

DSPR channel � g
msðka;L;s � ka;L0;sÞ½Ps�ð1� yL;s � yL;nÞ
� msðkd;L;syL;s � kd;L0;syL0;sÞ þ ½Ps�

X
i 6¼s

kx;L;siðmsyL;i � miyL;iÞ

0
B@

1
CA

(6.16)

and that the specific ligand L possesses a much higher affinity towards Ps than

ligand L0:

ka;L0;s � ka;L;s and yL0;s � yL;s therefore

DSPR channel � g

mska;L;s½Ps�ð1� yL;s � yL;nÞ � mskd;L;syL;s

þ ½Ps�
X
i 6¼s

kx;L;siyL;iðms � miÞ

0
B@

1
CA: (6.17)

The strength of the measured SPR signal benefits from the larger g, this is

different from the case of the single-analyte system since in complex media the

specific analyte is generally a minor component and non-specific binding is mainly

due to adsorption of other, non-target but more abundant biomolecules present in

the sample.
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Aqualitative inspection of (6.17) shows that after initial fast loading of the surface

with non-specific components of the complex sample, which may be corrected for by

suitable referencing, the specific binding is described with the same ka and kd as was
the case for the single-analyte system (section “Binding of Target Molecules to the

Sensor Surface by Means Other Than the Desired Ligand”), with the important

difference that the fraction of the free surface sites is diminished due to the non-

specific load and therefore the observed transient response will be both slower and

smaller in amplitude (section “Loosely Bound Surface Competition Reactions:

Blood Serum Contamination”, Fig. 6.7). Additionally, if exchange reactions are

viable, their contribution can be both positive and negative depending on the mass

difference of the participating biomolecules. The effect on the response curves,

Fig. 6.6, is the same as was illustrated for the Vroman effect in Fig. 6.11.

Array-Based Plasmonic Sensor Advantages

The analysis of target analytes in complex media needs to be performed against the

background of contaminating proteins that may be present in the medium and which

induce an array of exchange and displacement reactions at the sensor surface. If the

label-free immuno-kinetic assay is to be successful, sufficient simultaneous

measurements must be performed to characterise the complex medium from

which the concentration of the target species can be extracted with confidence to

give a clinically useful sensitivity and accuracy. The interaction of proteins binding

to the surface covers a Gibbs free energy spectrum from �2.5 kJ mol�1, thermal

energy, and �75 kJ mol�1 for a strongly bound interaction such as biotin-

streptavidin. The energy scale is the same as that controlling all protein–protein

interactions in biological systems. The energy scale is defined by the ratio of the

dissociation rate constants to the association rate constants leading to protein

interactions that quickly foul the sensor surface but leave rapidly at the thermal

exchange rate, and proteins that foul surface and remain associated such as the HSA

in the model sera experiments. Ascending the scale, specific binding at 50 kJ mol�1

such as for antibodies have favourable association and dissociation rate constants

and remain attached at the surface. The interaction energy therefore confers a

kinetic discrimination between target and background interactions.

Kinetic discrimination is regulated by the association and dissociation rates that

control the level of disruption to the biosensing event with loosely bound molecules

leaving rapidly no matter how large the rate of association from the large concen-

tration. However, only knowledge of the KD, (kd/ka), for all of the analyte

components will identify the sources of significant interference, for example as

discussed earlier in section “Loosely Bound Surface Competition Reactions: Blood

Serum Contamination”, near physiological amount of HSA has demonstrated

threefold degradation effect on derived association rate constants for aBSA–BSA

interaction.
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The design of control spots on the arrays will need to ensure a number of spots

with different protein–protein interaction energies from which the effect of multiple

contaminants may be determined. The simplest control is a simple measurement of

the bulk refractive index, as has been demonstrated, but this may be extended to

look at non-specific binding explicitly. Antibodies and antigens not present in the

medium may provide an assessment of the affect of non-specific binding to

the antibody detection ligand. Hence a series of simultaneous measurements

targeted from an array of control spots will provide multiple assessments of the

composition, thereby allowing a global simulation model to be performed.

The simultaneous measurements may allow details of the surface mechanisms to

be extracted either directly or empirically to produce an accurate and sensitive

determination of an analyte from solution.

Conclusions

We have looked at some of the challenges and fundamental limits to the measurement

of analytes in complex media using a label-free detection platform based on the

optical properties of surface plasmons. Both types of SPR sensors, propagating-SPR

(PSPR) and localised-SPR (LSPR), act as mass sensors which are specific to target

analytes only when functionalised with a biospecific molecule such as an antibody.

However, such interactions are in general not infinitely specific so that the kinetic

response is always the convolution of a number of competing reactions at the sensor

surface. The nanoparticles used in the LSPR approach however are uniquely sensi-

tive to the assay region within ~20 nm of the particle surface—a clear advantage

over the PSPR that employs a continuous gold surface (~200 nm). The generic

problem of non-specific binding, equally important in both PSPR and LSPR experi-

mental techniques, particularly when complex biological samples are tested, has

been characterised by the ratio of the dissociation and association rate constants,KD,

which defines the spectrum of non-specific interactions. Loosely bound proteins foul

the surface but are quickly removed whereas more strongly bound proteins will

permanently foul the sensor surface. Multiple analyte measurements however may

allow the effect of complex media components to be assessed globally so as to allow

the concentration of a given target analyte to be determined accurately. The use

of such controls is essential if a particle plasmon platform is to be useful at the

point-of-care where natural variations in the blood composition will cause variations

in the accuracy of the assays. The challenges for plasmonic arrays in biosensing are:

• Well-designed target assays, preferentially with high affinity ligands.

• Well-designed control spots to profile complex media to preserve the immuno-

kinetic assay.

• Sensitive and accurate determination of target analytes at clinically relevant

concentrations.
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Successfully addressing these challenges in the context of targeting well chosen

clinical applications may provide a route to application of these technologies.
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Chapter 7

Laser Manipulation of Plasmonic

Nanoparticles for SERS and Sensing

Lianming Tong and Mikael K€all

Abstract Optical tweezers have found widespread use in studies of biological

macromolecules and in manipulation of microscopic objects, including biological

cells and a variety of dielectric particles. But rapid progress over the last decade has

demonstrated that optical tweezers also can be used as a powerful method for

manipulation and control of plasmonic metal nanostructures. Here, we review our

recent results in this area with a focus on the interaction between nanoparticles

confined in an optical trap and applications in surface-enhanced Raman scattering

spectroscopy.

Introduction

Optical tweezers are well established as a method for trapping and manipulation of

dielectric objects on the micron scale [1–4]. However, since the pioneering work

of Svoboda and Block [5], increasing attention has been devoted to laser trapping of

metal nanoparticles. Noble metal nanoparticles are of course of particular interest

because of their unique optical response in the visible to near-infrared wavelength

range originating from the localized surface plasmon resonance (LSPR) phenome-

non [5–7]. In the field of plasmonic sensing, optical tweezing has shown promising

potential in the context of surface-enhanced spectroscopy based molecular detection

[8–11]. A particularly important aspect of this application concerns near-field optical

forces, which to a large extent determines the interaction between metal

nanoparticles in an optical trap [12–14]. Near-field optical forces can, for example,

lead to dimerization of metal nanoparticles and a concomitant large increase in

the SERS efficiency [8]. However, the combination of optical manipulation
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and plasmonics offer many more avenues for novel sensing methodologies.

One promising research direction, explored by several groups, focuses on the

possibility of using surface supported plasmonic nanostructures to generate optical

near-field distributions that can localize dielectric or metal objects with high spatial

precision through nano-optical gradient forces [12, 15–17]. Other possibilities arise

from the fact that plasmonic nanostructures in solution can be aligned and even

rotated using polarization dependent optical forces [18–22] and from the observation

that optical tweezers offer an opportunity for “sensing” the interaction potentials

between individual colloidal metal nanoparticles in solution [22]. This chapter

summarizes our recent research in the field of optical trapping and manipulation of

metal nanoparticles for SERS and sensing [6, 8–10, 12, 14, 19, 22].

Experimental Considerations

All experiments discussed here utilize a so-called laser tweezers, that is a

single laser beam with a Gaussian intensity profile that is focused to a diffraction

limited spot by a high numerical aperture (NA) microscope objective [23]. It is

important that the beam is expanded to cover the full back-aperture of the objective,

implying that the full NA is utilized, since the peripheral rays of the beam

contribute most to the optical gradient force.

Optical trapping of single metal nanoparticles has been demonstrated in both two

and three dimensions using focused NIR beams [5–7]. However, due to their

reflecting properties and small size, trapping of nanoscale metal structures is in

general much more experimentally demanding than trapping of large dielectric

objects. The most critical aspect typically concerns the balance between the gradient

force and the radiation pressure in the direction along the optical axis [9]. In most of

the experiments discussed here, we have circumvented this problem by blocking

movement in this direction using a cover glass, i.e., we trap in two dimensions only.

This approach has the added advantage that it makes it much simpler to combine

laser tweezing with dark-field (DF) spectroscopy, which is the most convenient

method for probing the plasmonic properties of isolated metal nanostructures.

A typical setup based on an inverted microscope is schemed in Fig. 7.1.

The polarization status of the trapping laser can be tuned using retardation plates

before it reaches the objective. Polarizers are also often used to select certain

polarization component of the white light for bright- or dark-field illumination.

The elastic/inelastic scattering from the particles or molecules is recorded by

cameras for optical imaging and directed to spectrometers through free-space or

fiber-coupling for spectral characterization.

The laser used for the optical tweezers can also conveniently be used to excite

Raman scattering. However, many Raman studies require resonant excitation using

visible or even ultraviolet wavelengths, while optical tweezing is best performed

using near-infrared light to minimize laser induced heating of the aqueous medium

or the sample itself. Two lasers can then be used, one for Raman excitation and one
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for optical trapping, which means that the setup has to be equipped with suitable

filters or dichroic mirrors in order to separate the tweezers and Raman light paths.

Some experiments may even require the use of two separate microscope objectives

facing each other, one for Raman microscopy and one for laser tweezing [24].

In any case, it is important to remember that a working Raman tweezers based on

separate laser beams requires perfect overlap between the respective laser foci,

which for widely separate excitation and tweezing wavelengths can be complicated

due to, for example, chromatic aberrations.

Results and Discussion

Optical Characterization of Optically Trapped Nanoparticles

Figure 7.2 shows an example of how optical tweezers can be used to characterize

individual nanoparticles in solution, in this case a silver colloid synthesized

according to the Lee and Meisel protocol [6]. The ensemble extinction spectrum is

strongly inhomogeneously broadened and DF and SEM images of surface-

immobilized particles reveal a large heterogeneity in terms of color, size, and

shape. Using a setup similar to the one shown in Fig. 7.1, individual diffusing

particles could easily be trapped in 2D using a focused 830 nm laser beam.

white light
2D or  3D
trappingpolarizer

objective

dichroic beam
splitter

NIR laser

fiber-coupled

beam splitterPrism set

Digital
Camera

λ/2 λ/4

Spectrometer

Notch
Filter

Eyepiece

DF condenser

Fig. 7.1 Scheme of a typical experimental setup built around an inverted microscope. The NIR

laser is reflected to the objective by a short pass dichroic beam splitter. A notch filter is used to

remove the reflected laser light before the scattered white light reaches the detectors. Retarder

plates can be used to control the polarization properties of the laser beam
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We used an oil immersion objective with NA tuned to 0.7 to allow for dark-field

measurements of elastic scattering spectra of single particles. Examples of such

spectra shown in Fig. 7.2b exhibit widely varying LSPR characteristics, as

anticipated from the color picture in the inset of Fig. 7.2a.

Alignment and Rotation of Optically Trapped Nanoparticles

The behavior of a metal nanostructure in an optical trap depends on its plasmonic

properties, as determined by the particle size, shape, composition and environment,

and the wavelength and polarization of the trapping laser [25–28]. A particularly

important aspect of this dependence concerns the orientation of the nanostructure

within the trap. An elongated metal nanoparticle, such as a nanorod, exhibits different

polarizabilities along the long and short axes due to the different spatial confinements

of the plasmon oscillations. In a NIR optical trap, gold and silver nanorods tend to self-

align with their long axes parallel to the laser polarization to minimize the potential

energy, which can be approximated as U ¼ �hP � Ei ¼ �1=2
P

RefaiigE2
i ; i ¼ x;

y; z, where P is the induced dipole moment, E is the incident electric field and aii
is the polarizability, respectively. If the polarization of the trapping laser is rotated

by an angle of b with respect to the long axis of the rod, a torque is induced

according to t ¼ jhP � Eij ¼ �1=4ðak � a?Þ sin 2b � E2 [29], where ak and a? are

the polarizability components parallel and perpendicular to the long axis of the

nanorod, respectively. This torque drives the nanorod to realign parallel to the laser

polarization, or to rotate if the linear polarization is rotated [19].

A nanoparticle dimer behaves similar to a nanorod in the sense that the polariz-

ability is higher and the LSPR redshifted for polarization along the “long axis,” i.e.,

along the dimer axis, than in the two perpendicular directions. Figure 7.3 shows DF

Fig. 7.2 (a) Extinction spectrum of a heterogeneous silver colloid solution with DF and SEM

images shown as insets. (b) DF elastic scattering spectra of single trapped particles with

corresponding Lorentzian fits (solid curves). The dashed lines indicate the wavelength of the

trapping laser (830 nm)
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scattering images and spectra of two single spherical gold nanoparticles (GNPs)

before (Fig. 7.3a) and after (Fig. 7.3b) they are dimerized in an optical trap. As seen

in Fig. 7.3a, the isolated GNPs show identical LSPR peaks (~573 nm) at the two

perpendicular polarization directions because of their spherical symmetry. How-

ever, after dimerization, the particles exhibit a clear polarization anisotropy. In the

perpendicular polarization configuration (curve 2 and 4 from the top), for which the

white light used for DF spectroscopy is polarized perpendicular to the trapping

laser, the dimer shows a peak at ~575 nm, which is very close to the single particle

LSPR position. However, the LSPR redshifts to ~588 nm in the parallel configura-

tion (curve 1 and 3). This spectral shift arises due to near-field coupling, or

hybridization, between the single particle LSPR’s and can only be understood if

one assumes that the particles dimerize in the trap and then align parallel to the laser

polarization. The figure also illustrates rotation of dimers, as can be seen by

comparing curve 1 and 2 (or curve 3 and 4) in Fig. 7.3b, for which the white-

light polarization is fixed but the laser polarization is rotated by 90�.
It is worth noting that by continuously rotating the polarization of the trapping

laser, elongated nanostructues and particle dimers will rotate in the optical trap [19].

Due to the viscous drag force of the surrounding medium, the long axis of the

nanostructure will lag behind the laser polarization. The phase delay can be expected

to depend on the surface structure of the trapped object, the viscosity of the medium

around it, and the strength of the optical torque, which in turn will depend on the

optical properties of the nanostructure. Furthermore, Ag nanowires can be made to
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Fig. 7.3 Alignment and rotation of a dimer of gold nanoparticles (GNPs). Red and white arrows
represent the laser polarization and white-light polarization, respectively. (a) DF scattering images

and spectra of two individual GNPs. The left particle is fixed on the glass slide and the right one is

trapped by the NIR beam. The particle marked as “R” is used as reference. (b) A dimer is created

by moving the trapped particle close to the fixed one. The DF spectra show the alignment and

rotation of the dimer
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spin spontaneously if trapped by a circularly polarized laser beam. This effect is due

to direct transfer of angular moment from the incident photons absorbed by the

trapped nanowire. The rotation frequency is thus expected to be proportional to the

laser power, which is indeed the case, see Fig. 7.4 for an example. The direction of

rotation can be easily changed by changing the chirality of the circular polarization.

Overall, the rotation dynamics of trapped plasmonic nanostructures could potentially

be explored for the development of novel sensing modalities, such as nano-

viscometers for measurements inside cells or other highly confined volumes.

Interaction Between Two Metal Nanoparticles in an Optical Trap

When twometal nanoparticles are in close vicinity of each other, as in an optical trap

due to laser tweezing, their induced electromagnetic fields overlap and hybridize.

This leads to drastic spectral changes, strong optical interparticle forces, and field-

enhancement effects that can lead to extremely large optical gradient forces [12–14,

30]. As an example of the latter, Fig. 7.5 shows the estimated optical potentials,

obtained from Mie theory, acting on a Rhodamine 6G molecule located near silver

nanoparticle aggregates [12]. The spatial variation of the optical potential U is

shown in units of kBT (T ¼ 300 K) around a three-sphere system (R ¼ 25 nm) in

water in Fig. 7.5a. The surface-to-surface separation is 1 nm and the aggregate is

excited at a collective surface plasmon resonance (760 nm) polarized parallel to the

trimer axis. Figure 7.5b shows the wavelength dependence of the optical potential in

the gaps of the trimer and a similar dimer. At resonance and for an incident intensity

of 10 mW/mm2, the potential reaches a depth of ~6 kBT for the trimer and ~4 kBT for

the dimer, which would lead to instantaneous trapping of a R6Gmolecule that passes

through the trapping volume. Firm experimental evidence for optical trapping of

molecules in plasmonic “hot spots” is, to the best of our knowledge, still lacking, but

several recent works have demonstrated trapping of larger objects, including
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Fig. 7.4 Dark-field scattering from a trapped Ag nanowire rotated by a circularly polarized NIR

laser beam. The rotation frequency in this example is ~1 Hz with 60 mW laser power. The power

dependence of the rotation frequency is also shown. The wire passes through the measurement spot

once per full turn
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biological cells, to surface supported nanostructures [15–17]. Another effect of the

“plasmonic force” is the spontaneous dimerization and aggregation of nanoparticles

in an optical trap. Figure 7.6 shows the calculated optical forces between two silver

nanoparticles with radii 5 nm as a function of incident photon energy for the parallel

(Fig. 7.6a, attractive force) and perpendicular (Fig. 7.6b, repulsive force) polariza-

tion configurations, respectively [14]. The incident power density is 1 W/mm2.

The figures also show simulations based on different calculation methods. Note

in particular that the dipole simulations (Lorentz Force Coupled Dipole

Fig. 7.5 (a) Spatial optical potential distribution around the lower half of a linear trimer of silver

nanoparticles with 25 nm radius and 1 nm gap distance in water excited at the collective LSPR

(760 nm) for a power density of 10 mW/mm2. (b) Incident wavelength dependence of the optical

potential at the gaps of a trimer and dimer with incident electric field parallel to the symmetry axes

Fig. 7.6 Spectra of the optical force between two identical silver spheres with radii R ¼ 5 nm and

center-to-center distances d ¼ 12 nm (black curves) and 14 nm (red curves) for an intensity of the
incident field of 1 W/mm2 at parallel (a) and perpendicular (b) polarization configurations,

respectively. The forces are calculated using two different methods: an “exact” calculation

based on the Maxwell’s stress tensor formalism combined with Mie theory (MST-Mie) and an

approximate method based on the Lorentz force and the coupled dipole approximation (LF-CDA)
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Approximation, LF-CDA) underestimate the attractive force for the parallel polari-

zation case and overestimate the repulsive force for the perpendicular configuration

due to neglect of multipole couplings, while the Maxwell’s Stress Tensor and Mie

theory (MST-Mie) calculations are more accurate by including a large number of

multipoles (lmax ¼ 13 in this case). In any case, it is clear that the attractive force is

of the order of nanoNewton and ~10 times stronger than the repulsive force for small

particle separations. These results thus indicate that the attractive optical force

dominates strongly and lead to spontaneous dimerization even if there is a small

component of the polarization perpendicular to the dimer axis, for example due to

rotational Brownian motion.

Studying Colloid Interactions in an Optical Trap

Understanding colloidal stability is hugely important for many novel applications in

nanoscience [31–33]. Colloidal particles are typically negatively charged due to the

adsorption of ions, thus producing an electrostatic repulsion at close separation

[34]. This screened Coulomb interaction depends on the number of surface charges

and can be adjusted by changing the ionic strength of the solution. But there is also

an attractive force, the van der Waals interaction, which is determined by the

material specific Hamaker constant and the size of the particles. The Coulomb

repulsion and the van der Waals attraction are combined in the well-known

Derjaguin–Landau–Verwey–Overbeek (DLVO) theory of colloidal stability

[34, 35]. The behavior of two particles in an optical trap thus depends on the

combined effect of the DLVO interaction, the overall optical trapping potential,

the aforementioned interparticle optical potentials, and the temperature dependent

Brownian motion of the particles.

Figure 7.7a, b illustrates the dimerization of 80 nm diameter GNPs in a NIR

(830 nm) optical trap using DF scattering images and spectra, respectively [22].

Compared to the example in Fig. 7.2, the hybridization induced redshift is much

Fig. 7.7 (a) DF images of two single GNPs of diameter 80 nm before and after dimerization for

white-light polarization (white arrows) parallel and perpendicular to the trapping laser polarization
(red arrows), respectively. (b) Corresponding DF scattering spectra. (c) Total potentials of the

dimer in a colloid with and without optical potential. The NaCl concentration in the colloid

solution was 20 mM
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more significant (~50 nm) due to a smaller surface separation caused by weaker

electrostatic repulsion induced by adding salt (NaCl). Note that the data demon-

strate that the dimer aligns parallel to the laser polarization. Figure 7.7c shows the

calculated potential curves of the dimer with (red curve) and without (blue curve)

the optical potential added, respectively. The dominant features are a deep primary

minimum at near-zero separation and a potential barrier that prevents spontaneous

permanent aggregation. There is also a shallow secondary minimum at ~15 nm

separation in the absence of an optical potential. For some colloids and ionic

strengths, this secondary minimum may result in spontaneous aggregation or

flocculation [36], but here the depth is ~1 kBT and not enough to induce stable

dimerization in the presence of thermal Brownian motion. Consequently, the

DLVO potential curve indicates that such a colloid should be stable against

aggregation up to a salt concentration of at least 20 mM. However, as illustrated

by the red curve in Fig. 7.7c, the secondary minimum deepens dramatically if

the laser induced attractive optical potential is added. For a laser power of only

2 mW/mm2 at l ¼ 830 nm, a potential well depth of ~5 kBT at ~9 nm separation

was obtained. This leads to stable dimerization and explains the significant redshift

and strong plasmon hybridization seen in Fig. 7.7b.

Adding salt to a colloid solution leads to an increased screening of the surface

charges through an accumulation of counter ions on the particle surfaces and within

their immediate surroundings, the so-called electrical double layer [34]. Conse-

quently, the electrostatic repulsion decreases for increasing salt concentration and

the position of the secondary potential minimum seen in Fig. 7.7c should move

towards smaller surface separations. This would in turn result in an increased spectral

redshift. As shown in Fig. 7.8a, this is indeed the case: the experimental peak

Fig. 7.8 (a) Experimental and simulated peak positions lk as a function of salt concentration. The
solid line is a linear fit to the simulated results (black crosses). (b) Simulated surface separations

(blue) and depth of Umin (red) at different salt concentrations. The error bars in the blue curve
represent the separation ranges corresponding to a variation of 1 kBT centered atUmin in the potential

well. The theoretical simulations were based on a surface potential ’d ¼ �53 mV, approximated

with themeasured zeta-potential of the colloid stock solution, a Hamaker constantA ¼ 10�19 J based

on AFM and chemical force microscopy studies [37, 38], a Debye screening length approximated as

k � 0:3=½NaCl�, T ¼ 300 K and an effective laser intensity I � 2.2 mW/mm2 [22]
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positions (circles) of the longitudinal plasmon mode of a number of individual GNP

dimers rapidly moves to the red for increasing NaCl concentrations. The perpendicu-

lar plasmon resonance, on the other hand, remains at the single particle resonance

position (not shown).

As discussed above, the total interparticle potential affecting a trapped pair of

particles can be approximated asUtot ¼ Uc þ UvdW þ Uopt, where the first two terms

constitute the DLVO potential and the third is the optical potential. The potentials

yield a normalized probability distribution ðdÞ / e�UtotðdÞ=kBT , describing the time-

averaged probability of encountering a certain separation distance at temperature T.
The corresponding dimer spectrum is then obtained as S ¼ P

PðdÞSðdÞ, where S(d)
is the scattering spectrum for a specific separation computed from Mie theory and

the sum runs over a reasonable range of separations. In this way, the theoretical

peak positions can be obtained at different salt concentrations, as shown by the

crosses in Fig. 7.8a. An approximately linear redshift in lk vs. [NaCl] is obtained in
excellent agreement with the experimental results. The minimum expected separa-

tion between the two particles, as well as the depth of the secondary potential

minimum, is also shown in Fig. 7.8b.

It is important to point out the considerable variation in redshift between different

particle pairs measured under identical external conditions. The variation is consid-

erably larger than the variance in l0 or l⊥ and indicates that the particle interaction is

affected by slight differences in shape and surface properties of the individual

GNPs. For example, if one translates the lk variation for [NaCl] ¼ 15 mM to surface

potential, one obtains values between �47 and �65 mV. This indicates that

the methodology described provides a valuable tool for characterizing nanoparticle

heterogeneities that are not accessible through ensemble-averaged measurements.

Optically Trapped Nanoparticle Dimers for SERS

The interparticle forces between trapped metal nanoparticles discussed above

result in aggregation and create SERS “hotspots,” i.e., particle junctions with

strongly enhanced local fields. The dimerization of two isolated silver nanoparticles

has been shown to produce high enough field enhancement for efficient SERS

detection [9]. An example is shown in Fig. 7.9. In these experiments, a NIR laser

(l ¼ 830 nm) was used for trapping while a separate laser beam (l ¼ 514.5 nm)

was used for Raman excitation. Thiophenol (TP) molecules were chemically bound

to the surface of the silver nanoparticles (radius 20 nm) as Raman probes. As shown

in Fig. 7.9, a single silver nanoparticle immobilized on a glass slide or trapped by

the focused NIR laser can be identified through dark-field imaging as a bluish spot,

but no SERS intensity is detected (top and middle panels of Fig. 7.9a). However, a

significant SERS signal appears when two single particles are paired up into a

dimer (bottom panel of Fig. 7.9a). Figure 7.9b shows the calculated optical potential

experienced by a diffusing silver nanoparticle in a Gaussian laser focus that

overlaps with an immobilized single silver particle, thus simulating the experiment.

It is clear that the mobile particle experience a deep potential minimum
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when it approaches the immobilized particle, thus enabling spontaneous optical

dimerization and the formation of an associated SERS “hotspots.” It is likely that

dimerization in the actual experiment is facilitated by the chemisorbed thiolphenol

molecules, which can be expected to decrease the electrostatic repulsion between

the particles even in the absence additional salt. As will be shown below, a higher

SERS signal is generally observed for larger particle aggregates. The work by

Tanaka et al. [39] is interesting in this respect. They showed that multiple silver

nanoparticles simultaneously trapped by a NIR laser beam also tend to align

parallel to the linear polarization and exhibit a pronounced SERS signal at a very

low concentration (10�14 M) of the probe molecule pseudoisocyanine (PIC).

SERS Optical Tweezers Integrated with Microfluidics

The potential of optical tweezers for SERS sensing is further expanded by integra-

tion with microfluidics [10]. Using a microfluidic circuit, two separate input flows

containing the metal colloid and the analyte solution, respectively, can be injected

and allowed to mix in a common flow pipe before entering the microfluidic channel.

The metal nanoparticles, pre-incubated with the molecules to be detected, can then

be optically trapped and aggregated in the flow channel, resulting in an intense

SERS signals. Figure 7.10a shows DF images of a growing aggregate created by

NIR optical tweezing inside a microfluidic channel. The corresponding increase

in SERS spectral intensity for two different probe molecules, thiophenol (TP) and

2-naphthalenethiol (2-NT) excited at 514 nm, are shown in Fig. 7.10b. Furthermore,

the analyte flow through the microfluidic channel is easily interchangeable,

enabling consecutive detection of a series of species. For example, alternate

SERS spectra of TP and 2-NT can be obtained from the optically aggregated Ag

nanoparticles in the microfluidic channel if the two solutions are injected to one of

the input channels sequentially [10].

Fig. 7.9 (a) DF images and corresponding SERS spectra before and after dimerization of two

silver nanoparticles (R ¼ 20 nm). (b) Simulated optical potential under 830 nm laser irradiation

experienced by a trapped silver nanoparticle with different separations to an immobilized one
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In an alternative approach, illustrated in Fig. 7.11, we used a Y-shaped

microfluidic channel to mix the metal colloid and the analyte solution just before

the laser tweezing site. A SERS signal could then be detected at the liquid interface

where nanoparticles and analyte molecules mix, but the signal was weak. The

principal difference compared to the previous scheme is that the colloid and

analyte streams have much less time to mix. Incubation is further reduced through

the laminar flow within the measurement channel, which only allows mixing

through diffusion. However, SERS spectra are clearly observed from the optically

aggregated nanoparticles at the interface between the two streams.

Summary and Outlook

We have reviewed our recent studies of optical manipulation of plasmonic

nanostructures and discussed possible applications in SERS and sensing. Important

results include the observation that GNP dimers align parallel to the laser

Fig. 7.10 (a) DF scattering images of silver nanoparticles trapped in a microfluidic channel. The

trapping wavelength was 830 nm. (b) Corresponding SERS spectra from the optically induced

aggregates. A separate laser line at 514.5 nm was used to excite the Raman probes
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polarization, that nanowires can be rotated using circular polarized light, that the

interaction between trapped particles can be understood from considering optical

interparticle forces combined with DLVO theory, and that optical aggregation can

be used for generating SERS from individual dimers as well as in microfluidic

channels. But there are of course many more openings for innovative research and

applications at the interface between laser tweezing and plasmonic nanostructures.

For example, from theoretical simulations we expect that a variation of the trapping

laser wavelength in relation to the plasmon spectrum should have profound impact

on the gradient force as well as on optical interparticle interactions, but there are

hardly any experimental studies that address such issues. Similarly, there is plenty

of room for novel studies of nano-optical rotation phenomena and the influence

of particle size, shape, chirality, and spectral properties. Rotating plasmonic

nanostructures could potentially be used as effective “handles” for torsion

experiments on biological macromolecules or for “nano-viscosity” measurements.

From the SERS sensing perspective, extension to 3D trapping, perhaps using

dielectric beads as carrier for metal nanoparticles [40, 41] or using non-Gausssian

beam profiles that minimize radiation pressure, would facilitate Raman analysis in

highly confined volumes, perhaps even inside biological cells.
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Chapter 8

Nanoplasmonic Sensing for Nanomaterials

Science, Catalysis, and Optical Gas Detection

Christoph Langhammer, Elin M. Larsson, Bengt Kasemo, and Igor Zoric

Abstract In this chapter direct and indirect nanoplasmonic sensing approaches

for applications in nanomaterials science and catalysis, as well as for gas sensing

are discussed. It is illustrated how the typical features of nanoplasmonic sensors,

e.g., high local and absolute sensitivity, high temporal resolution, remote readout,

simple experimental arrangement, and generic robustness, together with a wide

range of possible application conditions make the latter a potentially very power-

ful experimental tool to study processes on the surface and in the bulk of

nanosized systems. The possibility to locally measure temperature at the nano-

scale with nanoplasmonic optical calorimetry will also be discussed. Furthermore,

numerous examples of nanoplasmonic sensors for gas-sensing applications will

be reviewed and the role and potential of novel plasmonic metals will be

addressed.

Introduction

Nanoparticles and thin films (nanosized systems) are essential ingredients in many

established or envisioned technological applications including sensors [1], hetero-

geneous catalysts [2], photovoltaics [3, 4], electronic and photonic devices [5],

batteries [6, 7], hydrogen storage systems [8], drug delivery systems [9], and

reinforced composite materials. In many of these applications the nanosized systems

are in contact with gaseous or liquid environments and desired (e.g., in catalysis)

or undesired (e.g., corrosion) interactions between gas or liquid molecules and

the nanosized system may occur. Such interactions include oxide formation,

corrosion, etching, surface functionalization, hydrogen embrittlement, and fouling.
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In heterogeneous catalysis nanosized systems catalyze surface reactions. In other

situations a change of temperature or pressure may induce phase transitions like

melting/freezing, magnetic/nonmagnetic, or metallic/insulating. Often the details of

such transitions depend on the precise nanoscale dimension of the studied system

and may influence the functionality.

In this context, for research applications, it is of particular importance to develop

experimental tools for fast, sensitive, and reliable measurements of processes on/in

nanosized systems under realistic, close-to-application, conditions. The latter often

means working at high temperatures, at ambient or higher pressure (maybe even

in liquid), and in harsh and corrosive environments. An experimental method

intended to study such systems and processes should thus ideally be able to cover

a wide range of pressures (from UHV to atmospheric pressure and above) and gas

compositions in the gaseous environment and even be able to operate in a liquid.

Furthermore, one would like to be able to study diverse nanosystems ranging from

metals, semiconductors, and insulators to polymers and soft matter, and if possible

with high temporal resolution to be able to scrutinize fast kinetic processes.

A further desire is the ability to perform measurements on relatively small amounts

of material, because samples may be scarce or expensive. Furthermore, sometimes

measurements are preferably done on a single nanoparticle to avoid ensemble-

averaging related effects.

Standard experimental techniques (like X-ray diffraction XRD, X-ray photoelec-

tron spectroscopy XPS, Fourier transform infrared spectroscopy FTIR, scanning

electron microscopy SEM, transmission electron microscopy TEM, scanning-

tunneling microscopy STM, atomic force microscopy AFM, etc.), which can be

used to characterize nanoparticles and processes on their surfaces or in their

bulk, usually either require relatively large amounts of sample material and/or can

only be used under idealized conditions (UHV, limited temperature range, etc.) and

have poor temporal resolution. The first limitation often makes it necessary to work

with powders, which are characterized by broad particle size distributions,

complicating systematic studies of the role of nanoparticle size, shape, and chemical

composition at the nanoscale on desired properties of the nanomaterials.

Typically, the size range of nanosized systems of interest stretches from 1 nm

to ca. 500 nm.At the lower end of this size range, i.e., 1–10 nm, the nanosized systems

typically have, for example, different electronic and crystal structure than larger

particles and show novel thermodynamic, reactivity, and kinetic properties upon

interaction with other materials and molecules. The limited number of atoms is one

reason for these differences together with the large surface/bulk atom ratio, which

makes surface related effects (gradients in electronic density, quantization of elec-

tronic states, novel local environment for surface atoms, etc.) important.

Nanosized systems in the size range 10–500 nm typically exhibit quite similar

electronic and atomic structure, as well as thermodynamic and kinetic features as

the corresponding bulk materials. Nevertheless, there are still some significant

quantitative differences regarding e.g., exposed crystal facets, annealing behavior,

defects like grain boundaries and dislocations, short diffusion path length, mechan-

ical strength, and optical excitations.
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In this chapter we describe how novel direct and indirect approaches based

on nanoplasmonic sensing can be used to tackle the above-mentioned challenges.

We will illustrate how the typical features of nanoplasmonic sensors, e.g., high local

and absolute sensitivity and high temporal resolution, together with a wide range of

possible application conditions (due to the method’s remote sensing nature) make

nanoplasmonic sensing a potentially unique and powerful experimental tool to study

processes on and in nanosized systems of interest in nanomaterials science and

catalysis. The possibility to locally measure temperature at the nanoscale in a

nanoplasmonic optical calorimetry approach will also be discussed. Furthermore,

we will indicate on numerous examples the potential of these approaches for novel

types of optical nanoplasmonic sensors for mainly gas-sensing applications.

The role and potential of novel plasmonic metals will also be addressed.

Novel Nanoplasmonic Metals

During the past decade’s rapid development of nanoplasmonics the focus was almost

entirely on Au and Ag as nanoplasmonic metals. The latter was due to the special

dielectric (electronic) properties of Au and Ag in the vis-NIR spectral range, in

particular low intrinsic losses in the visible, due to a lack of interband excitations at

energies below the interband threshold at 2.3 or 3.9 eV for Au and Ag, respectively.

However, surface plasmons and localized surface plasmons, in principle, exist in

anymetal. Shifting the focus from the “classic” plasmonic metals, Au andAg, to other

metals, which have not yet receivedmuch attention as nanoplasmonic materials, leads

to interesting novel opportunities. For example, one can combine the intrinsicmaterial

properties of the chosen plasmonic material with the possibility to explore these LSP

excitations as transducers in novel nanoplasmonic sensing schemes. Of particular

interest are applications as sensors to study processes on the surface and/or in the bulk

of the plasmonically active nanoparticles themselves. Such processes are of high

relevance and interest for (nano)materials science and may include, as will be

shown below, chemical (e.g., catalytic) reactions, hydrogen absorption, oxide forma-

tion, liquid–solid phase transitions, etc. A brief discussion of the main features of

plasmonic excitations in novel materials as well as a short literature review are

therefore appropriate before discussing their application as nanoplasmonic sensors.

Figure 8.1 shows extinction spectra of random arrays of nanodisks of similar size,

fabricated by Hole-mask Colloidal Lithography [10], for eight different metals.

Clearly, despite the significantly different bulk dielectric properties of these metals,

the confinement to nanodisk geometry with similar diameters and heights gives rise

to well-defined LSPRs in the visible with similar spectral peak positions for all

materials.We also observe spectral line-widths and optical cross-sections, which are

strongly dependent on relevant, material specific damping processes.

A number of recent studies discuss plasmonic excitations in “novel” metals in

more detail, e.g., Pt and Pd [11–14], Cu [15–17], Al [18–20], Sn [21] or several of

the metals [22].
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In the following section we will discuss the use of plasmonic excitations in

various metals as local probes for real-time studies of processes in the bulk and

on the surface of metallic nanoparticles. In these experiments the nanoparticles

simultaneously constitute the sensor and the studied nano-entity. We therefore

classify these types of experiments as “direct nanoplasmonic sensing.”

Direct Nanoplasmonic Sensing: Plasmonic Nanoparticles

as Coeval Sensors and Studied Nano-Entities

Metallic nanosized systems in the 10–100(s) nm size ranges are, as summarized in

the introduction, finding more and more applications in functional systems and

devices. Employing nanofabricated 2-D structures as model systems to study

properties, fundamental mechanisms, and functionality of nanosized systems is a

Fig. 8.1 Illustration of tunable LSPR in numerous metal nanodisks fabricated by the Hole-mask

Colloidal Lithography method. The top row comprises different scanning electron microscopy

(SEM) images of Pd nanodisks with a diameterD ¼ 300 nm and height h ¼ 20 nm. Themiddle row
shows extinction spectra of Ag, Au, Pt, and Pd nanodisks with D ¼ 110 nm and h ¼ 20 nm [12].

The bottom row contains extinction spectra of Ni (D ¼ 110 nm and h ¼ 20 nm), Al (D ¼ 110 nm

and h ¼ 20 nm) [18], and Cr (D ¼ 136 nm, h ¼ 20 nm), as well as Sn (D ¼ 107 � 10 nm,

h ¼ 52 � 6 nm) nanodisks covered with 20 nm SiO2 [21]
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very efficient approach to scrutinize the otherwise very complex processes. Using,

for this purpose, the intrinsic LSPR in metallic functional nanostructures as a

sensor, following the direct nanoplasmonic sensing scheme, is a very efficient

way to study relevant interactions and processes in situ and in real time. In this

way the role of particle size, geometry, microstructure, etc. can be scrutinized. If

nanofabrication or size-selective synthesis approaches are used to prepare the

samples, excellent control over the nano-dimensional parameters can be

guaranteed. Furthermore, direct nanoplasmonic sensing can be carried out under a

wide range of experimental conditions (UHV-high pressure, low-high temperature,

etc.) owing to the remote detection principle.

During such experiments structural and/or electronic changes induced in/on the

metallic nanoparticles by the studied process, are detected by real-time recording of

(changes in) the LSPR response, e.g., spectral peak shifts. Schematic depictions of

nanoscale processes that can be studied in this way are summarized in Fig. 8.2 and a

literature overview is presented in the following subchapters.

Fig. 8.2 Schematic depiction of processes on/in metallic nanoparticles that can be studied by

direct nanoplasmonic sensing following the spectral response of the LSPR: (1) surface and bulk

oxidation, (2) metal hydride formation, (3) solid–liquid phase transitions, (4) surface reactions

inducing e.g., charge transfer from a reacting molecule to a metallic/plasmonic particle
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Oxidation and Corrosion

Corrosion, in the most common use of this expression, refers to (electrochemical)

oxidation of metals with an oxidizing agent such as oxygen or water, often with

various co-factors that speed up the corrosion, e.g. sulfur or halogens. Typically, in

a corrosion process, oxide(s), hydroxides and/or salt(s) of the corroding metal are

formed. The corrosion process can take place very locally and form pits or cracks

(pitting corrosion) or it can be spread more or less homogeneously over a surface,

corroding the latter uniformly. For example, most metals, when exposed to clean,

dry air, form a native protective oxide layer spontaneously, which, at low

temperatures, passivates the surface against further oxidation/corrosion. For some

systems like the alkali metals, the oxidation reaction can be quite violent while

for other systems like Al, despite the very high enthalpy of formation of the oxide

(DH(Al2O3) ¼ �1675.7 kJ mol), the oxidation under ambient conditions is a

diffusion controlled process and practically terminates at room temperature with

a protective oxide of a few nm thickness.

Corrosion has become a significant reliability concern and has received con-

siderable attention in microelectronic devices, driven by ever-increasing demands

for improved performance, reliability, miniaturization, and low-cost. Common

problems encountered with integrated circuits and supporting microelectronic

devices include galvanic corrosion causing increased contact resistance and/or

electrical short circuits. Owing to the miniaturization of such components down to

and below the micrometer regime, their dimensions approach or overlap already

with the typical size range of plasmonically active nanostructures. Therefore, LSP

excitations in metallic nanostructures can be used as very sensitive in-situ probes

to study and scrutinize oxidation and corrosion processes at the nanoscale.

Furthermore, applications as sensors to continuously monitor corrosion damage

and/or to test corrosion inhibitors in, e.g., microelectronic devices can be

envisioned.

Van Duyne and coworkers reported in 2007 how the presence of an oxide layer

influences the LSPR in Cu nanotriangles fabricated with nanosphere lithography

[16]. This is a very illustrative example of the idea presented above, because Cu is

used in electronics applications and in miniaturized nanodevices, due to its high

electrical conductivity. Cu is, however, also prone to surface oxidation (Cu2O and

CuO) upon exposure to ambient atmosphere at room temperature.

In their work, Van Duyne et al. studied the optical properties of 2-D arrays of Cu

nanoparticles by implementing a simple oxide removal procedure using glacial

acetic acid and relying on UV–vis extinction spectroscopy and electrodynamics

calculations using the discrete dipole approximation (DDA) method. They

demonstrated that removal of the copper oxide from the nanotriangle surface yields

a dramatic difference in the observed LSPR (Fig. 8.3a) response.

An AFM investigation carried out by the authors indicated that the amount of

copper oxides present on the surface of the Cu nanoparticles after 3–8 min exposure

to ambient laboratory conditions at room temperature is most likely very thin
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(less than 1 nm). This illustrates quite impressively the sensitivity of the LSPR to

the presence of a thin surface oxide since peak shifts of the order of 50 nm were

observed upon removal of the oxide (Fig. 8.3a).

Another example, where LSPR was used as an in situ probe to study metal

oxidation at the nanoscale, was performed in our laboratory by Langhammer et al.

with Al nanodisks as the model system [18] (Fig. 8.3b). The presence and growth

of an oxide layer was monitored by relying on two different inherent

properties of LSPR: (1) the high LSPR sensitivity to refractive index changes

Fig. 8.3 (a) Extinction spectra of Cu nanotriangle arrays. Left: Extinction spectrum of an oxidized

sample (inset: AFM image of the sample). Right: Real-time extinction spectra tracking the change

in the LSPR during oxide removal with glacial acetic acid, where t1 ¼ 0 s (black), t2 ¼ 2 s (light
purple), t3 ¼ 10 s (blue), t4 ¼ 20 s (green, lmax ¼ 760 nm) in acetic acid, and t5 ¼ final (red,
lmax ¼ 710 nm) in a N2 environment. Adapted with permission from ref. [16]. Copyright 2007

American Chemical Society. (b) Left: Spectral peak shifts of the LSPR in Al nanodisks

with different diameters and constant height (h ¼ 20 nm) upon oxidation in air. Right: SEM
micrograph and AFM image (inset) of a typical Al nanodisk sample. Adapted with permission

from ref. [18]. Copyright 2008 American Chemical Society
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(caused by the growing oxide), and (2) the high sensitivity to size and shape

changes of the particles (shrinking metallic core upon oxidation, possible surface

roughening, etc.). The sum of these two contributions lies behind the total detected

LSPR signal. The relative strengths of these two contributions are discussed in

detail in the article by using electrostatic spheroid model calculations.

The obtained insight in the LSPR-based oxide sensing mechanism was then

applied to study the native oxide formation on Al nanodisks under ambient

conditions. In the study, the LSPR response of Al nanodisks with constant height

and different diameters (61, 104 and 175 nm) was measured as a function of time

after fabrication (Fig. 8.3b). The LSPR spectrally redshifted with time, with the

largest shifts observed for the smallest nanodisks. Direct logarithmic kinetics, as

expected for oxidation in humid air and in agreement with classic Cabrera–Mott

theory of metal oxidation, were found.

Metal Hydride Formation

The solubility of hydrogen in metals has been and is to this day of great concern in

the construction industry. The embrittlement of a metal or alloy by atomic hydrogen

is caused by ingression of hydrogen into a component. This process can seriously

reduce the ductility and load-bearing capacity, cause cracking and catastrophic

brittle failures at stresses below the yield stress. An example of hydrogen embrit-

tlement is the cracking of welds, hardened steels or high-strength aluminum alloys.

A particular problem with hydrogen embrittlement is the difficulty of its (early

stage) detection.

Another area where hydrogen in metals is explored extensively is for hydrogen

storage, where metal hydrides have since long been proposed as an alternative

reversible storage system for hydrogen, circumventing safety concerns related to

storage of gas phase hydrogen in high pressure tanks [8]. Metal-hydrogen systems

typically are characterized by a combination of the existence of an initial range of

hydrogen solubility at very low concentrations (percentage range or less), which

can be regarded as a solid solution of hydrogen atoms in the metal lattice

(a-phase), followed by the formation of a crystallographically distinct new

hydride (b-phase) at higher hydrogen contents. Hence, hydride formation in

metals in general represents one of the best examples of first-order phase

transitions in solids.

In this context, nanostructured hydride materials and nanoparticles have been

proposed as a solution for faster response hydrogen storage systems. Nanosized

storage entities offer short diffusion lengths and may differ from bulk materials

both in their thermodynamic and kinetic properties [23]. Favorable thermody-

namics and/or kinetics are often obtained by nanosizing and often in combination

with alloying and addition of catalyst materials. Therefore, understanding the

physical principles behind the influence of nanosizing on hydrogen storage

performance is a key issue for developing efficient and competitive hydrogen
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storage devices. For applications, nanosizing is achieved by ball-milling of

precursor materials, yielding powders consisting of particles in the 10 nm to

few 100 nm size range.

The direct nanoplasmonic sensing approach to study hydrogen sorption and

desorption was first introduced by Langhammer et al. for a nanofabricated Pd

nanodisk model system [24]. The essence of the study was to monitor the spectral

LSPR response during hydrogen sorption and desorption as a function of hydrogen

pressure. The observed changes in the plasmonic response of Pd nanodisks were

then interpreted as a direct consequence of hydrogen-induced changes in the

dielectric properties of the absorbing metal (metal hydrides can be metallic, as in

the Pd-H system or insulators as in, e.g., the Mg-H system [25]) and of volume

expansion of the nanodisks.

This first study was then followed by a more detailed quantitative work on Pd

nanodisks and Pd nanorings by the same authors [26] including a “calibration” of

the optical response to hydrogen concentration in the nanoparticles by using quartz

crystal microbalance (QCM) measurements.

The typical optical response during hydrogen sorption measurements, i.e., a

spectral peak shift and an increase of the line-width, are shown in Fig. 8.4a [24]

with corresponding “optical isotherms” in Fig. 8.4b [26]. The latter were obtained

by systematically reading out the plasmonic response for increasing/decreasing

hydrogen pressure. They reflect very nicely the typical phase behavior of

hydrogen-metal systems: (1) at low concentrations (small Dlmax) the formation

of an interstitial dilute solid solution (a-phase, of the order 1 % hydrogen) and (2),

Fig. 8.4 (a) Series of measured extinction spectra for an array of Pd nanodisks (D ¼ 300 nm,

h ¼ 20 nm) for increasing hydrogen pressure. A significant peak redshift (Dlmax) and

peak broadening as well as a decrease of the total cross section upon hydrogen uptake are

observed. Adapted with permission from Ref. [24]. Copyright 2007 American Chemical Society.

(b) p-Dlmax hydrogen sorption and desorption isotherms measured by LSPR for Pd nanodisks

(D ¼ 290 nm, h ¼ 60 nm) at three different temperatures. (c) Linear scaling of Dlmax (LSPR)

with the hydrogen concentration (QCM) in the nanodisks. The inset shows the scaling of Dlmax

with hydrogen concentration calculated with electrostatic spheroid theory, confirming to a good

first approximation the experimentally found linear dependence. Reproduced with permission

from [26]. Copyright Wiley-VCH Verlag GmbH & Co
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at higher pressure and increasing hydrogen concentration, the formation of the

hydride (b-phase), containing hydrogen atoms sitting in an ordered lattice

in significant amounts [27] (host-material to H-atom-ratio is of order one).

The calibration measurements with QCM demonstrated a linear scaling of the

LSPR spectral peak shift with hydrogen concentration (Fig. 8.4c) [26]. This, at

first, quite surprising result (in view of the fact that the found linear dependence

stretches over a region of solid solution into a two-phase coexistence region with a

first-order phase transition), was shown by the authors to be understandable in a

straightforward way by theoretical calculations based on electrostatic spheroid

theory and ab-initio electronic structure calculations for PdHx [26]. Furthermore,

quantitative analysis of the LSPR-based optical isotherms indicated that the

enthalpies and entropies for a- and b-phase formation in these relatively large

nanostructures are very much bulk like but that internal nanostructure (e.g., grain

size as in the example of Pd nanorings [26]) significantly alters the general

appearance of the isotherms and storage capacity.

Liquid–Solid Phase Transition

The melting and solidification of metals has been of great technological

importance since ancient times. The LSPR of metallic nanoparticles was

employed for the first time by Yeshchenko et al. [28] to study the size-dependent

melting of spherical copper nanoparticles embedded in a silica matrix. Monitoring

the temperature dependence of the spectral line-width of the LSP excitation in the

Cu nanoparticles, two distinct melting regimes were observed. For particles

smaller than 20 nm, the absorption spectrum changed monotonically with the

temperature, which suggested a gradual solid–liquid phase transition of the

nanoparticles or the existence of superheated solid. In contrast, for nanoparticles

larger than 20 nm, a jump-like increase of the spectral line-width and a non-

monotonic shift of spectral peak position with increasing temperature were

observed below the bulk melting point, indicating a first-order melting phase

transition similar to bulk copper.

A second study by Yeshchenko et al. [29] addressed the size dependent melting

of Ag nanoparticles embedded in a silica matrix and a third study by the same

authors [30] also addressed the liquid–solid transition in 5 nm spherical gold

nanoparticles embedded in a polymer polytetrafluoroethylene matrix. In both

works, the LSPR energy and line-width were used as readout parameters to monitor

the melting.

Schwind et al. [21] studied the solid–liquid phase transition in Sn nanoparticles

nanofabricated on a substrate by Hole-mask Colloidal Lithography (Fig. 8.5a) and

encapsulated by a thin sputtered SiO2 overlayer. The measurements were

performed under controlled conditions in UHV and with high temporal resolution.

They used the intrinsic LSPR of Sn nanoparticles (average diameter 107 and
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52 nm height) (Fig. 8.5b) to study their kinetics of melting and freezing for

increasing and decreasing temperature, respectively. During the temperature

ramps, the kinetics was found to exhibit distinct hysteresis. Melting occurred

near the bulk melting point while crystallization took place at much lower

temperatures (ca. 130 K undercooling). The authors also investigated, for the

first time, the crystallization kinetics at different fixed temperatures (Fig. 8.5c) in

the hysteresis region. Furthermore, they successfully correlated their findings

quantitatively with a theoretical model assuming the nucleation to occur on the

edges of the nanoparticles and employing the classical nucleation theory with the

corresponding modifications.

Fig. 8.5 (a) SEM picture of the Sn nanoparticles in the frozen state showing the sample after

several heating and cooling cycles. The inset comprises a schematic drawing of the sample

structure. (b) LSPR of solid (blue) and liquid (red) Sn nanoparticles at 27 and 247�C, respectively.
(c) Sn nanoparticle freezing kinetics at four different temperatures. Adapted with permission from

ref. [21]. Copyright 2010 American Chemical Society
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Chemical Surface Reactions on and Charge Transfer
to Plasmonic Nanoparticles

Metal nanoparticles play a key role as catalytically active entities in many chemical

processes and reactions. Exhaust emission-cleaning catalysis in vehicles is one of

the most prominent examples. Typically catalysts consist of (often noble metal)

nanoparticles in the few to few 10 nm size range. Plasmonic excitations in such

particles potentially constitute sensitive probes for changes induced by chemical

reactions on the particle surface. For direct nanoplasmonic sensing of such pro-

cesses for most metals one is, however, limited to particle sizes above 30–40 nm for

spectroscopic reasons, i.e., due to deep-UV LSPR excitations and strong damping

and absorption (too small scattering cross section for e.g., dark-field scattering

spectroscopy) in smaller systems.

A first example of a direct sensing application of a catalytic reaction was

presented by Ung et al. [31] and relied on plasmonically active Ag nanoparticles.

When the latter catalyzed a redox reaction they acquired a charge during the

reaction via electron transfer to/from the nanoparticles, inducing changes in

the plasmon resonance band. Using as an example the oxidation reaction of BH4
�

in the liquid phase, Ung et al. showed that the electron injection into Ag

nanoparticles, catalyzing the reaction, could be monitored using time resolved

UV-visible spectroscopy. Figure 8.6 shows the evolution of the absorption spectra

of PAA stabilized silver nanoparticles upon the addition of 0.55 M NaBH4.

When adding the NaBH4 solution, the plasmon resonance was first seen to

rapidly decrease in intensity (Fig. 8.6, upper panel, 0.5 min). This effect decreased

with time and was likely due to the adsorption of borohydrate ions on the surface,

with no immediate charge transfer. Subsequently, the plasmon resonance was

observed to blueshift, the band to sharpen, and its intensity to increase (Fig. 8.6,

upper panel), which was ascribed to the following charging process: BH4
� þ Agnþ

3H2O ! BO3
3� þ Agn

8� þ 10Hþ . Following the blueshift, the reverse process

was observed, i.e., a redshift, band broadening and a decrease of maximum inten-

sity (Fig. 8.6, lower panel). The latter observation was ascribed to a discharging

process. Charging was observed to occur until the maximum charge density on the

particle surface was achieved, and then the charge remained constant until

the borohydride concentration was insufficient to maintain the electron density on

the particles. Spontaneous “oxidation” of the surface was then observed, probably

via reduction of water or other moieties resulting from borohydride oxidation.

Mulvaney et al. made similar observations when studying the same redox reaction

on gold nanorods in 2006 [32].

In 2008 Novo et al. [33] showed that dark field spectroscopy could be used to

monitor the rate of the Au catalyzed oxidation of ascorbic acid on a single Au

decahedral nanoparticle (tens of nm size). The authors determined the reaction rate

by detecting, via the plasmon resonance position, the transferred electrons stored in a

single catalyst particle and by quantifying the concentration in real time. Their

results were the first direct measurements of the rates of redox catalysis on single
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nanocrystals. Figure 8.7a shows the scattering spectra for a single gold nanocrystal as a

function of the reaction time. In Fig. 8.7b the data has been analyzed to show the

evolution of the peak position in time. Similarly to the experiments above, the plasmon

absorption bandwas first observed to blueshift duringmore than 3min as the electrons

were injected. Subsequently, there was a plateau region where the gold particles had

the highest electrondensity built up during the cycle. Following the plateau, the spectra

redshifted back to the initial position reflecting the discharge of the excess electrons

from the particle through the reduction of oxygen to water once the ascorbic acid had

beenoxidized.The studybyNovoet al. provides a highly interesting route todetermine

the role of redox catalyst structure, etc. on the reaction rate.

This work was in 2009 followed by another study by Novo et al. [34] where they

demonstrated a method for modulating the optical properties of single gold

nanorods using electrochemical charge injection. Calculations included in this

work indicated that surface plasmon spectroscopy may provide a potential route

to the optical detection of single electrons.
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Fig. 8.6 Time evolution of the absorption spectra of the PAA stabilized silver nanoparticles upon

the addition of 0.55 M NaBH4. The upper graph shows the charging period and the lower graph

shows the discharging period. Adapted with permission from ref. [31]. Copyright 1999 American

Chemical Society
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Summary: Direct Nanoplasmonic Sensing

The LSPR in nanoparticles and structures consisting of “classic” Ag and Au but

also numerous “non-classic” metals like Al, Sn, and Pd have been presented as very

powerful optical probes to study physical and chemical processes in and on the

surface of nanosized (few 10 nm to few 100 nm) metallic systems. The presented

sensing employed the direct nanoplasmonic sensing scheme, where the studied

nanoparticles are sensor and studied nano-entity at the same time.
We note that this approach is generic and easily can be applied to study

thermodynamics and kinetics of other bulk or surface modifications on metallic

nanoparticles. The latter may include corrosion, surface functionalization, etching,

etc., of nanoparticles since all these processes have in common that some molecules

(via dissociation on the surface) or atoms in a nanoparticle’s environment can

reversibly (or irreversibly) enter the bulk of the nanoparticles and/or interact

directly with their surfaces. For proper combinations of material, (gas- or fluid-

phase) molecules and temperature, such processes could happen for, e.g.,

hydrocarbons, ammonia, oxygen, nitric oxides, etc. Technologically important

situations where this might play a role are in nanoelectronic components (oxidation,

corrosion), heterogeneous catalysis, hydrogen embrittelment of nanostructured

materials, and nanoparticle based sensors.

The direct nanoplasmonic sensing approach has, however, one important limitation.

It is not applicable to nanoparticles smaller than 10–20 nm for two main reasons:

(1) Typically, for numerous non-classic nanoplasmonic metals, the LSPR energy is

shifted into the UV spectral range [12, 18], which complicates the optical spectros-

copy. (2) Formetals with relatively strong interband damping channels, like e.g., Au,
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Ag, Pt, and Pd, the optical cross-section of small nanoparticles is very low and the

LSPR peaks are typically very broad, which decreases the signal to noise ratio and

gives rise to low figures of merit of the sensor. Furthermore, the LSPR decay is

predominantly absorptive, which makes e.g., dark-field scattering spectroscopy on

single particles very difficult.

A possible solution to circumvent this problem efficiently will be discussed in

section “Indirect Nanoplasmonic Sensing.” Furthermore, other strategies employing

LSPR to study processes in (nano) materials adjacent to the plasmonic (Au)

nanoparticles e.g., for gas-sensing applications are discussed in the following section.

Plasmonic Nanoparticles as Sensors to Study Processes

on/in Adjacent (Nano-) Materials

In this chapter nanoplasmonic sensing, in which the studied process occurs, upon

interaction with the environment, in/on a material or nanosized system adjacent or in

close vicinity to a plasmonically active sensing nano-entity, is described. Three differ-

ent types of arrangements are principally possible, as schematically depicted in Fig. 8.8:

1. A thin layer of a nanomaterial or nanoparticles, which undergoes a bulk or

surface chemical and/or structural change upon interaction with the environ-

ment, is in direct contact with a plasmonically active sensor nanoparticle.

A typical change occurring in the layer may be a volume variation of the latter

or a change of its refractive index after interaction with a reactant. Moreover it

may also be e.g., a temperature-induced phase transition. The consequent

changes of the effective refractive index in the particle nano-environment will

induce a spectral shift of the sensor nanoparticle LSPR (Fig. 8.8a).

2. Changes occur on/within nanoparticles or a thin film separated from the

plasmonically active sensing particles by an inert or chemically “active” dielec-

tric spacer layer but still located within the enhanced near-field region (Fig. 8.8b).

As for (1) changes of the effective refractive index in the particle nano-

environment will induce a spectral shift of the sensor nanoparticle LSPR. Fur-

thermore also e.g., charge transfer processes from/to the sensor nanoparticles and

dielectric changes in the spacer layer induced by e.g., a chemical reaction may

give rise to measurable peak shifts and thus be the sensing mechanism in certain

applications. This sensing approach was first demonstrated in our laboratory by

Larsson et al. [35] for catalysis and by Langhammer et al. [36] for hydrogen

storage applications and is called Indirect Nanoplasmonic Sensing (INPS).
3. The plasmonic sensing nanoparticles are dispersed into a medium, which

undergoes a change upon interaction with a surrounding medium or a tempera-

ture variation (Fig. 8.8c). The detected change can either be a change in the

dielectric properties of the medium or a reaction occurring at the interface

between the sensing particle and the supporting medium (giving rise to e.g.,

charge transfer or dielectric changes) upon exposure to the reactants.
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Nanoplasmonic Gas Sensing: Metal Oxide Composite Films

Optical sensors have several advantages over conventional charge transport-based

gas sensors such as higher resistivity to electromagnetic noise, operability in fiber

optic networks, and the potential of multi-gas detection using differences in the

intensity, wavelength, phase, and polarization of the output light signals. Materials

whose optical absorption properties change reversibly upon the interaction with

gases are suitable for optical chemical sensors. In 1990 Haruta and coworkers

investigated the gas-sensing performance of Au composite films of transition

metal oxides [37]. By then it had already been shown that the catalytic activities

of base metal oxides at low temperatures are enhanced by the presence of Au

nanoparticles [38]. Haruta and coworkers first demonstrated enhanced gas-sensing

performance for NiO films [37, 39, 40], but later found enhancement effects

(compared to the metal oxide films without Au nanoparticles) for other composite

Fig. 8.8 Different types of arrangements to study changes on/in nanomaterials adjacent to

plasmonic sensing nanoparticles. (a) A thin layer of a nanomaterial, in/on which a chemical

and/or structural change takes place upon interaction with the environment, is in direct contact

with a plasmonically active sensor nanoparticle. (b) Changes occur on/within nanoparticles or a

thin film separated from the plasmonically active sensing particles by an inert or chemically active

dielectric spacer layer. (c) The plasmonic sensing nanoparticles are dispersed into a medium,

which undergoes a change upon interaction with a surrounding medium or a temperature variation
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systems as well, including CuO [41], WO [42], and Co3O4 [43]. The difference in

absorbance when NiO (A) and NiO/Au (B) composite films were exposed to air and

CO is shown in Fig. 8.9a [37]. As can be seen in the figure the absorbance change

was greatly enhanced by depositing gold on the NiO film, except for in the

wavelength region corresponding to the plasmon absorption of the colloidal Au,

where a decrease was observed.

In 2009, Buso et al. used gold nanoparticle monolayers deposited using a fast

chemisorption protocol for producing Au–NiO multilayer films which showed a

reversible optical absorbance change when exposed to CO (100–10,000 ppm) at

300�C [44].

Haruta and coworkers attributed the improvements of metal oxide gas sensors

that they obtained when adding colloidal Au to two different effects [45]: (1) An

enhanced catalytic activity of the composite material compared to the pure transi-

tion metal oxide film. In this case the gas sensitive optical absorption change comes

solely from the oxide film. (2) The dielectric constant of the transition metal oxide

film changes during interaction with the gas causing a change in the plasmon

absorption of the Au particles. They found that these two types of effects some-

times, but not always, occur at the same time. Ando et al. [45] for example, showed

that the plasmon absorption in Au/CuO composite films was reversibly changed by

CO and to a much smaller extent by H2, providing a means for separating the

signals from CO and H2.

The pioneering work by Haruta et al. was in 2008 followed up in a study by

Manera et al. [46] who performed optical gas-sensing measurements by SPR and

LSPR on TiO2/Au composite films, deposited by a sol–gel technique, when

Fig. 8.9 (a) Difference spectra of the NiO films without (A) and with (B) Au nanoparticles in the

presence and in the absence of 1 vol.% CO in air. Reprinted from ref. [37], copyright 1993, with

permission from Elsevier. (b) Optical absorption curves for the TiO2 films and the TiO2 films with

Au dots measured in the presence of dry air and spaced out repeatedly with different analytes:

vapors of methanol (6,000 ppm), ethanol (6,000 ppm), isopropanol (IPA, 600 ppm), and NH3

(50 ppm). The curves represent the change of the integrated intensity (I) under the absorption curve
in the range of 300–600 nm. Reprinted from ref. [46], copyright 2008, with permission

from Elsevier
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interacting with alcohol vapors. A similar increase in the optical absorption in the

spectral range 300–600 nm was observed upon exposure to all types of alcohols.

The responses were larger than those recorded for TiO2 thin films without Au

particles. Figure 8.9b shows the optical responses when exposing TiO2 and TiO2/

Au films to vapors of methanol, ethanol, isopropanol (IPA), and NH3. The shown

signal is the integrated intensity under the absorption curve in the range

300–600 nm. The SPR measurements suggested that the observed LSPR shifts

were due to changes in the real part of the matrix refractive index or thickness due

to the diffusion and adsorption of the analyte molecules.

Charge Transfer to Plasmonic Particles due to Chemical Reactions

Plasmon shifts induced by electron transfer can also be used for gas-sensing

application as shown by Carpenter and coworkers who used nanocomposite

materials consisting of Au nanoparticles in an yttrium stabilized zirconia (YSZ)

matrix for CO [47], H2 [48], and NO2 [49] detection. Figure 8.10a shows the

sensing signal (distance between the two peaks in the CO-Air difference spec-

trum) response when exposing the structure to CO concentrations ranging from

0.1 to 1 vol.% in air at 500�C. A linear dependence of the sensing signal with CO

concentration was found. This behavior was not observed upon exposure to CO in

an N2 carrier gas, indicating an oxygen-dependent reaction mechanism. Addition-

ally, no measurable signal was observed below temperatures of approximately

400�C. The latter two observations coupled with the oxygen ion formation and

Fig. 8.10 (a) Sensing signal (i.e., distance between the two peaks in the CO-Air difference

spectrum) response curve of the Au-YSZ nanocomposite film upon exposure to 1, 0.75, 0.5,

0.25, and 0.1 vol.% CO in air at 500�C. Adapted with permission from ref. [47]. Copyright 2006

American Chemical Society. (b) The plasmon peak position of the Au-YSZ film at 500�C under

exposure to varying amounts of NO2 in air. The inset displays the calibration curve obtained for

exposure to NO2 concentrations from 5 to 100 ppm in air. Adapted with permission from ref. [49].

Copyright 2008 American Chemical Society
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conduction properties of the YSZ matrix are indicative of charge-transfer

reactions occurring at the three-phase boundary region between oxygen, Au and

YSZ, which results in a net charge transfer into the Au. In the presence of oxygen,

electrons are removed from the Au nanoparticles during the dissociative adsorp-

tion and ionization of the oxygen species. A positively charged metal center is

thus formed in the immediate vicinity of the nanoparticle-matrix interface. When

the YSZ-Au nanocomposite is exposed to CO, ionized oxygen species are con-

sumed by the CO oxidation reaction and electrons are transferred back to the Au

nanoparticles [47].

To further demonstrate the gas-sensing capabilities of these Au-YSZ

nanocomposite films, Rogers et al. [48] performed a detailed O2/H2 titration

study. They found that the degree of charge transfer to Au was dictated by the

equilibrium ratio pH2
1/4/pO2

1/8, contributing to oxygen ion diffusion into and out of

the YSZ matrix. Similarly, they found that the Au-YSZ composite is sensitive to

changes in the NO2 concentration dictated by the ratio pO2
�1/8pNO2

�1/4 [49].

Figure 8.10b shows the plasmon peak position as a function of time upon the

exposure of the Au-YSZ nanocomposite film to 5–100 ppm NO2 in air. The

detection limit is estimated to be 5 ppm NO2.

Indirect Nanoplasmonic Sensing

Indirect Nanoplasmonic Sensing (INPS) is a technique that was developed by the

authors to study nanoparticles and structures in the sub-10 nm size range as well as

thin films. The “indirect” nature of the approach makes it possible to study systems

(in contrast to direct nanoplasmonic sensing described above) that do not them-

selves support a plasmon resonance. The latter is either because they are nonmetal-

lic or because they have very small optical cross-sections and plasmon energies in

the UV spectral range, due to their small size, which complicates optical spectros-

copy. Since the INPS platform is surface based, structural analysis of the studied

sample nanomaterials by e.g., microscopic techniques (SEM, TEM, AFM) is

straightforward and experiments with geometrically and chemically well-defined

nanomaterials as well as on single particles are possible. Furthermore, the provided

possibility of the method to with very high sensitivity and temporal resolution

operate under realistic (for applications) pressure and temperature conditions with

small sample amounts is very important. In this way the INPS method can over-

come numerous shortcomings of other techniques, which often are related to

pressure restrictions, large required sample material amounts, low sensitivity,

non-isothermicity, and low temporal resolution.

The INPS platform consists of plasmonically active nanoparticles (typically Au)

that are physically separated from the nanosized system to be studied by a thin

dielectric spacer/substrate layer as schematically depicted in Fig. 8.11. The sensing

elements or sensor (nano)particles, (i.e., the gold nanodisks in the presented
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examples below), are thereby embedded in the sensor surface and not physically

interacting with the studied nanomaterial, which is deposited onto the dielectric

spacer (hence the name indirect sensing). The dipole field from the LSPR

penetrates though the spacer layer and has considerable strength also on and in

the proximity of its surface (Fig. 8.11) and can in this way e.g., sense dielectric

changes there. Other possible sensing mechanisms are either related to the detection

of dielectric changes within the spacer layer and/or charge transfer from/to the Au

sensor particles induced by the studied process. Furthermore, as shown below,

Fig. 8.11 (a) Schematic depiction the INPS platform. (b, c) SEM images of INPS chips decorated

with Au nanodisks and 10 nm SiO2 spacer layer. (d) Superimposed SEM (Au nanodisk sensors

hDi ¼ 76 nm) and TEM (Pd nanoparticles hDi ¼ 18.6 nm) images with identical scales

illustrating the typical number of nanoparticles in the sensing volume of an individual Au sensor

when studying clusters as in several of the examples below. (e) Schematic illustration of the INPS

detection and readout principle. Adapted with permission from ref. [51]
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INPS can be used to measure local temperature at the nanoscale by relying on

an “optical nano-calorimetry” sensing principle, using the intrinsic temperature

sensitivity of LSPR [50].

The presence of the dielectric spacer layer drastically widens the range of

applicability of nanoplasmonic sensing in the following ways: (1) The spacer can

have a purely protective function and prevents alloy formation or reactions between

the sensor and the studied nanomaterials. (2) It makes measurements in harsh/

abrasive environments and at high temperatures possible by e.g., retaining the shape

of the sensor nanoparticles. (3) It provides a tailored surface chemistry for different

applications since it basically can be chosen freely. (4) In the role of a substrate

material it can either be chosen to be inert or to actively participate in the studied

process and in this way, for example, increase the number of sensing mechanisms

that can be exploited.

In the following, a number of application examples of INPS are presented. The

INPS sensor chips in all these examples were very similar and consisted of

nanofabricated amorphous 2-D arrangements of plasmonically active Au nanodisks

deposited by Hole-mask Colloidal Lithography [10] onto a glass substrate, covered

with a thin dielectric spacer layer, typically SiO2.

Heterogeneous Catalysis

Heterogeneous catalysis is of vast economic and societal importance for the energy,

chemical industry, and environmental sectors with the (probably) most well-known

example being the catalytic converter for cars. During a catalytic reaction the

reactants are converted to desired product on the surface of the catalyst (a material

in the solid phase). For many applications the catalyst is composed of catalytically

active nanoparticles (1–10 nm), which are dispersed on a porous, high surface area

support material.

In 2009 Larsson et al. used INPS to study reactant surface coverage changes

during heterogeneous catalytic reactions [35] on nanocatalysts under realistic

application conditions. In particular it was shown that it is possible to monitor

changes in the surface coverage of reactant molecules on a Pt nanocatalyst with

a sensitivity of <0.1 monolayers of oxygen. As demonstrators the oxidation

reaction of CO and H2 and INPS chips decorated with Au nanodisks with a

diameter of 76 nm, a height of 20 nm, and covered with a 10 nm SiO2 spacer

layer were used.

Figure 8.12a shows the result for a CO oxidation experiment, whichwas performed

by step-wise varying the relative CO concentration,aCO ¼ ½CO�=ð½CO� þ ½O2�Þ, from
carbon monoxide rich to oxygen rich and back again, while continuously recording

Dlmax by measuring optical transmission through a quartz tube reactor with an INPS

sensor chip placed inside. The sample temperature wasmeasuredwith a thermocouple

in contact with the sample/chip surface. The total reactant (CO + O2) concentration

was kept constant at atmospheric pressure. The most important result is the discontin-

uous step up (down) inDlmax at a critical reactant mixture ofaCOcr ¼ 0:07(blue curves,
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Fig. 8.12a). This is the kinetic phase transition in the CO + O2 reaction from an

oxygen to a CO covered Pt nanocatalyst surface. This transition occurred, where the

overall reaction had a rate maximum, as reflected very clearly in the peak in tempera-

ture (exothermic reaction).

Fig. 8.12 (a) LSPR shift (blue) and temperature change (red) during sweeps of the relative CO

concentration (aCO) in Ar carrier gas at 506 K. The total reactant concentration (CO + O2) was 8%.

The schematic depictions to the left and right of the step in Dlmax illustrate the change in surface

coverage upon passing the kinetic phase transition. (b) NOx storage and release (as N2) from BaO.

The curves show LSPR peak shifts during 30 min NO2 storage for seven different concentrations

(the numbers given in the figure are in ppm), in a constant oxygen background, and subsequent

release by exposure to 2 % H2. Adapted with permission from ref. [35]. (c) Optical nano-

calorimetry: Depiction of the linear T-dependence of the LSPR of a INPS chip, yielding a tempera-

ture sensitivity of Dlmax ¼ 0.0125 nm/�C. (d) Catalytic light-off traces obtained for the hydrogen
oxidation on Pd with hDi ¼ 18.6 nm for a ¼ 0.15, 0.25, 0.35 ða ¼ ½H2�=ð½H2� þ ½O2�Þ in Ar carrier
gas at 4 % total reactant concentration. The displayed Dlmax values correspond to LSPR peak shifts

induced by local heating of theAu sensor nanodisks by the exothermic reaction (DH ¼ 250 kJ/mol).

Adapted with permission from ref. [51]. Copyright 2010 American Chemical Society
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In the same work by Larsson et al., INPS was also used to monitor nitric oxide

(NOx) storage in and release from BaO. For the NOx sensing, the spacer layer

consisted of 30 nm evaporated BaO and the Au nanodisks had a diameter of 105 nm

with a height of 30 nm. Pt clusters of ca. 2 nm size were used as catalyst and

deposited onto the BaO spacer layer.

The latter is a practically important reaction in automotive emission cleaning for

diesel and so-called “lean burn” engines, i.e., engines operated at oxygen excess,

where the conventional 3-way catalyst cannot reduce NOx efficiently. This has led

to development of so-called NOx storage/reduction catalysts, where NOx is tempo-

rarily (~1min) accumulated (often as Ba(NO3)2) in the catalyst, while the engine

operates at O2 excess and then the stored NOx is reduced to N2 by switching the air/

fuel mixture to excess fuel, hydrocarbons (or H2) for a few seconds. Larsson et al.

showed that the NOx storage in and release from BaO could be easily monitored

using INPS. A concentration and storage time dependent response of the plasmon

peak position was obtained (Fig. 8.12b, 0–1,000 ppm NO2), indicating (at least)

2 ppm sensitivity.

Optical Calorimetry

Calorimetry is a widely used technique for investigating the thermodynamic and

kinetic aspects of catalytic reactions. Also other processes like phase transitions or

chemical reactions in the solid state are often studied by approaches like differential

scanning calorimetry (DSC). The principle behind calorimetry in general is that by

measuring the energy dissipation from an exothermic process one obtains a direct

measure for, e.g., the conversion efficiency of a catalyst or the latent heat of a phase

transition.

The LSPR is sensitive to temperature [50] and INPS can, therefore, be used to

measure nanoscale local temperature changes in optical calorimetry-type

measurements, as first demonstrated by Langhammer et al. in 2010 [51]. INPS

chips decorated with Au nanodisks with a diameter of 76 nm, a height of 20 nm, and

covered with a 10 nm SiO2 spacer layer were used.

Figure 8.12c depicts the spectra peak shift, Dlmax, vs. T characteristics of

the INPS chip, indicating linear T-dependence and a temperature sensitivity

of Dlmax ¼ 0.0125 nm/�C for this particular sensing structure used here.

Figure 8.12d shows so-called catalytic light-off traces (external heating-rate

4�C/min) obtained by Langhammer et al. [51] for Pd nanocatalysts with average

diameter 18.6 nm for three different relative H2 and O2 concentrations ða ¼ ½H2�=
ð½H2� þ ½O2�Þ in Ar carrier gas. To obtain this graph theDlmax-values were corrected

for the peak shift induced by external heating of the reactor chamber. Therefore, the

plotted peak shifts are those induced by local heating of the Au sensor nanodisks

caused by the dissipated heat from the exothermic H2 þ 1
2
O2 ! H2O reaction

(DH ¼ 250 kJ/mol) on the Pd catalyst particles. The general form of the curves is a

first slow rise of temperature (i.e., of the reaction rate), until a fast rise begins
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(transition from kinetic limitation to mass transport limitation) and then a flattening,

when the reaction reaches the mass transport limited regime, and therefore becomes

rather insensitive to further temperature rise.

Hydrogen Storage

Langhammer et al. successfully used INPS to study size-effects in hydride

formation and decomposition thermodynamics [51, 52] and kinetics [36, 51] of

small Pd nanoparticles (D < 8 nm). INPS chips decorated with Au nanodisks with

a diameter of 76 nm, a height of 20 nm, and covered with a 10 nm SiO2 spacer

layer, onto which the studied Pd clusters were deposited, were used. The actual

“sensing” in these experiments was achieved through the coupling of the

plasmonic near-field of the Au nanodisks to the changing dielectric properties

of Pd nanoparticles as they absorbed or released hydrogen and the hydride phase

was formed (for details see [51]).

In their first INPS hydrogen storage study Langhammer et al. [36] investigated

the size dependence of the hydriding and dehydriding kinetics in Pd nanoparticles at

room temperature. The kinetics exhibited very strong size dependence and a large

difference in the time scales for hydriding (Fig. 8.13b) and dehydriding, related to

different rate limiting steps for the two situations. The (exothermic) hydriding of a

nanoparticle is limited by diffusion of hydrogen atoms from the surface layer to the

metallic core via the hydride shell formed in this process since the hydride forma-

tion itself results from attractive hydrogen–hydrogen interactions. In the

dehydriding case, the effect of surface tension was demonstrated in the article to

be especially important to understand how the time scale of the kinetics depends on

nanoparticle size.

In a second INPS study Langhammer et al. [52] have measured hydrogen

absorption/desorption isotherms in Pd nanoparticles with an average diameter

from 1.8 to 8 nm at 30�C. The isotherms were found to be fully reversible at

relatively low and high hydrogen pressures. At intermediate pressures, however,

hysteresis related to the hydride formation and decomposition was observed, as

expected. In their study they found, that this hysteresis shrinks with decreasing

particle size and becomes negligible for particles smaller than 2.5 nm (Fig. 8.13c).

The observation was explained in terms of a diminishing contribution of lattice

strain to the free energy of hydride formation for decreasing particle size.

A “calibration” of the INPS platform for hydrogen storage measurements, i.e., a

determination of the scaling of the plasmonic response of the INPS sensor with the

absolute hydrogen concentration in the studied Pd nanoparticles, was carried out

using complementary QCM measurements by Langhammer et al. in a third study

[51]. For this purpose Pd nanoparticles were prepared on a 10 MHz SC-cut quartz

crystal resonator and the measured frequency shift was converted to hydrogen

concentration. A linear scaling of the INPS sensor LSPR signal with the

hydrogen concentration in the Pd nanoparticles was found.
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Polymer Phase Transitions

As yet another application example of INPS, Langhammer et al. [51] have studied

phase transitions in polymers; in particular, the size-/thickness dependence of the

glass transition temperature (Tg) in polystyrene (PS) nanoparticles and thin films of

atactic poly(methyl methacrylate) (PMMA). This example illustrates the applica-

bility of INPS to study confined nonmetallic systems and thin films. INPS chips

decorated with Au nanodisks with a diameter of 76 nm, a height of 20 nm, and

covered with a 10 nm SiO2 spacer layer were used.

Fig. 8.13 (a) TEM images of the Pd nanoparticles studied with INPS. (b) Experimental hydriding

kinetics for three different Pd nanoparticle diameters. The change of the optical extinction is

normalized in such a way that “1” corresponds to 100 % conversion of Pd nanoparticles to the

hydride phase. (c) Hydrogen absorption/desorption isotherms at 30�C for three different Pd

nanoparticle sizes. The normalized FWHM shift is proportional to hydrogen concentration in

the Pd particles. (a, b) Adapted with permission from ref. [36], copyright 2010 American Physical

Society. (c) Adapted from ref. [52], copyright 2010, with permission from Elsevier
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The glass transition in polymers is related to significant slowing of the motion of

polymer chain segments when cooled below a critical and material-specific tem-

perature, the glass transition temperature Tg. In nanosystems Tg is known to become

size/thickness dependent due to the existence of a near surface layer (few

nanometers thick), where polymer segments have a different mobility (compared

to the bulk) due to different steric constraints. For decreasing film thickness/particle

size this surface/interface contribution becomes larger and the average dynamics

becomes faster or slower (depending on the nature of the interface). This typically

results in a decrease (or increase) of Tg and general broadening of the glass

transition region.

Figure 8.14 shows Tgmeasurements, using INPS, on PS nanoparticleswith average

diameters ranging from 21 to 190 nm. The Dlmax-values in the figure have been

Fig. 8.14 (a) LSPR response of an INPS chip decorated with PS nanoparticles upon heating after

subtracting the temperature response of the Au sensor. The change in slope of the LSPR response

is attributed to the glass transition of the polymer. An upper and lower transition temperature can

be defined. Tg, bulk is attributed to the glass transition in the bulk of the nanosphere and Tg to the

transition in a thin surface layer with higher molecular mobility and thickness d. (b) Glass

transition trace for hDi ¼ 35 nm. (c) Same as in (a, b) but for hDi ¼ 21 nm. (d) A plot of the

transition temperature Tg vs. average particle diameter. The error bars on the y-axis represent three
identical individual measurements. Adapted with permission from ref. [51]. Copyright 2010

American Chemical Society
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corrected for the peak shift caused by external heating. Langhammer et al. defined Tg
as the temperature at which Dlmax started deviating from a linear fit to the Dlmax vs.

T curve (indicated by the black solid line) and found a very pronounced particle size

dependence ofTg forD < 100 nm. The INPSmeasurements also showed the expected

broadening of the glass transition T-range (indicated by the dashed vertical lines)

for decreasing particle size.

Conclusions

Nanoplasmonic sensing, both direct and indirect approaches, is an excellent char-

acterization tool for nanomaterials science, catalysis, and optical nano-calorimetry.

Furthermore, LSPRs are very effective transducers for optical gas-sensing

applications with great potential for miniaturization. Particular advantages for

both types of applications, characterization tool and sensor, are the combination

of broad applicability (real time in situ measurements on metallic and nonmetallic

(nano)materials, nanoparticles and thin films), the quality of the obtainable infor-

mation, the high absolute sensitivity and time resolution, as well as the general

robustness. Furthermore, with appropriate design of the sensors and owing to the

remote nature of the optical readout applications in harsh environments and at high

temperatures are feasible. Thanks to the fact that the sensor platforms for research

applications can be made surface based (as e.g., the INPS approach), combinatory

studies with advanced electron microscopy (SEM, TEM) or other (surface-)

spectroscopies are also possible (e.g., Fourier transformed infrared or Raman

spectroscopy). Such combinatory approaches together with appropriate choice of

active materials on the nanoplasmonic sensor may also facilitate multiplexing in the

future, by e.g., using different areas on a single sample, optimized to detect

different changes (e.g., temperature) or reactions/interactions of interest.

Nanoplasmonic sensing is ideal for multiplexing approaches due to the very small

“spot-size” (<10 mm) required for each measurement area.

References

1. Anker JN, et al. Biosensing with plasmonic nanosensors. Nat Mater. 2008;7:442–53.

2. Li Y, Somorjai GA. Nanoscale advances in catalysis and energy applications. Nano Lett.

2010;10(7):2289–95.

3. Atwater HA, Polman A. Plasmonics for improved photovoltaic devices. Nat Mater.

2010;9:205–13.

4. Zhu J, Cui Y. Photovoltaics: more solar cells for less. Nat Mater. 2010;9:183–4.

5. Maier SA, et al. Local detection of electromagnetic energy transport below the diffraction limit

in metal nanoparticle plasmon waveguides. Nat Mater. 2003;2:229–32.

6. Arico AS, Bruce P, Scrosati B, Tarascon J-M, van Schalkwijk W. Nanostructured materials for

advanced energy conversion and storage devices. Nat Mater. 2005;4:366–77.

8 Nanoplasmonic Sensing for Nanomaterials Science, Catalysis. . . 195



7. Guo Y-G, Hu J-S, Wan L-J. Nanostructured materials for electrochemical energy conversion

and storage devices. Adv Mater. 2008;20:2878–87.

8. Schlapbach L, Zuttel A. Hydrogen-storage materials for mobile applications. Nature.

2001;414:353–8.

9. Koo OM, Rubinstein I, Onyuksel H. Role of nanotechnology in targeted drug delivery and

imaging: a concise review. Nanomedicine. 2005;1:193–212.

10. Fredriksson H, et al. Hole-mask colloidal lithography. Adv Mater. 2007;19:4297–302.

11. Langhammer C, Yuan Z, Zoric I, Kasemo B. Plasmonic properties of supported Pt and Pd

nanostructures. Nano Lett. 2006;6:833–8.

12. Langhammer C, Kasemo B, Zoric I. Absorption and scattering of light by Pt, Pd, Ag, and Au

nanodisks: absolute cross sections and branching ratios. J Chem Phys. 2007;26(19):194702.

13. Pakizeh T, Langhammer C, Zoric I, Apell P, Kall M. Intrinsic fano interference of localized

plasmons in Pd nanoparticles. Nano Lett. 2009;9:882–6.

14. Bigall NC, et al. Monodisperse platinum nanospheres with adjustable diameters from 10 to

100 nm: Synthesis and distinct optical properties. Nano Lett. 2008;8:4588–92.

15. Wang H, Tam F, Grady NK, Halas NJ. Cu nanoshells: effects of interband transitions on the

nanoparticle plasmon resonance. J Phys Chem B. 2005;109:18218–22.

16. Chan GH, Zhao J, Hicks EM, Schatz GC, Van Duyne RP. Plasmonic properties of copper

nanoparticles fabricated by nanosphere lithography. Nano Lett. 2007;7:1947–52.

17. Duan JL, et al. Surface plasmon resonances of Cu nanowire arrays. J Phys Chem C.

2009;113:13583–7.

18. Langhammer C, Schwind M, Kasemo B, Zoric I. Localized surface plasmon resonances in

aluminum nanodisks. Nano Lett. 2008;8:1461–71.

19. Chan GH, Zhao J, Schatz GC, Van Duyne RP. Localized surface plasmon resonance spectros-

copy of triangular aluminum nanoparticles. J Phys Chem C. 2008;112:13958–63.

20. Ekinci Y, Solak HH, L€offler JF. Plasmon resonances of aluminum nanoparticles and nanorods.

J Appl Phys. 2008;104:083107.

21. Schwind M, Zhdanov VP, Zoric I, Kasemo B. LSPR study of the kinetics of the liquid-solid

phase transition in Sn nanoparticles. Nano Lett. 2010;10:931–6.

22. Gao HW, Henzie J, Lee MH, Odom TW. Screening plasmonic materials using pyramidal

gratings. Proc Natl Acad Sci U S A. 2008;105:20146–51.

23. Berube V, Radtke G, Dresselhaus M, Chen G. Size effects on the hydrogen storage properties

of nanostructured metal hydrides: A review. Int J Energ Res. 2007;31:637–63.

24. Langhammer C, Zoric I, Kasemo B, Clemens BM. Hydrogen storage in Pd nanodisks

characterized with a novel nanoplasmonic sensing scheme. Nano Lett. 2007;7:3122–7.

25. Isidorsson J, Giebels I, Arwin H, Griessen R. Optical properties of MgH2 measured in situ by

ellipsometry and spectrophotometry. Phys Rev B. 2003;68:115112.

26. Zoric I, Larsson EM, Kasemo B, Langhammer C. Localized surface plasmons shed light on

nanoscale metal hydrides. Adv Mater. 2010;22(41):4628–33.

27. Fukai Y. The Metal-Hydrogen System. Berlin: Springer; 1993.

28. Yeshchenko OA, Dmitruk IM, Alexeenko AA, Dmytruk AM. Size-dependent melting of

spherical copper nanoparticles embedded in a silica matrix. Phys Rev B. 2007;75:085434.

29. Yeshchenko OA, et al. Surface plasmon as a probe for melting of silver nanoparticles.

Nanotechnology. 2009;21(4):045203.

30. Yeshchenko OA, et al. Influence of interparticle interaction on melting of gold nanoparticles in

Au/polytetrafluoroethylene nanocomposites. J Appl Phys. 2009;105:094326.

31. Ung T, Liz-Marzan LM, Mulvaney P. Redox catalysis using Ag@SiO2 colloids. J Phys Chem

B. 1999;103:6770–3.
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Chapter 9

Functional Nanoimprinted Plasmonic Crystals

for Chemical Sensing and Imaging

An-Phong Le, Stephen K. Gray, Ralph G. Nuzzo, and John A. Rogers

Abstract We describe here nanoimprinted plasmonic crystals composed of highly

uniform subwavelength metal nanohole and nanopost arrays and their application in

surface-enhanced sensing and imaging. Soft nanoimprint lithography is a versatile,

cost-effective method to precisely replicate these structures with well-characterized

optical properties. These plasmonic crystals support multiple surface plasmon

modes controlled by the design rules of the nanostructures, allowing us to optimize

the devices for operation in a particular wavelength range. We have demonstrated

the ability to spectroscopically measure bulk refractive index changes and mechan-

ical deformation of hydrogels resulting from pH changes, thin film imaging with

sensitivities down to submonolayer levels using a common optical microscope, and

Raman signal enhancement using a single common device framework. These

plasmonic crystals have the potential to overcome many of the technological

limitations that have limited the widespread application and integration of

surface-enhanced analytical techniques.

A.-P. Le

Department of Chemistry, University of Illinois at Urbana-Champaign, Urbana, IL 61801, USA

S.K. Gray

Center for Nanoscale Materials, Argonne National Laboratory, Argonne, IL 60439, USA

R.G. Nuzzo • J.A. Rogers (*)

Department of Chemistry, University of Illinois at Urbana-Champaign, Urbana, IL 61801, USA

Department of Materials Science and Engineering, University of Illinois at Urbana-Champaign,

Urbana, IL 61801, USA

e-mail: jrogers@ad.uiuc.edu

A. Dmitriev (ed.), Nanoplasmonic Sensors, Integrated Analytical Systems,

DOI 10.1007/978-1-4614-3933-2_9, # Springer Science+Business Media New York 2012

199

mailto:jrogers@ad.uiuc.edu


Introduction to Surface Plasmon Resonance

and Plasmonic Nanostructure Fabrication

Surface plasmons are resonant oscillations of conduction electrons at the

metal-dielectric interface excited by the coupling of incoming electromagnetic

radiation to the metal surface which gives rise to an evanescent electric field that

extends from the metal surface a few hundreds of nanometers into the surrounding

medium [1–4]. Even small changes in the dielectric material’s refractive index can

generate large changes in the resonance conditions of these surface plasmons.

This combination of refractive index sensitivity and a small sensing volume has

attracted great interest in the application of surface plasmon resonance (SPR) for

label-free chemical sensing applications [5, 6]. Indeed, SPR sensors are commonly

used to quantitatively detect both chemical and biological analytes in their native

state, side-stepping potential concerns related to the inclusion of fluorescent or

radioactive labels.

Traditional SPR sensors use flat metal films (typically gold) to generate surface

plasmon polaritons which can propagate tens to hundreds of microns along the

metal-dielectric interface [7–9]. Light is coupled into the metal film at an angle

using a prism in the Kretschmann configuration, exciting a single SPR in the metal

film [10–12]. This resonance is identified by a minimum in the spectrum of light

reflected from the metal film, and changes in the refractive index of the local

environment result in changes in the position and magnitude of this reflectance

minimum. Although the resulting data are relatively easy to interpret, the physical

equipment can be cumbersome and difficult to integrate with other systems for low-

cost or high-throughput detection schemes [13].

Metal grating-based and metal nanoparticle-based systems can give rise to

localized surface plasmon resonances (LSPRs) in which the surface plasmon is

confined within or around the nanostructure [4, 14–17]. (Metal gratings can take the

form of one-dimensional or two-dimensional arrays and can generate both SPP and

LSPR modes in the metal film [14, 18].) In contrast to propagating surface plasmon

polaritons, these LSPRs can be used to make measurements of the local refractive

index with higher spatial resolution. These nanostructured metals can efficiently

couple light into surface plasmons with simpler optics, making them more amena-

ble for lower cost devices. The electric field intensity of LSPRs can be higher

than that of SPPs, attracting interest in using these substrates for other surface-

enhanced spectroscopy techniques such as surface-enhanced Raman scattering

(SERS) and surface-enhanced fluorescence [19–29]. Raman signal enhancements

upwards of 1010 for a single molecule have been reported, providing chemically

specific information without the need for additional labels with great sensitivity

[20, 30–35].

The widespread application of surface-enhanced spectroscopies, in general, has

been limited by the poor reproducibility of the substrates that give rise to the surface

enhancement itself [20]. Production techniques for these substrates would ideally

generate highly uniform structures over large areas at low cost. Photolithography
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and thin film processing techniques can be used to fabricate large areas of

high-quality nanostructures but at relatively high cost. Electron beam lithography

and focused ion beam lithography are capable of creating a diverse array of

nanostructures including holes[36, 37], grooves[38], slits[39], and nanoparticles

[40, 41] with high reproducibility and fine control over structures’ dimensions, but

they are not easily scaled to large areas or high production rates.

Recent reports describe the use of soft interference lithography to create

plasmonic nanostructures over large areas [42–45]. An elastomeric stamp is cast

from a lithographically defined master and is used as a phase mask for phase-

shifting photolithography. Subsequent metal deposition and etching steps can

create both nanoparticles and free-standing nanostructured metal films with

centimeter-scale areas. However, these substrates come at the expense of higher

cost and processing complexity.

The use of close-packed nanospheres as a deposition template allows the

formation of continuously structured metal-film-over-nanosphere structures which

have generated very high SERS enhancement factors [46–48]. The close-packed

nanosphere layer can also be used as a deposition mask to selectively allow metal

nanoparticles to be deposited onto a substrate with high size and spatial control.

These nanosphere lithography techniques can generate defect-free nanostructures

over areas of 10–100 mm2 [49]. The use of larger colloidal spheres adsorbed onto a

surface has been used to generate different structures including rings and crescents,

but these nanostructures are generally more randomly distributed [50–52].

Soft nanoimprint lithography addresses the need for a relatively low-cost

fabrication technique that can generate high-quality, high-resolution, uniform

nanostructures over large areas [4, 53–55]. Relatively simple changes in the

fabrication process of these nanoimprinted plasmonic crystals can greatly shift

the spectral sensitivity of the devices which can be harnessed for SPR spectroscopy

and imaging. These plasmonic crystals can quantitatively detect binding events

at even submonolayer levels, comparable to the sensitivity of more conventional

SPR devices [4]. Their applications extend from bulk refractive index sensing via

SPR spectroscopy to thin film imaging using SPR and SERS with micrometer-scale

lateral resolution over square millimeter areas [4, 24, 56–59]. The fabrication and

demonstrated applications of these nanoimprinted plasmonic crystals are herein

discussed.

Soft Nanoimprint Lithography for the Facile Production

of Plasmonic Crystals

A generalized summary of nanoimprint lithography for the production of plasmonic

crystals is depicted in Fig. 9.1 [4, 24, 54, 56, 57]. A master consisting of a

square array of holes is created in a photoresist (PR) layer on silicon from which

an elastomeric stamp is cast. To replicate the nanohole array, a composite poly
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(dimethylsiloxane) (PDMS) stamp is cast [60–63], resulting in a stamp with the

inverse of the original hole structure. To create a nanopost array from the nanohole

master, an intermediate casting step is used where an acryloxy perfluoropolyether

(a-PFPE) stamp is cast from the lithographically defined master. The a-PFPE layer

is backed by a poly(ethylene terephthalate) film for mechanical support and is then

used to cast a PDMS stamp which has the same nanohole structure as the photo-

resist master [57, 64]. The stamp material is not limited to PDMS—as evidenced in

the production of the nanopost array stamp, other materials with low surface energy

and good chemical compatibility can be used [64–67].

The PDMS stamp is then pressed into a layer of photocurable polyurethane

cast onto a glass slide and exposed to ultraviolet light to generate either a nanohole

or nanopost array, depending on the particular stamp used. This technique is not

limited to polyurethanes—other molding materials are possible (such as an epoxy-

type SU-8 photoresist precursor) [24, 57, 64]. After curing, the nanoimprinted array

is metalized (typically with gold) to complete the plasmonic crystal. Although the

original photoresist master is initially produced via a photolithography process,

the expense of initial fabrication is mitigated by the PDMS stamp production itself.

Several PDMS stamps can be cast from the same photoresist master, and each

PDMS stamp can then be reused to produce many replicas.

Nanohole
array

Nanopost
array

UV

UVUV

PR

PR

PDMS

PDMS

PFPE

PFPE

Au deposition
PDMS stamp

casting
Polyurethane

molding

PR master on Si

PFPE molding

PU/glass

PU/glass

Fig. 9.1 Generalized procedure for nanoimprint lithography fabrication of nanohole (top) and
nanopost (bottom) plasmonic crystals. A photolithographically defined layer of photoresist on

silicon is used as a master. To create a nanohole array stamp, a polydimethylsiloxane (PDMS)

stamp is cast directly from the master. A nanopost array stamp is fabricated by first casting and

curing an acryloxy perfluoropolyether (PFPE) intermediate under ultraviolet (UV) light. This

PFPE intermediate is then used to cast a PDMS stamp. The stamp is then used to mold a layer

of photocurable polyurethane on a glass slide. Removal of the stamp leaves a nanohole or nanopost

array which is then metalized to complete the plasmonic crystal. Reprinted and adapted with

permission from [57]; copyright 2009 IOP Publishing Ltd
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Figure 9.2a, b shows scanning electronmicroscope (SEM) images and cross-section

insets for the nanopost and nanohole arrays, respectively, and Fig. 9.2c, d shows

atomic force microscope (AFM) maps and line cuts for the same nanopost and

nanohole arrays, respectively [57]. Both the SEM and AFM images show that the

nanoimprinted features are precisely replicated across lengths of tens of microns

with high spatial uniformity. Figure 9.3a shows an optical image of a nanohole

plasmonic crystal with 16 arrays (4 mm on a side) varying in periodicity from

0.5 mm (hole diameter ¼ 0.24 mm) to 1.74 mm (hole diameter ¼ 1.06 mm). Dif-

fraction of light from the grating arrays gives rise to the different colorations, and

the uniform color across each array shows that the nanostructure pattern is in fact

highly uniform across the entire millimeter-scale area. Spectroscopic measure-

ments confirm this uniformity [68]. Figure 9.3b shows transmission spectra col-

lected at five different areas within a single nanohole array, and the nearly identical

spectra demonstrate the high nanostructure fidelity across the entire plasmonic

crystal. Figure 9.3c shows transmission spectra for four different plasmonic crystal

samples and shows that the optical properties remain consistent between samples.

Fig. 9.2 (a, b) SEM images of nanopost (a) and nanohole (b) plasmonic crystals with cross-section

insets. (c, d) AFM mappings of nanopost (c) and nanohole (d) plasmonic crystals with height profile

line cuts. Reprinted and adapted with permission from [57]; copyright 2009 IOP Publishing Ltd
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Although the feature sizes replicated in these plasmonic crystals are relatively

large, the ultimate resolution of soft nanoimprint lithography can be much smaller

with the proper choice of stamp and molding materials. An a-PFPE stamp cast from

a master consisting of single-walled carbon nanotubes on a silicon substrate suc-

cessfully replicated those features in a layer of photocurable polyurethane with

lateral resolutions approaching ~1 nm [61, 64]. Moreover, the fabrication steps

required to achieve this resolution were not markedly different from the procedure

described above, demonstrating that soft nanoimprint lithography is indeed capable

of high resolution feature replication over large areas.

The design rules for these plasmonic crystals include not only the geometry (post

or well) and nanostructure dimensions (diameter, depth or height, and spacing

between the holes or posts) but also the thickness and distribution of the gold

layer that supports the surface plasmons. Electron beam evaporation of gold onto

the plasmonic crystal results in a directional coating of gold on the top surface of the

plasmonic crystal as well as the formation of gold disks at the bottom of the

nanowells [4]. The gold distribution in these devices is discontinuous (although

small grains of gold may appear on the sidewalls of the nanoholes) and have been

termed a “quasi 3D” plasmonic crystal. Figure 9.4a shows a SEM image of a quasi-

3D nanohole plasmonic crystal, and the inset image shows a lack of metal on the

nanohole sidewall. In contrast, sputtering of gold onto the plasmonic crystal results

in a continuous, conformal coating of gold along the top, bottom, and sidewall

surfaces which are referred to as “full 3D” plasmonic crystals [56, 58]. Figure 9.4b

shows a SEM image of one of these structures along with a cross-section inset

showing the continuous gold layer on all of the nanohole surfaces. The distribution

of gold in these plasmonic crystals exerts great influence over their optical

properties and sensitivities for sensing applications.
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Fig. 9.3 (a) Optical image of a completed quasi 3D nanohole plasmonic crystal. Reprinted with

permission from [24]; copyright 2009 American Institute of Physics. (b) Transmission spectra

overlay for four different full 3D nanohole plasmonic crystals illustrating similar optical responses

between samples. (c) Transmission spectra overlay for five points within the same full 3D

nanohole plasmonic crystal illustrating highly reproducible optical response within a single

sample over large areas. (b, c) Were collected on a plasmonic crystal with a periodicity of

748 nm, a hole diameter of 456 nm, and a relief depth of 350 nm. (b, c) Reprinted with permission

from [68]; copyright 2010 Wiley-VCH Verlag GmbH & Co
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Bulk Refractive Index Sensing Using Quasi 3D

and Full 3D Plasmonic Crystals

The SPR modes supported by these nanoimprinted plasmonic crystals exhibit great

sensitivity to changes in the local refractive index and have been applied as

refractive index sensors. The plasmonic crystals are mounted in a flow cell through

which aqueous solutions of poly(ethylene glycol) (PEG) of varying concentration

and refractive index are introduced [4, 56, 57]. The flow cell itself is mounted in a

spectrophotometer, allowing the time-resolved measurement of transmission

through the plasmonic crystal.

Figure 9.5a shows a map of the change in transmission as a function of wave-

length and time as aqueous solutions of PEG with different refractive indices are

flowed past a quasi 3D plasmonic crystal [4]. The reference condition in these

experiments was the initial transmission when water is flowed past the plasmonic

crystal. Figure 9.5b shows a simplified version of the data presented in Fig. 9.5a

where the time-resolved transmission change is plotted for four individual

wavelengths. The data clearly show a change in transmission when the refractive

index of the solution is changed as well as a return to the initial transmission when

the aqueous PEG solution is replaced with water.

SPR refractive index measurements often report the change in wavelength or

intensity for a single SPR supported by the plasmonic device. However, the data

in Fig. 9.5a, b clearly show wavelengths where the transmission increases (1,033

and 1,187 nm), while other wavelengths show decreases (1,071 and 1,126 nm).

Furthermore, Fig. 9.5a reveals transmission changes that vary across different

Fig. 9.4 (a) SEM image of a quasi 3D nanohole array with angled SEM image (inset) showing no
gold on nanohole sidewalls. Reprinted and adapted with permission from [4]; copyright 2006

National Academy of Sciences U S A. (b) SEM image of full 3D nanohole array with magnified

view of a single nanohole (left inset) and cross-section SEM image (right inset) showing continu-

ous metal layer on top and bottom surfaces and on sidewalls of nanohole. Reprinted with

permission from [56]; copyright 2008 Wiley-VCH Verlag GmbH & Co
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wavelengths. We have developed a multispectral analysis to account for these

changes in transmission over all wavelengths. The absolute value of the change

in transmission relative to the reference transmission at time t ¼ 0 is calculated at

each wavelength. These absolute changes are then integrated across the entire

wavelength range to determine an integrated response. The integrated response is

then plotted against the change in refractive index, and the slope of the regression

line is used as the figure of merit for this multispectral analysis. A larger figure of

merit corresponds to a larger change in the integrated response for a given refractive

index change, akin to the peak wavelength shift or reflectance change reported in

conventional single resonance SPR measurements [7].

Figure 9.6a, b shows transmission difference maps for a quasi 3D plasmonic

crystal and a full 3D plasmonic crystal, respectively [4, 56, 68]. The quasi 3D

difference map shows the grates changes at near-infrared wavelengths, while the

full 3D difference map shows larger transmission changes throughout the measured

spectrum. This is borne out in the integrated response and figure of merit

calculations shown in Fig. 9.6c, d for the quasi 3D and full 3D cases, respectively.

The integrated responses of the full 3D plasmonic crystal are approximately twice

as large as those of the quasi 3D plasmonic crystal with a figure of merit also

approximately twice as large. Furthermore, the sensitivity of the full 3D plasmonic

crystal is more than three times greater than that of the quasi 3D system when the

analysis is restricted to wavelengths between 350 and 1,000 nm (as shown in red in

Fig. 9.6c, d).

We have conducted bulk refractive index sensitivity measurements using the

nanopost arrays in a similar manner [57]. Gold was sputtered onto both the nano-

post and nanowell, yielding continuous conformal metal films on the relief

structures. In calculating the integrated responses for the nanopost and the full 3D
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Fig. 9.5 (a) Time-resolved transmission difference map for a quasi 3D nanohole plasmonic

crystal corresponding to serial injections of aqueous poly(ethylene glycol) (PEG) (overlaid).
(b) Time-resolved transmission differences for serial injections of aqueous PEG at four

selected wavelengths. Reprinted with permission from [4]; copyright 2006 National Academy of
Sciences U S A
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nanohole arrays in this experiment, an additional step was introduced to normalize

the absolute transmission change at each wavelength to the initial transmission

at time t ¼ 0. This change has the effect of giving greater weight to changes

where the initial transmission is smaller. Figure 9.7 presents these normalized

transmission differences for a nanopost (Fig. 9.7a, c) and a full 3D nanohole

(Fig. 9.7b, d) array. The nanopost array exhibited ~70% greater sensitivity to

bulk refractive index changes than the nanowell array, with much of the increase

in sensitivity coming at wavelengths between 700 and 800 nm.

The linear change in integrated response to refractive index change of these

plasmonic crystals is advantageous for their use in quantitative sensing and imag-

ing. Each structure demonstrated sensitivity at different wavelengths spanning the

visible and near-infrared wavelengths. Furthermore, the signal-to-noise ratio of

the integrated response is greater than that associated with examinations of single

wavelengths, improving the precision of these plasmonic crystals compared to other

SPR-based measurements [4, 56].

Fig. 9.6 (a, b) Transmission difference maps for bulk refractive index sensitivity of quasi 3D

nanohole (a) and full 3D nanohole (b) plasmonic crystals. (c, d) Integrated response calculations

and figure of merit calculations (insets) for bulk refractive index sensitivity of quasi 3D (c) and full

3D (d) nanohole plasmonic crystals. Black curves in (c, d) correspond to integration from 355 to

1,500 nm. Red curves in (c, d) correspond to integration from 355 to 1,000 nm. Reprinted with

permission from [68]; Copyright 2010 Wiley-VCH Verlag GmbH & Co
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Theoretical Modeling of Plasmonic Crystal Resonances

The design rules of these nanoimprinted nanohole and nanopost plasmonic crystals

undoubtedly control not only the overall sensitivity of the devices but the spectral

regions in which that sensitivity is greatest. Thus, a rational approach to altering

those design rules must include the ability to understand and to model the underly-

ing physics present. The plasmonic Brillouin zone (PBZ) of a quasi 3D nanohole

array has been mapped using angle-dependent transmission measurements [54].

Additionally, the highly uniform nanostructures make these plasmonic crystals

amenable to computational modeling using the finite-difference time-domain

method [4, 56–58, 69].
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Fig. 9.7 (a, b) Normalized transmission difference maps for bulk refractive index sensitivity of

nanopost (a) and full 3D nanohole (b) plasmonic crystals. (c, d) Integrated response calculations

and figure of merit calculations (insets) for bulk refractive index sensitivity of nanopost (c) and full
3D nanohole (d) plasmonic crystals. Insets of (c, d) show experimentally determined integrated

responses in blue in comparison with computationally predicted integrated responses in red.

Reprinted with permission from [57]; Copyright 2009 IOP Publishing Ltd
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Plasmonic Brillouin Zone Mapping

Surface plasmon polaritons can be considered as propagating oscillations of the

conduction electrons at the metal-dielectric interface. Because these oscillations

travel across the periodic nanohole or nanopost arrays in these plasmonic crystals, a

PBZ should exist that fully characterizes their behavior across the entire surface.

Zero-order transmission data were collected for a quasi 3D nanohole plasmonic

crystal as it was rotated around two axes, and the appropriate mathematical

transformations result in the PBZ map presented in Fig. 9.8a [14, 54, 70, 71]. The

flat blue regions in the lower corners of Fig. 9.8a correspond to angles that were not

accessible in this experimental setup.

To provide insight into the PBZ, lines have been overlaid on the diagram

using the surface plasmon polaritons dispersion relation for a flat metal-dielectric

interface:

kSPP ¼ o
c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ed � em
ed þ em

r
;

where kSPP and o are the respective momentum and frequency of the surface

plasmon polaritons, c is the speed of light, and ed and em are the respective dielectric

constants of the dielectric and metal. The plotted SPP dispersion curves overlay

well with some ridges of higher transmission in the PBZ map, although other areas

of increased transmission are not fully described by this simpler model.

Following the initial PBZ mapping of the quasi 3D nanohole array, a self-

assembled monolayer (SAM) of 1-hexadecanethiol was formed on the gold

surface and similar angle-dependent transmission measurements were carried out.

Figure 9.8b shows an absolute sensitivity map for the quasi 3D nanohole array

obtained by taking the absolute value of the difference in the PBZ before and after

formation of the SAM. Interestingly, regions of higher sensitivity in the map lie

Fig. 9.8 (a) Plasmonic Brillouin zone map of a quasi 3D plasmonic crystal with overlaid surface

plasmon polariton dispersion curves. (b) Absolute sensitivity map of quasi 3D plasmonic crystal

after formation of a 1-hexadecanethiol self-assembled monolayer with overlaid surface plasmon

polariton dispersion curves. Reprinted with permission from [54]; Copyright 2005 Optical Society

of America
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close to areas where several SPP dispersion curves intersect, suggesting that the

coupling of SPP modes may be responsible for the increased sensitivity. Although

these simple SPP dispersion relations explain some of the behavior observed in the

PBZ, other regions of higher sensitivity are found away from the plotted dispersion

curves. Additional work is needed to fully characterize the PBZ of both the quasi

3D and full 3D nanohole arrays and the nanopost arrays.

Finite-Difference Time-Domain Computational Modeling
and Optimization of Plasmonic Crystals

Although a more thorough understanding of the underlying physics of these devices

is of interest, there is also a need to predict the optical properties of devices

with arbitrary design rules without the expense of physical fabrication. While the

PBZ maps clearly show the presence of propagating SPP modes, other plasmonic

features are also supported by these plasmonic crystals. The periodic grating

structure generates counterpropagating SPPs, giving rise to Bloch wave SPPs

[72]. Additionally, the grating structure itself creates Wood anomalies, although

these are diffractive phenomena rather than plasmonic ones [4, 15, 72]. The

individual nanoholes and nanoposts can also support localized SPRs [19, 73, 74].

In lieu of a comprehensive physical modeling accounting for the presence and

interaction between these features, we have extensively modeled these structures

computationally using an implementation of the finite-difference time-domain

method [72, 75].

A unit cell containing a single nanostructure (hole or post) with the appropriate

dimensions and metal distribution is considered with appropriate boundary

conditions to model an infinite square planar array. The unit cell itself is subdivided

into a number of grid points with an arbitrary spacing in the x, y, and z dimensions.

(A smaller grid spacing results in a more accurate description of the optical

properties of the device, but comes at a large computational cost.) The interaction

between the nanostructure and the electric and magnetic fields of propagating light

is evaluated according to Maxwell’s equations at each point in the unit cell for a

predetermined length of time (on the order of 100 fs), and quantities such as the

zero-order transmission of light are derived from these results.

Figure 9.9 shows a comparison between experimental transmission spectra and

those calculated from the FDTD modeling for the nanopost (Fig. 9.9a) and full 3D

nanohole (Fig. 9.9b) systems in air, and the correspondence between the experi-

mental and modeled spectra is quite good for both systems [57]. Discrepancies may

arise from a combination of effects, such as a physical geometry that differs slightly

from that modeled, an incomplete approximation of the wavelength-dependent

refractive indices of the metal and dielectrics, and nanoscale defects or variations

in the actual metal layer thicknesses. Figure 9.10a shows a comparison between the

experimental and modeled transmission spectra for a quasi 3D nanohole array [4].
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Although the ideal crystal-modeled spectrum correlates fairly well with the

experimental transmission spectrum, the idealized crystal model does not include

small gold grains (~20–30 nm in size) along the edge of the gold disc at the bottom

of the nanohole which were experimentally observed. Inclusion of these features in

the modeled structure gives the “real crystal” modeled spectrum and further

improves the fit to the experimental data. Indeed, the optical properties of these

nanoimprinted plasmonic crystals are well characterized by the FDTD method.

FDTD calculations of these structures can also reveal the electric fields

associated with the active plasmonic resonances in these devices. Figure 9.10b

shows the electric field distributions associated with the features marked “B” and

“C” in the transmission spectra shown in Fig. 9.10a for a quasi 3D nanohole

array [4]. The feature marked “B” shows a LSPR mode that is tightly confined

Fig. 9.10 (a) Experimental (blue) and computationally modeled (red and green) transmission

spectra for a quasi 3D nanohole plasmonic crystal. The green curve represents an idealized gold

distribution, and the red curve represents a more realistic gold distribution in which small

nanograins of gold are included near the edge of the bottom gold disc. (b) Calculated electric

field distributions for the spectral features marked “B” and “C” in (a). Reprinted with permission

from [4]; Copyright 2006 National Academy of Sciences U S A

Fig. 9.9 Comparison of experimental transmission spectra with those calculated using the

finite-difference time-domain method for nanopost (a) and full 3D nanohole (b) plasmonic

crystals. Reprinted with permission from [57]; Copyright 2009 IOP Publishing Ltd
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around the top rim of the nanohole. The feature marked “C” corresponds to

overlapping Bloch wave SPP and Wood anomaly excitation at the interface

between the gold film and the molded polymer that shows strong coupling between

the gold disc at the bottom of the hole and the upper rim. The intensities and

locations of these electric fields are of significant importance in applications such as

SERS [24], and the ability to computationally model those fields makes possible the

rational design and optimization of these nanostructures.

Further FDTD calculations were performed to optimize the figure of merit of

full 3D nanohole plasmonic crystals for bulk refractive index sensing between 400

and 1,000 nm [69]. The parameters tuned were the relief depth, periodicity, and

diameter of the nanoholes as well as the metal thicknesses on the top surface, on the

sidewalls, and on the bottom surface of the nanohole. By simulating the transmis-

sion spectra for a series of bulk refractive indices, integrated responses and figures

of merit can be computed and compared. Figure 9.11a shows the results of varying

the periodicity of the nanohole array (nanohole diameter scaled as 60% of the

Fig. 9.11 Computationally modeled figures of merit for optimization of selected full 3D nanohole

design parameters: (a) Periodicity of nanohole array variation (with hole diameter fixed as 60 % of

the periodicity) (b, c) Gold thickness variation assuming a uniform thickness on the top, bottom,

and sidewalls of the nanohole for (b) a structure with a 752 nm periodicity, 456 nm hole diameter,

and 500 nm relief depth and (c) a structure with a 524 nm periodicity, 320 nm hole diameter, and

400 nm relief depth. Reprinted with permission from [69]; Copyright 2009 American Chemical

Society
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periodicity) with a constant relief depth of 350 nm and constant gold thicknesses.

The calculations clearly show a peak in the sensitivity of this configuration for a

periodicity of 524 nm (and hole diameter of ~314 nm). Although not all of the

periodicity and hole diameter combinations were experimentally available, experi-

mental results do support the trend revealed by the FDTD calculations.

Figure 9.11b, c shows similar optimization calculations in which the gold

thickness (assumed to be uniform on the tops, bottoms, and sidewalls of the

nanohole arrays) was varied for two different sets of relief depths, hole diameters,

and periodicities. Although the figure of merit peaks at approximately the same

gold thickness (~96 nm) in both systems, the behavior of the figure of merit is

markedly different. Further experimental work is needed to verify these trends as

well as to explore other nanostructure architectures, but these results serve to

emphasize the intricate interdependencies between the design rule parameters.

Additionally, while the sensitivity optimized here (over wavelengths between 400

and 1,000 nm) may not be appropriate for all possible uses, similar calculations

can be carried out to optimize the performance of these devices as dictated by the

application.

One-Dimensional Sensing Applications of Nanoimprinted

Plasmonic Crystals

Despite the high sensitivity of these plasmonic crystals to bulk refractive index

changes at visible and near-infrared wavelengths, their application in thin film

sensing may be more analytically relevant. The evanescent nature of the electric

field associated with SPRs affords these devices high sensitivity to refractive index

changes at distances on the order of hundreds of nanometers from the metal-

dielectric interface. The small sampling volume probed by these plasmonic crystals

makes them inherently sensitive to thin film changes, and they have been used

to measure the dynamic adsorption of biomolecules on the plasmonic crystal

surface [4, 58]. Additionally, by coupling the plasmonic crystal with a pH-sensitive

hydrogel, these plasmonic crystals can optically measure chemomechanical

forces [76].

Antibody Assays Using Plasmonic Crystals

Antibody/antigen assays have been performed using full 3D nanohole plasmonic

crystals with excellent quantitative results [58]. Antigoat IgG was immobilized on

the plasmonic crystal surface and exposed to solutions of goat IgG of varying

concentrations through a flow cell. The transmission changes (and thus the

change in the integrated response) were measured as a function of the goat IgG
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concentration in the surrounding medium corresponding to surface coverage of goat

IgG on the plasmonic crystal. The data presented in Fig. 9.12a show a change in the

normalized integrated response that is well described by a Langmuir adsorption

model. Fitting the data to a Langmuir isotherm results in an estimate of the surface-

confined affinity constant of approximately 7 � 107 M�1, consistent with previ-

ously reported results for other IgG/anti-IgG systems.

Figure 9.12b shows the results of a biotin-avidin sandwich assay carried out

using a quasi 3D nanohole plasmonic crystal [4]. A biotinylated bovine serum

albumin (bBSA) monolayer was nonspecifically adsorbed onto the plasmonic

crystal using a flow cell, leading to the first plateau in the integrated response

seen in Fig. 9.12b. Subsequent introduction of both phosphate buffered saline (PBS)

and unmodified bovine serum albumin (BSA) resulted in no significant change

in the integrated response, confirming that no additional material had adsorbed onto

the plasmonic crystal surface. Injection of avidin led to a further increase in the

integrated response as expected from the binding of an additional layer of material

on the plasmonic crystal surface. Injection of a second bBSA layer did not generate

as large a change in the integrated response as the first, although this is consistent

with other experimental observations of layer-dependent mass coverage in similar

assays [77, 78].

Fig. 9.12 (a) Quantitative goat IgG/antigoat IgG assay performed on full 3D plasmonic crystal

with nonlinear data fit to Langmuir isotherm. Reprinted with permission from [58]; Copyright

2009 American Chemical Society. (b) Spectral difference map (top) and integrated response

(bottom) for biotin-avidin assay performed on quasi 3D plasmonic crystal with representative

schematic inset. Overlaid numbers on spectral difference map correspond to injection sequence of

PBS (1), bBSA (2), BSA (3), and avidin (4). Integrated response inset illustrates noise-limited

sensitivity corresponding to a layer thickness of 0.02 nm. Reprinted with permission from [4];

Copyright 2006 National Academy of Science U S A
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Thickness Measurements of Polyelectrolyte Thin Film Assemblies

Although the diminishing change in integrated response demonstrated in the

biotin-avidin assay agrees with previous reports in the literature, it presents an

opportunity to further investigate the impacts of the exponential decay of the electric

field from the plasmonic crystal surface. Polyelectrolyte thin films were deposited on

the surface of a full 3D nanohole plasmonic crystal via layer-by-layer assembly,

and the change in transmission of the assembly in water was investigated as a

function of the layer thickness [58]. Figure 9.13a presents a normalized transmission

change map (normalized to the initial transmission when no polyelectrolyte layer was

present) over wavelengths between 350 and 1,050 nm, and Fig. 9.13b presents the

normalized transmission change for four selected wavelengths. The multiple SPP and
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spectral difference map,
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layer thickness on a full 3D

plasmonic crystal. Reprinted

with permission from [58];

Copyright 2009 American

Chemical Society
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LSPR modes supported by these plasmonic crystals give rise to complex interactions

between them and the surrounding environment, and this can be seen by the nonlinear

behavior in the single wavelength transmission changes.

Integrated responses were calculated from the transmission data as a function of

polyelectrolyte layer thickness and are presented in the Fig. 9.13c. The integrated

response clearly increases with the polyelectrolyte layer thickness. However, the

integrated response does not increase linearly ad infinitum and appears to saturate at

polyelectrolyte thicknesses greater than ~95 nm, representing an upper film thick-

ness limit to the use of the integrated response as an analytical measure for this

particular plasmonic crystal. Single wavelength responses do continue to change at

larger layer thicknesses and can be used for measurements past this limit. Despite

this, the integrated response still responds linearly for layer thicknesses up to

~70 nm, and the continued use of the integrated response of these plasmonic

crystals as an analytical metric still bears merit since the film thicknesses involved

in most bioassays lie within this linear response regime.

Optical Measurement of pH Change
Through Chemomechanical Forces

These nanoimprinted plasmonic crystals have demonstrated great sensitivity to

changes in the bulk refractive index as well as to thin film changes at the plasmonic

crystal surface. However, their utility is ultimately limited by the refractive index

contrast present in the application. While numerous methods exist to measure pH

colorimetrically and electrochemically, direct measurement of pH using only the

refractive index contrast is extremely difficult. The refractive index change between

buffered solutions of pH ¼ 1.44 and 7.86 is extremely small, less than 1 � 10�4

refractive index units [76]. By instead modifying the plasmonic crystal with a

hydroxyethyl methacrylate hydrogel sensitized to pH by a small amount of cross-

linked acrylic acid, a change in the pH of the bulk environment results in changes in

the protonation state of the acrylic acid, generating electrostatic interactions that

swell or collapse the hydrogel. This pH change in the bulk results in a mechanical

change in the hydrogel at the plasmonic crystal surface.

The data presented in Fig. 9.14 show the optical response of the hydrogel-

modified plasmonic crystal with changes in pH. The spectral difference map

presented in Fig. 9.14a clearly shows a change in transmission as the system is

cycled between pH ¼ 7.86 and pH ¼ 1.44. Additionally, the changes are clearly

reversible with the transmission returning to its original state, even after several

cycles of pH change. The relative integrated response changes are presented in

Fig. 9.14b for three different sets of pH changes—7.86–1.44 (blue), 6.42–5.13

(red), and 5.76–5.66 (black). Larger pH changes show correspondingly larger

changes in the relative integrated response as a result of a greater change in

hydrogel osmotic pressure and swelling. Impressively, even a change of only 0.10

pH units is clearly distinguishable as seen in the magnified inset.
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Interestingly, the hydrogel layer is thicker than the distance penetrated by the

evanescent electric field of the plasmonic crystal [4]. Because of the hydrogel

thickness and the extremely small refractive index differences in the solutions

used, the changes in optical response must have been the result of the change in

hydrogel volume and the associated mechanical forces exerted electrostatically by

the acrylic acid moieties in their different protonation states. By transducing

chemical changes in the environment to mechanical forces at the plasmonic crystal

surface, introduction of an appropriate sensing element in the hydrogel network can

enable the direct measurement of analytes where the inherent refractive index

contrast would otherwise be too small to measure.

Two-Dimensional Chemical Imaging Applications

of Plasmonic Crystals

Besides their demonstrated utility in spectroscopic sensing, nanoimprinted

plasmonic crystals offer great potential for applications in chemical imaging.

The highly uniform patterning over millimeter-scale areas offers a large sensing

area, and their demonstrated performance and sensitivity permit fully quantitative

Fig. 9.14 (a) Transmission

difference map for hydrogel-

modified quasi 3D nanohole

plasmonic crystal cycled from

pH 7.86 to 1.44. (b) Relative

integrated response for

hydrogel-modified plasmonic

crystal for pH changes of

7.86–1.44 (blue), 6.42–5.13
(red), and 5.76–5.66 (black).
Inset shows a magnified view

of the black curve. Reprinted
with permission from [76];

Copyright 2007 American

Chemical Society

9 Functional Nanoimprinted Plasmonic Crystals for Chemical Sensing and Imaging 217



imaging. We have demonstrated the utility of these plasmonic crystals for high

performance imaging at both near-infrared and visible wavelengths with excep-

tional sensitivity for surface-bound species [4, 56–58].

Protein Thin Film Imaging

Thin film imaging experiments complementary to the spectroscopic measurements

previously described were performed using all of the nanoimprinted structure

geometries previously described (quasi 3D and full 3D nanoholes, nanopost).

The structures’ complementary wavelength characteristics allow for their use in

the near-infrared and the visible spectrum to image protein thin films. In these

examples, fibrinogen was nonspecifically adsorbed onto the plasmonic crystal

surface through a microfluidic channel to generate line patterns [57, 59].

Figure 9.15a presents the near-infrared transmission imaging of a single sample

of nonspecifically adsorbed fibrinogen thin films onto the surface of a quasi 3D

nanohole plasmonic crystal under white light illumination [59]. Even under white

light, these 8 nm thick protein films are readily distinguished from the surrounding

areas.

Spectrally resolved imaging of the fibrinogen layers demonstrates the previously

observed response of the underlying SPRs to refractive index changes at the metal-

dielectric interface. Spectroscopic bulk refractive index measurements in Fig. 9.5b

revealed wavelength where the transmission increased with a change in refractive

index, while the opposite behavior was observed at other wavelengths. This contrast

Fig. 9.15 (a–c) Background corrected spatial imaging of nonspecifically adsorbed fibrinogen

lines on quasi 3D nanohole plasmonic crystals illuminated by (a) white light, (b) monochromatic

1,090 nm, (c) monochromatic 1,200 nm. (a–c) Reprinted and adapted with permission from [59];

Copyright 2007 American Institute of Physics. (d, e) Transmitted light image of fibrinogen

nonspecifically adsorbed onto nanopost (d) and full 3D nanohole (e) plasmonic crystals with

curves corresponding to the measured light intensity contrast determined from the images.

Reprinted with permission from [57]; Copyright 2009 IOP Publishing Ltd
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inversion is plainly evident in the single wavelength imaging presented in

Fig. 9.15b (1,090 nm) and c (1,200 nm). Because the protein lines in Fig. 9.15a

appear darker than the surrounding areas, the overall change in transmission across

the entire wavelength range captured must be lower where the protein is adsorbed

on the plasmonic crystal. However, the wavelengths at which the transmission

actually increases when the protein is adsorbed will effectively reduce the observed

image contrast under white light illumination, and spectrally resolved imaging that

accounts for this factor can be exploited to increase the contrast. Despite this caveat,

the high performance and sensitivity of the quasi 3D nanohole geometry in the near

infrared allows for larger-area imaging of thin films at near-infrared wavelengths.

Fibrinogen layers were also imaged on full 3D nanohole and nanopost plasmonic

crystals, and the imaging performance is compared between the nanopost crystal

(Fig. 9.15d) and a full 3D nanohole crystal (Fig. 9.15e) [57]. Although the nanopost

plasmonic crystal showed greater bulk refractive index sensitivity, the opposite

appears to be true in this thin film imaging experiment—the nanohole plasmonic

crystal shows a larger difference in image intensity between the fibrinogen line and

the surrounding area. An important distinction to be made is that the bulk refractive

index measurements were made in water, while the thin film images were captured

in air. The complexity of the SPR behavior in different environments results in this

seemingly paradoxical behavior is in fact confirmed by FDTD simulations of both

systems under both conditions. The complexity of the SPR behavior in different

environments results in performances of the different nanostructures (nanopost,

quasi 3D nanohole, full 3D nanohole) that are, in practice, complementary to each

other—the optimal device architecture is ultimately application-specific.

Molecular Rulers and Film Thickness Calibration
of Plasmonic Crystals

The analytical power of these nanoimprinted plasmonic crystals has been

demonstrated in molecular ruler imaging experiments carried out on full 3D nanohole

arrays [58]. Thin films of proteins of known thickness were microfluidically depos-

ited to establish a calibration between the observed imaging response and surface

coverage. Figure 9.16a shows an optical image of three proteins adsorbed onto the

plasmonic crystal (from left to right: fibrinogen, g-globulins, and myoglobin),

while Fig. 9.16b gives an average thickness profile. Once again, the protein lines

are clearly visible because of the refractive index contrast with the protein-free

regions, and estimates of the protein film thicknesses based on a calibration using a

self-assembled monolayer were in good agreement with ellipsometric thickness

measurements [79]. These visible spectrum measurements were made using white

light illumination and a common silicon-based charge-coupled device (CCD) camera

mated to a common optical microscope, demonstrating the practical sensitivity of

the full 3D nanohole plasmonic crystal at visible wavelengths.
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The analytical sensitivity of the full 3D nanohole plasmonic crystals is

demonstrated in Fig. 9.17. A self-assembled monolayer of 1-octadecanethiol

(ODT) was patterned on the metal surface, and a visible light image of the pattern

is shown in Fig. 9.17a [56]. The rest of the surface was backfilled with a layer of

1-hexadecanethiol (HDT), and the resulting image is shown in Fig. 9.17b. Although

the ODT pattern is somewhat degraded as a result of infilling of HDT into defect

areas in the ODT monolayer as well as dynamic exchange between the ODT on the

surface and HDT in solution, the ODT pattern is still readily visible. Compared to

the initial contrast between the ODT monolayer and the surroundings, the addition

of HDT reduces the contrast to ~10% of its original value. This corresponds

strikingly well with the ~11% difference in chain length between 1-octadecanethiol

and 1-hexadecanethiol. Indeed, the use of these full 3D plasmonic crystals enables

visible light imaging of high sensitivity (down to a difference of two methylene

groups) using an inexpensive substrate and common laboratory equipment (optical

microscope and CCD camera).
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Surface-Enhanced Raman Scattering on Nanoimprinted

Plasmonic Crystals

The underlying physics and evanescent electric fields associated with these

nanostructured plasmonic crystals are responsible for their utility as SPR sensors,

but these same phenomena are responsible, in large part, for SERS [19–24]. Despite

the rich vibrational data obtained using Raman-related techniques, the lack of

reproducible SERS substrates with large signal enhancements has significantly

hampered the widespread adoption of SERS as an analytical tool [48]. To this

end, soft nanoimprint lithography allows us to replicate nanostructures over

large areas with high fidelity which we have shown to generate uniform SERS

enhancements across the entire plasmonic crystal surface [24].

Benzenethiol (BT) was chosen as the SERS reporter molecule in these

experiments, and a BT monolayer was formed on the surface of a quasi 3D nanohole

plasmonic crystal [24]. The Raman spectra shown in Fig. 9.18a are in good agree-

ment with previous reports from the literature [80], and subsequent analysis focused

on the peak at ~1,073 cm�1. The overlaid spectra in Fig. 9.18a show the spectra

collected for nanohole arrays with three different sets of hole diameters and

periodicities and show a dependence of the SERS signal enhancement on the design

rules of the substrate, a reasonable expectation considering the dependence of the

individual plasmonic modes on the device geometry. Analytical SERS enhancement

factors from 104 to 105 were obtained on these substrates without further optimiza-

tion, on par with other SERS substrates fabricated using serial processing procedures.

The Raman signal enhancement observed in these devices is attributed to a

LSPR that establishes the enhanced electric field from which the SERS enhance-

ment is derived. A maximum enhancement is expected when the spectral position

of this LSPR is halfway between the laser excitation wavelength (785 nm in this

work) and the wavelength of the Raman scattered photon (857 nm in this work,
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Fig. 9.17 Optical transmission images of a 1-octadecanethiol self-assembled monolayer

patterned on a full 3D nanohole plasmonic crystal before (a) and after (b) backfilling with

1-hexadecanethiol for 5 min. Box ends of octadecanethiol pattern approximately 50 mm wide.

Reprinted with permission from [56]; Copyright 2008 Wiley-VCH Verlag GmbH & Co
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corresponding to a Raman shift of 1,073 cm�1) [81], corresponding to a LSPR

wavelength of 826 nm in this work. In fact, the transmission intensity at 826 nm for

the 16 different nanohole arrays (of varying hole diameter and periodicity) is strongly

correlated to the corresponding Raman signal intensity as shown in Fig. 9.18b.

Considering the LSPR wavelength as a design criterion leads to two conclusions:

First, no single design rule can generate equivalent enhancements at all Raman

shifts. Instead, an optimal design rule depends on both the excitation wavelength

and the Raman shift desired. This could be exploited to preferentially enhance

certain Raman bands over others, possibly reducing the complexity of the Raman

data when multiple Raman-active analytes are present. Second, the strong correla-

tion between the Raman intensity and the transmission intensity offers a ready

metric for computational optimization of the Raman enhancement. Multiple design

rules and nanostructure geometries can be investigated in silico to maximize

transmission at the LSPR wavelength to optimize the Raman enhancement without

the expense associated with physical fabrication of the nanostructures themselves.

Figure 9.18c shows that the electric field from the LSPR in this experiment is

localized at the upper rim of the nanohole. Knowledge of the electric field

Fig. 9.18 (a) Raman spectra of benzenethiol monolayer on three quasi 3D nanohole plasmonic

crystal with varying periodicity and hole diameter. (b) Comparison of transmission intensity at

826 nm and intensity of Raman feature at 1,087 cm�1 as a function of nanohole diameter (and

periodicity). (c) Electric field plot of transmission spectral feature at 826 nm computed using

FDTD modeling. (d) Optical image (i) of nanohole array embossed in photodefined SU-8 and

SERS image (ii) of benzenethiol adsorbed onto the structure in (i). Scale bars are 5 mm.

Figures reprinted with permission from [24]; Copyright 2009 American Institute of Physics
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distribution offers the potential for further device optimization by designing

modifications that may trap analytes of interest at locations where the electric

field is strongest, further enhancing the analytical sensitivity.

The large area, highly uniform nanostructures produced by the nanoimprinting

process makes these substrates attractive for use in SERS imaging. The top image in

Fig. 9.18d shows a plasmonic crystal that was molded in previously photodefined

SU8, resulting in a structure in which the nanohole array is only embossed in the

areas making up the letters “UIUC.” Benzenethiol was adsorbed across the entire

surface, but the Raman map (for the signal at 1,073 cm�1) shown in the bottom

panel of Fig. 9.18d shows that a Raman signal is only observed at areas where the

nanohole array is present. Furthermore, the Raman intensity is uniform across the

entire nanostructured surface. The inexpensive fabrication and uniform perfor-

mance of these nanoimprinted plasmonic crystals make them promising substrates

for further application in SERS sensing and imaging.

Future Prospects

Plasmonic crystals fabricated by soft nanoimprint lithography offer several

advantages for use in chemical sensing and imaging applications: They are inex-

pensively fabricated while retaining high fidelity over large areas, making larger-

area imaging and multiplexing possible. They offer high sensitivity when used in

SPR sensing and imaging using common laboratory equipment without the need for

chemical labels. The SPRs generated by these structures enable several analytical

techniques, including SERS and surface-enhanced fluorescence, opening the possi-

bility of using a single device for multimodal sensing. The ability to computation-

ally model and predict the optical properties of these plasmonic crystals enables the

rational design and optimization of nanostructures for specific applications.

Although we have demonstrated numerous capabilities of these nanostructured

plasmonic crystals, other applications certainly remain. Miniaturization of the

plasmonic crystal and integration into microfluidic lab-on-a-chip systems can

enable portable, high performance sensing of chemical and biological analytes.

Real time imaging of biochemical systems using both SERS and SPR is possible

using these devices, and our preliminary data suggest that the dynamics of living

cells and their responses to external stimuli on the plasmonic crystal surface can be

monitored. Indeed, these nanoimprinted plasmonic crystals offer a versatile plat-

form for a new generation of biological and chemical sensors with applications in

analytical chemistry, biochemistry, and cell biology.
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Chapter 10

Performance of Nanoplasmonic Biosensors

Andreas B. Dahlin and Magnus P. Jonsson

Abstract This chapter aims to give an overview of how to optimize the perfor-

mance of nanoplasmonic sensors. Specific biosensing challenges beyond the capa-

bility of current nanoplasmonic sensors will be discussed. Various methods to

improve sensor performance will then be introduced, including solving issues

related to surface chemistry. We distinguish the concept of signal enhancement,

which is related to the choice of nanostructure and surface functionalization, from

the concept of noise minimization, which is related to the spectroscopy techniques

employed. The concepts of bulk sensitivity, figure of merit, nanostructure perfor-

mance, and their relation to detection limit are discussed in detail.

The most important points addressed are:

• The challenges which require the development of nanoplasmonic sensors with

better performance are diverse in nature. Different improvements will solve

different problems.

• More effort needs to be put into improving surface functionalization for specific

binding, especially if nanoplasmonic sensors are to beuseful inmedical diagnostics.

• The sensing performance of a plasmonic nanostructure is best defined in terms of

relative intensity changes (e.g., extinction in absorbance units) per refractive index

change, because this is what is measured by optical spectroscopy. The signals upon

local changes in refractive indexalso dependon the extensionof theplasmonicfield.

• In most sensing situations, except single nanoparticle/hole analysis or imaging

applications, extinction spectroscopy in transmission mode will outperform

scattering spectroscopy under dark-field illumination.
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Sensor Terminology

Throughout this chapter, we will address several topics related to sensor perfor-

mance. For one thing, we will consider the types of challenges the research field

faces and how they differ from each other (section “Important Characteristic

Challenges”). Surface functionalization strategies are then discussed (section “Sur-

face Functionalization”), including the challenge of generating inert surfaces in

order to suppress unspecific binding. We then continue with a detailed discussion

on how to compare the sensing performance of various nanostructures (section

“Sensitivity Maximization”), with particular focus on which parameter that best

describes performance. Finally, we will describe various spectroscopy methods

(section “Noise Minimization”) and discuss which method is best to employ in a

given situation. We will in this first section start with an introduction that goes

through some of the basic terminology within sensor science.

For sensors designed for quantitative analysis, the sensitivity is usually defined

as the slope of the curve acquired from a calibration experiment (IUPAC defini-

tion). A calibration is performed by recording the sensor response for different

known values of whatever environmental variable (EV) the sensor is designed to

measure (Fig. 10.1a). For instance, if the sensor is a thermometer, the EV can be

controlled by an environment with known temperature and the response could

be the height of a liquid mercury pillar. For refractometric nanoplasmonic sensors,

the calibration experiment is instead related to how spectral changes depend on the

refractive index around metallic nanostructures. As will be discussed below, one

can define the sensor response in different ways, especially in real-time

measurements. The sensitivity is usually determined from the calibration data by

fitting a linear function. However, the calibration curve does not necessarily have to

be linear, i.e., the sensitivity may vary with the value of the EV (Fig. 10.1a).

Fig. 10.1 Important terms in sensor science. In (a) is shown a calibration experiment, where the

response is measured for different values of the environmental variable. In (b) is shown a typical

sensing experiment using surface-based detection, where the change of a physical parameter is

monitored
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All systems exhibit noise, i.e., random fluctuations in the output. Noise is usually

referred to as fluctuations on the short time scale (seconds), while stability refers to
changes or drifts over longer time periods (hours). For a sensor that monitors a

parameter in real-time, such as most nanoplasmonic systems, we here define the

signal as the endpoint change in the monitored parameter (Fig. 10.1b). Finally, we

define the signal to noise (S/N) simply as the ratio of these two quantities. At some

value of the EV, the system will not generate a response high enough to be clearly

distinguished from the noise level. This value of the EV, i.e., the lowest which can be

detected, represents the detection limit of the system. Naturally, the detection limit is

one of the most important parameter when evaluating sensor performance, although

it does not always provide all the necessary information to give a complete picture.

Another important parameter of a sensor is its dynamic range, which is defined as
the range of EV values which gives rise to different responses in the system. The lower

end of the dynamic range is the detection limit, while the upper rangemay be infinite in

theory. However, the system usually becomes saturated at some point depending on

the physical transducer principle. On a surface, there is always amaximum coverage at

which further binding is not possible. For instance, if one high (100 mM) and one

extremely high (1 mM) concentration of target protein are added to a nanoplasmonic

sensor, the corresponding (end point) signals can be indistinguishable. In this situation,

binding kinetics can be monitored to reveal differences in concentration, given

that the temporal resolution is sufficient. The dynamic range can be critical for appli-

cations where the quantitative result of the sensor really is what matters, such as the

detection of biomarkers in blood. Many biomarkers, such as prostate-specific antigen

(PSA), are always present, but at changed concentration in diseased patients [1].

It should be noted that although the definition of sensitivity as explained above

represents the most common meaning of the word within quantitative and analytical

sensor science, other interpretations do occur. For instance, for nonquantitative tests

(output yes or no), sensitivity is normally defined as one minus the probability of a

false negative result (The “sensitivity” of an ELISA test for HIV is >99%).

In electronics, sensitivity is sometimes instead referred to as “responsivity,” while

sensitivity instead represents detection limit (the sensitivity of a microphone can be

a critical sound volume required to activate it). For the purpose of this chapter, it

should be noted that sensitivity and detection limit, as defined here, are different

concepts that should not be mixed up. For nanoplasmonic sensors, sensitivity is

related to the sensing capability of the nanostructure, while detection limit also

depends on the instrumentation used for spectroscopy.

What physical parameters should represent response and EV (as well as noise

and detection limit, respectively) in nanoplasmonic biosensors? There is no obvious

answer to this question. Most of the experimental papers presented in the literature

on nanoplasmonic sensing report sensitivity values of resonance peak wavelength

(lpeak) shift per refractive index (RI) unit change in the liquid environment. This

value is indeed an important parameter, but it does not, as detailed below, provide

the full picture of the performance of a nanoplasmonic sensor. Also, far more

information is needed to determine the signal from actual biomolecular binding

reactions compared to bulk RI changes, such as knowing the effective RI change

caused by biomolecules [2, 3].
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In terms of detection limit, the literature on nanoplasmonic sensing has so far

focused mainly on defining detection limits in number of molecules inducing the

smallest detectable signal. It can be argued that number of molecules is not the most

relevant parameter, due to several reasons. For one thing, even if only 100

molecules bound to a single nanoplasmonic particle are causing the observed

signal, the actual sample solution in such experiments always contains many orders

of magnitude more molecules. Also, in many biomedical sensing applications the

number of target molecules available is practically infinite, but detection is never-

theless challenging. As will be discussed below, it is in most situations the lowest

detectable surface coverage that counts.

Important Characteristic Challenges

It is obvious from the literature on nanoplasmonic sensors that they are adequate for

detecting typical protein targets (10–100 kD) when they are present at reasonably

high concentrations in the sample solution, typically >1 nM [4]. When measuring

in real-time, the noise level in these data is adequate for determining rate constants,

although finding an accurate model describing the binding rate can be very chal-

lenging. This is mainly because the rate of binding often depends on both reaction

kinetics and mass transport simultaneously. Concerning molecular binding to

surfaces, there are two simple equations which need to be kept in mind. First, the

Ilkovic equation for the case of diffusion limited binding under stagnant conditions

gives the surface coverage G as [5]:

GðtÞ ¼ 2c0

ffiffiffiffiffi
Dt

p

r
(10.1)

Here c0 is the concentration of molecules in the liquid bulk and D is their

diffusion constant. Note that the unit used to define c0 (mass or moles over volume)

gives the unit for G. The surface is assumed to be infinitely large, just like the liquid

bulk it is in contact with Equation (10.1) describes a surface that never saturates but

keeps “devouring” molecules. Naturally, this is only valid as long as the surface

coverage of molecules remains reasonably low and the model can therefore only

describe the very initial part of an adsorption process before equilibrium is reached

[5]. It should also be noted that the rate of binding will be higher than that described

by (10.1) when there is a continuous flow of liquid next to the surface, which

reduces the depletion zone. However, the effect of flow on binding rate is not

always high [6, 7]. Also, higher flow means that more sample volume is consumed.

The other characteristic equation is the Langmuir isotherm describing reversible
binding. When equilibrium is reached, the surface coverage Geq is [5]:

Geq

Gmax

¼ c0
c0 þ KD

(10.2)
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Here Gmax is the maximum possible surface coverage and KD is the dissociation
constant of the interaction. KD is equal to the ratio of the rate constants for

dissociation and binding ðKD ¼ koff=konÞ . Therefore, only knowing KD does not

provide absolute values of kon and koff which are needed to know, e.g., the lifetime

of the interaction. This illustrates one major advantage of being able to monitor

binding and unbinding in real-time.

In reality, neither (10.1) nor (10.2) can describe a binding process precisely since

the binding rate is determined by combined effects of mass transport, reversibility,

and reaction kinetics. Still, the expressions are useful due to their simplicity and

ability to illustrate important points. Mass transport limitation is generally pro-

moted by systems that have high kon and low D, but most importantly it is the

current state of the surface Geq=Gmax that determines if (10.1) holds true. In theory,

all systems reach equilibrium (10.2) eventually.

We will now look at some characteristic situations where the detection limit of

current nanoplasmonic sensors is not sufficient. The importance in terms of

biological or biomedical applications is described for each case. Possible future

improvements of nanoplasmonic sensors in order to overcome these challenges will

then be discussed. The characteristic challenges are illustrated in Fig. 10.2. At the

end of this section, Table 10.1 summarizes the situations described.

Note that these are characteristic problems and that in reality one might face a

biosensing challenge which is a combination of several of these situations. For

instance, the analyte might be present at low concentration in a sample (Fig. 10.2c)

which also has a small volume (Fig. 10.2b). As another example, we might want to

have single molecule resolution (Fig. 10.2a) for a target molecule of low molecular

weight (Fig. 10.2d). Such situations will create even higher demands on sensor

performance. However, many situations can be described by only a single of these

four different points and the summary in Table 10.1 can act as a guideline for which

aspects of a sensor design are most important.

Single Molecule Resolution (Fig. 10.2a)

Single molecule resolution is achieved when a single molecular binding event gives

rise to a signal which is significantly higher than the noise. In other words, S/N

should be higher than the number of molecules causing the total signal. It is

important to note that the possibility to observe single molecule-binding statistics

does not necessarily make a sensor more suitable for biomedical applications.

In brief, even if molecules that do bind are counted, it does not mean that all
molecules in the sample will be counted. Single molecule resolution is also

unnecessary for proper determination of binding rate constants, in which case it is

actually better with ensemble measurements to achieve a higher statistical selec-

tion. However, observing single-binding events may provide additional information

about the molecular interaction compared to ensemble measurements. For instance,

if a pair of molecules can interact in different ways, single molecule resolution
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might be a way to discover such features. This type of information is harder to

acquire in the case of ensemble measurements. On the other hand, in

nanoplasmonic detection systems there is an additional complication from the

fact that the signal from a molecule will depend on where in the nanostructure

environment that molecule is located [2, 8].

For any surface-based biosensor, miniaturization is essential for resolving

single-binding events. This is because the number of molecules captured on the

surface will be proportional to the active area A, while S/N does not increase with A
in this manner, but more slowly. For surface-based detection in general, increasing

A means that more statistical data is included in the analysis and noise levels tend

to, at best, follow a square root dependence on the amount of data generated. Thus,

one tends to get closer to achieving a signal per molecule higher than the noise level

sample

sensor

sample

sensor

sample

sensor

sample

sensor

target analyte

active areaa

c d

b

Fig. 10.2 Characteristic sensing challenges. The challenge of single molecule resolution is

illustrated in (a), the problem of handling small sample volumes is shown in (b), a sample with

low analyte concentration is shown in (c) and (d) illustrates the challenge of low molecular weight

analytes
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for miniaturized systems [9–11]. Typically, for a miniaturized nanoplasmonic

sensor, the amount of light collected by the detector will increase linearly with A
and the noise will scale with the square root of this intensity (see below).

So far, most nanoplasmonic sensors that clearly aim for single molecule resolu-

tion are based on scattering spectroscopy of single nanoparticles under dark-field

illumination [9, 11–14]. However, a microspectroscopy approach based on trans-

mission mode is clearly competitive, because the noise level is much lower when

measuring on a small ensemble of nanoparticles compared to a single particle [10].

Reported detection limits in terms of number of molecules giving rise to the

minimum observable signal are slightly below 100 for typical proteins and theoret-

ical estimates of the detection limit in an optimized system are on the order of tens

of molecules [9]. An important challenge to be overcome is the additional noise due

to mechanical instability associated with spectroscopy of few or single

nanoparticles [9, 10]. The V€or€os group actually reported single-binding events

using such a system, although not yet in a label-free manner [15].

Another important feature to consider when aiming for single molecule resolu-

tion is the noise (and stability) of the system in relation to the rate of binding. For

resolving a single molecule, it is only the noise between subsequent acquisitions

which is important because binding events are virtually instantaneous [10]. How-

ever, the rate at which molecules arrive at (or are released from) the sensor area

matters since it determines how many averaging operations can be performed

without the risk of “smearing out” a binding event in the data of binding kinetics.

In a hypothetical perfectly stable system, single molecule resolution can almost

always be achieved if the target molecule concentration is low enough. In this case,

the noise can always be reduced by averaging to the level corresponding to the

signal of a binding event and it is just a matter of not having binding events

occurring too often.

Detection of Few Molecules (Fig. 10.2b)

Single molecule resolution should not be confusedwith “single molecule detection,”

i.e., to detect the presence of a single target molecule in a sample. This represents the

worst case of the more general challenge of detecting “few” molecules and it is a

greater challenge than obtaining single molecule resolution since one also faces the

problem of directing the few target molecules to the sensor elements. Other than this

the same principles, e.g., miniaturization, apply as in the case of aiming for single

molecule resolution. This situation typically occurs when the total sample volume is

so low that few molecules are expected to be present in total. In this case, challenges

associated with handling of small sample volumes have to be considered. Clever

fluidics is essential also when few molecules are present in a larger volume (e.g., the

same sample being diluted), because it becomes even more challenging to direct the

few molecules to the sensor elements.
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It is evident that detection of few molecules cannot be realized without effec-

tively passivating all other surfaces in the system except the active sensing area.

Also, the active spot must clearly be very small. For instance, if the sample is 1 mL,
it is difficult to spread this volume on a 1 cm2 sensor. Thus, surface functiona-

lization becomes a great challenge, because only the very small sensor spot should

be activated, while all other surfaces must be inert. For example, a single nanopar-

ticle, if possible to probe with sufficient S/N, containing specific antibodies could

be placed on an inert background and its spectrum recorded, but there must not be

any other such nanoparticles present since they might then capture the targets

instead.

It should be noted that even if the analyte would bind irreversibly to the sensor,

the problem of directing the targets to the sensor remains. The challenge is basically

a matter of efficient liquid handling (“getting the molecules there”) and efficient

microfluidics technology is a prerequisite for possible future applications. As

explained by several numerical and analytical models (more sophisticated than

(10.1)), the mass transport limits imposed by diffusion need to be overcome in order

for detection to be sufficiently fast for practical sensor use [6, 7, 16]. Also, as long

as the binding does not reach saturation or equilibrium, the molecules that do arrive

at the surface should preferably bind at the most sensitive regions of the sensor [4].

Situations where the total sample volume is limited often occur in biology and

medicine when the analyte is present in tissue or bodily fluids which cannot be

extracted in large quantities. A characteristic example is single cell analysis, in

which case the total sample volume obviously is extremely small [17]. Another

typical example is the situation when a larger sample volume is processed in some

way for purification (or perhaps for increasing the analyte concentration). Increas-

ing the analyte concentration by reducing the sample volume may be helpful (see

below), but it also introduces the problems related to handling small sample

volumes.

Significant research efforts in the field of nanoplasmonic sensing have been

focused on achieving single molecule resolution, while much less effort has been

put into the requirements for detection from samples with low volume. In other

words, the miniaturization issue has been addressed to a higher extent than the

challenge of handling small liquid volumes. In future work, the challenge of

efficient liquid handling must also be considered, since it is a key component for

incorporation of sensors in practically applicable lab-on-a-chip devices. An effi-

cient way to improve the mass transport rate to the sensor area is to utilize

plasmonic nanopores with a liquid flow through the surface [18–20]. This type of

setup, in combination with inert microfluidic channels above and below the pores,

may substantially improve liquid handling and capture efficiency.
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Low Analyte Concentration (Fig. 10.2c)

Another principle challenge is associated with low analyte concentration in a

sample, which may have an essentially infinite volume. In this case the eventual

surface coverage of targets on the active sensing area will normally be low due to

the reversibility of most biomolecular interactions, even when equilibrium is

reached (10.2). This situation thus differs from the other challenges discussed

above, as illustrated in Fig. 10.2. For the case of low analyte concentration, we

assume that the amount of sample solution available is practically unlimited. This is

normally the case in sensing applications such as food product analysis and

environmental monitoring, but is sometimes also true for biomedical sensing (see

below). Therefore we may have plenty of molecules, but if the concentration is low,

it will still be a major challenge to detect them, primarily because the interaction is

usually reversible.

It is usually not a challenge to detect low concentrations when the analyte

binding is irreversible and follows mass transport kinetics (such as (10.2)) as long

as an infinite sample volume is available. This is because the rate of binding can

be enhanced by flowing sample solution over the sensor [6, 7]. Although

introducing flow cannot strongly improve the mass transport to miniaturized

sensors with good capture efficiency (~1 mm) [6], high mass flux enhancements

can be achieved for larger sensors (~1 mm) [7]. Since there is no need for sensor

miniaturization when addressing this challenge (a relatively large analyte in an

infinite sample volume), detection should thus normally be feasible for the case of

irreversible binding under flow. Naturally, if the analyte concentration is

extremely low, some of the challenge might still remain. This depends on the

efficiency of the fluidic system introduced to the surface-based sensor. A high

flow rate should preferably be used together with a narrow fluid channel above the

(large) sensor, so that diffusion to the surface is fast [7].

There are examples of biomolecular interactions that are essentially irreversible,

such as the common biotin–avidin interaction (KD on the order of 10�15 M) [21].

In fact, this appears to be the most common model interaction chosen by us and

others when evaluating the performance of a nanoplasmonic sensor, as evident

when browsing through the literature. Although it is desirable to have such a

standard interaction for comparison, the choice of avidin binding to biotin does

not represent a typical situation in biomolecular interaction analysis. Because it is

irreversible, it does not provide a way to illustrate the effect of reversible binding,

which is more or less a standard feature among biomolecular interactions where

proteins are involved [22]. One exception from the general rule of reversible

binding is detection of DNA. Single-strand hybridization can be practically irre-

versible for longer strands (depending on temperature and salinity). However, it is

often of greater interest to focus nanoplasmonic applications on biomolecular

interactions related to proteins, simply because DNA sensing arrays are already

developed and the technology behind them is working well [23].
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A typical example of an application illustrating this challenge is the detection of

biomarkers in blood. One can in principle extract over a liter of blood from a

healthy human being, so it is possible to get a very high sample volume. Of course,

such a diagnostic test will not always be applicable, but the point is that even if we

only extract 10 mL blood, this is most likely sufficient for the assay. One can also

get quite large volumes of, for example, saliva or urine without too much problem.

In these situations, one typically has a relatively large number of target molecules in

total even if they are present at a low concentration. It should be noted that

biomarkers are often present in pM concentrations [24]. Even if we flush substantial

volumes of, for example, blood over our sensor, it will not increase the number of

molecules on the surface once equilibrium has been reached. Using (10.2) to

describe this situation, it can be seen that KD stands in direct relation to the surface

coverage for a given concentration. Thus, we need very high affinity probes (see

below) to detect biomarkers.

Low Molecular Weight Analytes (Fig. 10.2d)

Another characteristic challenge for the future of nanoplasmonic sensors is the

detection of targets that have low molecular weight. In these situations, the problem

is again that the final surface coverage G in terms of mass per area unit will be low.

However, in this case relatively many molecules may be captured, but the eventual

surface mass coverage is still challenging to detect. This situation is principally

different from all those mentioned above in the sense that sample volume, target

concentration, and receptor affinity all can be very high; there is still a major

challenge to detect small molecules. As for the previous challenge, miniaturization

of the sensor is in this case completely irrelevant. It will most likely make the sensor

worse due to higher noise levels. Instead, the challenge again lies in detecting the

low surface mass coverage.

The most important type of application which illustrates this point is most likely

the studies of interactions between medical drugs and their receptors. Drug

molecules are typically low in molecular weight and can be produced in relatively

large amounts and even high concentrations. The “sample” is thus ideal except for

the fact that the analyte is small.

In a recent work, Kabashin et al. showed that a vertical nanorod metamaterial

can be used in total internal reflection mode to reach sensitivities which are actually

sufficient for detecting small molecules [25]. In this case, biotin (mass of 244 D)

was detected with S/N of ~5 as it bound to avidin on the surface (instead of the other

way around). It appears from the data that it was really the high sensitivity to

changes in RI of this structure (for bulk changes it was higher than conventional

surface plasmon resonance [SPR]) which enabled detection of biotin rather than

low noise in the measurement (the fluctuations in lpeak were ~0.5 nm). This noise

level can most likely be improved by changing the experimental methodology [10,

26]. Although the actual surface coverage of biotin was not reported and possible
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conformational changes [27] were not discussed, the nanorod metamaterial appears

very useful for improving detection limits in terms of surface coverage.

Surface Functionalization

An important factorwhich is not often consideredwhen evaluating sensor performance

is the influence from the chemistry used to achieve the desired surface functiona-

lization for specific detection. In practice, improving surface chemistry to avoid non-

specific binding is perhaps the most important problem to address in order to improve

the practical usefulness of nanoplasmonic biosensors. In practically all surface-based

detection schemes, the observed signal only representsmolecular binding and does not

contain any information about the type of interaction. The sensor is “blind” in this

sense and accurate results rely on the assumption that binding is specific.

Probe Affinity

Increasing the affinity of the immobilized probe for the target is generally an

applicable strategy to improve sensor performance, even if the ideal case of

irreversible binding rarely can be achieved. Instead, the reversibility of biomolecu-

lar interactions implies that the number of molecules on the active sensor area at

equilibrium depends on the affinity of the interaction between the target and the

recognition element (10.2).

For typical antibody–antigen interactions, the dissociation constant KD is on the

order of 1 nM at best, while engineered antibodies can reach dissociation constants

slightly lower [22]. This means that at equilibrium, around 50% of the antibodies on

the surface have a target captured when it is present at a concentration of 1 nM

(10.2). This value holds for bioengineered antibodies especially designed for

specific detection. In biology, many interactions are even weaker. An alternative

to antibodies is bioengineered oligonucleotides, generally referred to as aptamers.
Aptamers may be advantageous for certain surface functionalization strategies due

to their small size and robustness, but show binding affinities on the same order as

for antibodies [28].

Probe Density

Increasing the number of receptors on the active sensing area will increase the

signal for reactions that reach equilibrium, since a higher number of molecules will

be bound per area unit. For instance, a way to immobilize more active antibodies on

a given sensor surface area would be useful when trying to detect an antigen present
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in low concentration. However, it should be noted that increasing the number of

receptors on the surface can in some situations lead to a decrease in performance if

the analyte is electrostatically repelled or if the probes on the surface interfere with

each other at too high coverage.

Also, for a system dominated by mass transport limited binding which has not

reached equilibrium (10.1), increasing the number of receptors (or their affinity)

normally has no effect. This is because the surface is already “capturing molecules

as fast as possible,” since otherwise the system would not exhibit mass transport

limited binding. The only advantage of more surface receptors in such a system

would be to increase the number of captured molecules at saturation. If all binding

sites become occupied, more binding sites naturally give more bound molecules

and a higher signal eventually. However, in such a situation the surface coverage is

probably sufficient, at least for qualitatively detecting that binding has occurred,

considering the assumptions under which (10.1) holds (i.e., a surface that captures

molecules efficiently and irreversibly). The surface mass coverage may still be

small if the molecules are small. In this case the system is normally reaction limited

instead due to the high D.
A typical example where the number of recognition elements often needs be

increased is the case of interactions with membrane proteins, which are difficult to

produce in high density on a surface. It is a major challenge alone to immobilize

membrane-residing proteins on a surface with retained biological activity. Natu-

rally, the presence of an artificial biological membrane is a prerequisite, which has

led to the development of various artificial cell membrane constructs on plasmonic

nanostructures (as described in Chap. 4). In addition, many reactions with mem-

brane proteins involve binding of small analytes [29].

Parasitic Signals

There are in principle three different types of parasitic signals. First, there may be

other molecules than the target binding directly to the surface. Second, there may

be other molecules binding to the recognition element, i.e. the “bait” may not be

specific enough. Third, the analyte itself may end up binding to the surface instead.

These types of interactions, illustrated in Fig. 10.3, will always occur to some extent

when analyzing complex biological mixtures. Thus, even when using

nanoplasmonic sensors to study a biomolecular interaction rather than detecting
the presence of a specific target, there may be problems from unspecific binding.

Imagine that a solution containing only a particular antigen is added to a surface

functionalized with, e.g., an antibody. In this case it is clearly possible that the

target may not interact with the probing molecule, but rather bind directly to the

underlying surface unless it is properly functionalized. This will lead to inaccurate

determinations of, for example, affinity constants. As an example, in several reports

utilizing the biotin–avidin interaction, there is often no way to tell whether avidin

actually binds to biotin on the surface or if it just interacts with the surface directly.
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A suitable control is to add avidin in the presence of excess free biotin [2], which

should result in no binding.

Chemical approaches for creating inert backgrounds that suppress interactions

between molecules and the surface support are so far usually based on poly

(ethyleneglycol) (PEG), which has proven an effective strategy [30–34]. The

basic function of the flexible PEG chains is twofold: First, they form a gel-like

layer which presents a steric hindrance, since a molecule entering the film would

reduce the conformational entropy of the PEG. Second, any electrostatic

interactions between molecules and the surface are screened by the PEG layer

[34]. The latter effect requires a reasonably thick layer and not too low salinity (the

PEG should, as a rule of thumb, be thicker than the electric double layer). Overall,

thicker and denser PEG layers give better resistance to non-specific binding to the

surface [32, 33, 35].

When exposing PEG-modified surfaces to, for example, serum, the recorded

response can correspond to very low uptakes (<1 ng/cm2) [33]. Still, the very fact

that this amount of unspecific binding can be detected at all shows that further

improvements in creating inert surfaces are absolutely necessary in order to

improve the performance of nanoplasmonic sensors when detecting analytes in

complex biological samples [36, 37]. Indeed, as long as unspecific binding can be

observed, the physical detection limit of a system in terms of surface coverage

cannot be realized in a biomedical sensing application. It should also be recalled

that not even the best PEG layer in the world can prevent unspecific interactions

associated with the recognition element. Furthermore, there is also the challenge of

putting the recognition element on top of the PEG layer, which requires some

terminal group for further functionalization after PEG layer formation [38]. Finally,

the thicker the PEG layer is, the further out from the surface binding will occur. In

Y   Y Y  Y Y   Y Y  Y

analyte

recognition elements

sensor surface

specific interaction

sample solution Y   Y Y  Y

unspecific binding:

• analyte to surface
• other molecules to surface
• other molecules to recognition element

Fig. 10.3 Principle operation of a surface-based sensor. A complex biological sample is added to

the surface, but only the specific interaction should occur, since any type of binding results in a

signal
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the case of nanoplasmonic sensing, this results in a loss of signal due to the rapid

decay of the electric field [8].

Gold is generally the most interesting metal for developing surface functiona-

lization strategies since it is, for good reasons (see below), the most commonly used

metal in nanoplasmonic biosensors. Thick and dense PEG coatings on Au can be

achieved by using surface-initiated polymerization (SIP), in which case the PEG is

synthesized directly from initiators on the surface. This generates a high density of

PEG chains since the small initiator molecules can be assembled in dense

monolayers [32]. In particular, Au can be made highly inert and also long-term

stable by assembling a thiol monolayer on the surface, followed by SIP. Another

option presented for creating inert Au surfaces is poly(propylenesulphide) with

grafted PEG chains [30].

However, other materials than Au are usually present on a nanoplasmonic sensor

surface. For instance, Au nanoparticles and thin Au films with nanoholes are typically

supported by glass surfaces. Some [37], or even a large part [39, 40], of the response

from such a sensor will be associated with binding to the glass and strategies for

making silica surfaces inert are thus of utmost importance for nanoplasmonic sensors.

For this purpose, the copolymer consisting of PEG grafted to poly(L-lysine) (PLL-g-
PEG) has proven suitable [33, 34]. Themolecule assembles on oxide surfaces with the

lysine units adhering to the surface by electrostatic interactions, making the PEG

chains face outwards into the liquid [31]. This occurs for oxide surfaces that are

negatively charged at reasonable pH (for instance, pKa for pure SiO2 is around 2).

A high density of PEG can be achieved since the grafting ratio (lysine backbone

monomer per PEG chain) can be tuned during bulk synthesis of the molecule. PLL-g-
PEGcan also easily be functionalized further by introducing, for example, biotin at the

end of a fraction of the PEG chains [38].

In any situation where two or more materials are present, the strategy for making

one inert may affect the other surface and functionalization becomes more difficult.

As mentioned above, the materials typically encountered in nanoplasmonic

biosensors are gold and silica. In this situation, thiolated PEG (or thiolated

oligoethyleneglycols) can be used to first specifically modify gold without

influencing silica [40]. Alternatively, a small carboxylated thiol can be self-

assembled on gold and PLL-PEG introduced to both materials [2, 10, 26]. These

strategies also work for Au and silicon nitride [19] or Au and titanium oxide [4].

Sensitivity Maximization

After discussing possible improvements in terms of surface functionalization, we

turn to the question of signal enhancement.We recall that sensitivity is defined as the

sensor response per unit change of some variable to be analyzed. Here we choose to

let this variable be the RI of the liquid environment in order to make performance

comparisons simple. Every model that aims to understand the plasmonic properties

of a nanostructure will introduce the dielectric function (refractive index) of the
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environment surrounding the metal as a variable and this is the parameter which is

changing in most sensing experiments. Therefore, defining the sensor variable in

terms of RI changes is convenient also when dealing with analytical expressions.

Naturally, in a biosensing experiment, the actual RI change is caused by a certain

surface coverage of biomolecules and the sensor responds to a local RI change.
Fortunately, there are ways to translate adsorbed biomolecule mass into an effective
environmental RI. In this situation, it is critical to take the unhomogenous distribu-

tion of the plasmonic field into account [2, 8, 41].

What Kind of Sensitivity?

One might also ponder on what parameter the sensitivity should be expressed in

when discussing sensor performance. A common parameter of choice is the

plasmon resonance wavelength lpeak. In fact, using the change in lpeak per RI unit
appears to be the most common way to express the performance of a given

nanostructure for sensing applications. This parameter has some convenience due

to the fact that, for nanoparticles, the sensitivity is then independent of the number

of particles analyzed as long as there are no coupling effects. Also, shifts in

resonance wavelength are typically presented in biosensing experiments. However,

this does not mean shifts in lpeak is the best way to define performance.

We note that spectroscopy equipment does not directly measure lpeak, but simply

probes intensity changes. Even when a full optical spectrum of a sample is acquired,

the data consists merely of independent intensity values for different wavelengths

[10, 42]. Whatever method that is used to determine a change in lpeak it will be

based on the associated intensity changes at wavelengths close to lpeak. Hence, the
sensitivity of a particular structure in terms of shift in lpeak per RI unit is not

sufficient to evaluate the sensor performance. Instead, a performance parameter

should reflect how large changes in relative intensity (e.g., extinction or transmis-

sion in percent) can be acquired using a particular nanostructure [26, 43, 44].

One effect besideslpeak which actually is commonly considered when estimating

the performance of a nanoplasmonic sensor is the width of the resonance peak. The

width is often taken into account using a so-called figure-of-merit (FoM), which is

usually defined as ratio between the bulk resonance wavelength sensitivity and the

full width at half maximum [45]. This is an improvement compared to looking only

at changes in lpeak , but it should be noted that the reason why peak width is

important for performance is simply that sharper peaks tend to give higher intensity

changes as they shift. (This can be realized simply by drawing a sharp mountain

peak next to a flattened hill and imagine moving them both laterally.) Also, the full

picture is not provided unless peak magnitude is also taken into account [43, 46]. In
the same manner, a high magnitude is preferable simply because it causes higher

changes in extinction when the peak shifts. The importance of peak magnitude is

conceptually illustrated in Fig. 10.4, showing that a FoM that only introduces peak

width does not necessarily provide the full picture.
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The peak in Fig. 10.4b shifts more than that shown in Fig. 10.4a, but the peak

magnitude is ten times lower in Fig. 10.4b compared to Fig. 10.4a. In both plots, the

same noise level was introduced. It is evident that the upper peak will be more

suitable for sensing, because it results in much higher extinction changes, even if

the sensitivity in terms of peak shift is lower. The peak width parameter was set to

the same value in both simulated peaks, so the FoM is lower for the peak in

Fig. 10.4b according to the most common definition. However, it should be noted

that a FoM that also takes peak magnitude into account has been discussed by

Masson and colleagues [46].

When it comes to the importance of peak magnitude, quantitative information is

rarely reported in the literature. This, in turn, actually complicates the search for

nanostructures that are good for sensing. In fact, extinction is often displayed as

“arbitrary unit” in graphs, and sometimes information on changes in extinction is

lost due to normalization of spectra. This way of treating data makes sense in order to

characterize the physical properties of nanoplasmonic structures, but although extinc-

tion values have no physical unit (length, time, . . .), it is a misconception that it is not

of utmost importance with respect to sensor performance (compare with, for example,

refractive index that also has no physical unit). Indeed, a surface containing a defined
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Fig. 10.4 Simulated spectral peak shifts. The peak in (a) shifts less than the one in (b), but has a

magnitude which is one order of magnitude higher. The simulated noise is the same for both peaks
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nanostructure will have an absolute extinction value for each wavelength of incident

light. The measured changes in this extinction spectrum during a sensing experiment

do not, in principle, depend on the instrumentation used and provide, as detailed

further below, critical information for evaluating sensor performance.

Considering the reasoning above, we suggest it is simpler and more relevant to

define the sensing performance of a nanostructure in terms of relative intensity

(e.g., extinction) changes per RI unit, rather than a sensitivity inlpeak per RI unit or a
FoM based on arithmetic combinations of various resonance peak parameters.

It means, in turn, that the performance parameter will depend on wavelength.

Preferably, the full spectral changes should be visualized and the wavelength

where the change induced by an altered environmental RI is maximized specified

[26], as was recently discussed also by S€onnichsen [43].

General Guidelines

Overall, there is no obvious method to choose a nanostructure for maximized

signal, in particular when striving towards high relative intensity changes as

explained above. Still, there are a few general guidelines which can be useful.

Admittedly, a large sensitivity in terms of Dlpeak per RI unit is often, though not

necessarily, correlated with higher sensitivity in terms of relative intensity changes

(see Fig. 10.4). A higher sensitivity to RI in terms of lpeak can thus serve as an

indication of a suitable nanostructure for sensing. Also, lpeak is a convenient

parameter to monitor in experiments (see below).

The Lazarides group presented a convenient rule of thumb for estimating the

resonance wavelength sensitivity to RI [47]. For ellipsoidal nanoparticles in the

electrostatic dipole limit, the sensitivity of a nanoparticle plasmon resonance

wavelength to the RI (n) of the environment can be written as:

dlpeak
dn

¼ 2

n
lpeak � a

b

h i
(10.3)

Here a and b are constants used to describe the real part of the dielectric function
of gold in the wavelength region from 500 to 800 nm as a � bl with a ¼ 34 and

b ¼ 0.072 [47, 48]. The relation thus works best for Au nanoparticles in the VIS-

NIR region. It should also be noted that the validity of the electrostatic approxima-

tion is poor for any particle larger than some tens of nm. Furthermore, for shapes

that deviate strongly from ellipsoids, there might not be only dipole modes

involved. Still, the formula is useful as a rule of thumb since it states that the

sensitivity is simply proportional to lpeak. The parameter n cannot really be changed
since all biosensing experiments will take place in a water environment with n close
to 1.333 (water at room temperature).

In summary, we can expect that nanoparticles with higher resonance wavelengths

have a better sensitivity. For Au in particular, it is also worth noting that the
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imaginary part of the dielectric function is minimal in the interval from 700 mm to

900 nm [48]. A low imaginary part of the dielectric function generally results in

sharper resonance peaks and higher intensity changes. Indeed, this spectral window

has been identified as the optimal sensing region due to the highest FoM [49]

(when defined as peak shift sensitivity divided by peak width). Interestingly, this

conclusion holds also for surface plasmons in thin films as it is only derived from

the material properties of Au. Furthermore, this wavelength region is known as the

“biological window” where human tissue is most transparent [50]. For instance,

the absorption of hemoglobin in blood occurs at shorter wavelengths and water

absorption occurs at longer wavelengths. This helps providing high light throughput,

which is desirable (see below), in applications where transmission occurs through

tissue or bodily fluids.

Most of the discussion has so far been focused on Au nanoparticles, although in

principle any metal, or even any material with free electrons, can exhibit plasmon

resonances. Most other metals are unsuitable for plasmonic sensing due to their

dielectric functions, which makes their resonances weak (low magnitude, high

broadness) or at wavelengths that are not easily accessible. However, some metals

may still be interesting for nonbiological sensing. This has been showed by the

Kasemo group who has investigated resonances in palladium [51], platinum [51],

aluminum [52], and tin [53] nano disks and processes associated with these material

(Chap. 9).

There are at least two metals, namely silver and copper, which are competitive

for biosensing in comparison to Au from a sensitivity perspective due to their

dielectric functions [48]. However, these metals are usually not a better choice in

practice due to their susceptibility to oxidation. Still, the van Duyne group has

investigated the resonances in Cu nanoparticles [54] and successfully use Ag

nanoparticles regularly for sensing [36, 55]. On the nanoscale, Cu particles are

practically completely oxidized and special conditions are needed to measure the

proper spectrum [54]. It has also been shown that for Ag, the situation is in fact not

that bad and freshly fabricated samples are useable, at least as “single use sensor

chips.” However, it should be noted that Ag does not provide a higher sensitivity

than Au in terms of lpeak for all nanostructure geometries [56]. Still, in order to have

surfaces that are stable and can be cleaned and regenerated, Au appears to be the

best choice. By proper adhesion to the underlying substrate, Au nanoparticles or

holes in thin Au films can be cleaned with efficient methods such as hydrogen

peroxide under basic conditions [10, 35], which is an efficient wet etch cleaning

method to remove organic material.

The Spatial Sensitivity Distribution

A final critical aspect that must be considered in discussions about sensitivity is the

spatial distribution of the plasmonic field around the nanostructure. A molecule

binding to a plasmonic nanostructure will induce a different response depending on
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where it is located. In particular, due to the rapid decay of the nanoplasmonic field

(tens of nm) [2, 8, 37, 41], the distance to the metal surface is important and the

maximum signal is generally achieved when molecules attach directly to the metal.

This is often not possible in a real surface-based biosensor as there is generally a

recognition layer present. Thus, optimizing the recognition layer so that it maintains

specificity without being too thick is a very important challenge for optimal

performance in nanoplasmonic sensors. For practically all sensing applications, a

monolayer of bound analytes, plus the underlying functionalization layer, must be

smaller than the extension of the sensitivity to RI into the liquid environment.

The sensitivity extension into the liquid environment depends on nanoparticle

geometry and exhibits quite large variation, but seems to always be somewhere

between 10 and 100 nm [2, 8, 37, 41].

When comparing conventional SPR [57] and typical nanoplasmonic (LSPR)

sensors under practically identical conditions, the magnitude of the spectral

changes induced by a biomolecular monolayer is quite similar for the two systems

[45]. This is because although SPR has a bulk sensitivity to RI which is >10 times

higher, the surface sensitivity is much lower, i.e., SPR can sense RI changes even if

they occur a micrometer away from the metal surface [3]. This is conceptually

illustrated in Fig. 10.5a. However, there are methods available to utilize the full

probing volume in SPR by introducing a 3D gel matrix [58] (Fig. 10.5c). This

usually results in a higher signal since more receptors can be immobilized on the

surface. It can also be argued that the gel provides an environment which better

mimics the native environment of biomolecules since it is “more 3D like” com-

pared to molecular monolayers on surfaces. However, many receptors will also be

located in less sensitive regions, so it is not always obvious that the gel matrix

provides the highest signal (compare Fig. 10.5a, b). If equilibrium is not reached,

the bound molecules might induce lower response if they end up in less sensitive

regions [4].

We argue that it is suitable to maintain a definition of performance as relative

intensity changes per RI change of the whole liquid bulk environment, simply

because in many cases there are methods available to utilize the full probing

volume. This is not always the case though and it is important to be aware that

the structure with highest spectral changes due to bulk RI changes will not be the

best choice for all applications because the end result will always depend on

the exact type of surface functionalization used. The degree of surface localization

of the sensitivity must be kept in mind and will normally play an important role as

many surface functionalization techniques create layers that are thinner than the

sensitivity extension. When detecting low molecular weight targets or low analyte

concentrations (see above), it is of interest to utilize the full probing volume. On the

contrary, for detecting few molecules or for achieving single molecule resolution, it

is important that molecules are directed to the most sensitive regions of the

nanostructure and knowledge of the sensitivity distribution becomes critical.

One can from this reasoning conclude that it is generally important to match the

characteristic sensitivity extension into the liquid to the eventual molecular
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construct on the surface in the real sensing application. In some situations, creative

solutions have been found, such as lipid vesicle multilayers for cell-membrane-

related sensing applications [59]. For some types of surface modifications, a 3D

structure will clearly be difficult to realize. For instance, self-assembled thiol-based

monolayers on gold are a convenient basis for further surface functionalization

Fig. 10.5 Illustration of how the sensitive volume is utilized in different plasmonic sensors.

(a) and (d) result in similar signals. The configuration in (b) might provide higher signal than (a) if

the receptor density is higher, but the sensitivity decrease with distance from the surface needs to

be taken into account. The highest signal is normally achieved in (c)
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[8, 11, 12, 15, 37, 40], but will normally result in layers that are thinner than the

characteristic extension of the sensitivity. However, after immobilizing, e.g., an

antibody and detecting an antigen, the eventual thickness of the biomolecular layer

on the surface might well match the sensitivity extension [2, 8].

Noise Minimization

We now assume that we have our functionalized nanostructure and thus the spectral

changes of the system are defined, with a sensing performance preferably expressed

in terms of relative intensity changes per RI unit. A completely separate challenge

is to design an experimental setup that can probe these changes with as low noise as

possible. The S/N performance will then be determined by the spectroscopy setup

(noise), together with the optical properties of the functionalized nanostructure

(signal). The discussion below is mainly focused on minimizing noise and not to

improve stability. This is mainly because it is difficult to provide simple answers to

why a spectroscopy system exhibits bad stability. It can be related to just about any

slow change in the environment, such as the temperature in the lab. Finally, we

assume that the sample is reasonably transparent so that it allows transmission of

light.

Accuracy and Precision

In surface-based sensing techniques, a physical parameter is monitored and the

change in this parameter corresponds to the signal. This means that the accuracy
when measuring the physical parameter is less of interest, while the precision
becomes more important. Accuracy is defined as the difference between the

measured and the true value, while precision is defined as the reproducibility in

repeated estimates of the true value. Precision is thus what defines the noise in the

system. Also, since it is the change in the monitored parameter that matters, a

constant offset between the measured value and the true value will not influence the

signal. Figure 10.6 conceptually illustrates accuracy and precision.

Optical Configuration for Spectroscopy

All optical spectroscopy configurations contain a light source emitting all

wavelengths of interest, typically tungsten or halogen for VIS-NIR and deuterium,

mercury or xenon when UV illumination is necessary. Also, some form of

dispersion element is needed to sort out wavelengths, as well as one or several

photodetectors tomeasure intensity of light. Alternatively, a laser [60], VCSEL [61],
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or LED [62] source can be used for single wavelength measurements when the full

spectrum is not of interest.

Figure 10.7 shows the two most common experimental setups for acquiring the

extinction spectrum using spectroscopy in transmission mode. The configuration

shown in Fig. 10.7a is typically found in conventional spectrophotometers (which

are usually quite large). Here a narrow wavelength interval (a few nm) of light is

selected from the light source by a slit and a grating. A beamsplitter sends a fraction

(normally 50%) of this essentially monochromatic light through the sample, while

low accuracy

low precision
high accuracy

low precision

low accuracy

high precision

high accuracy

high precision

Fig. 10.6 Illustration of the different concepts of accuracy and precision. For surface-based

sensors, precision is typically much more important than accuracy in the measurement

moveable grating

sample

detector

beamsplitter

light source
sample

fixed grating

detector array

fixed slit

tunable slitlight source
detector

a

b

Fig. 10.7 The two most common arrangements for optical spectroscopy. In (a) is shown a double

beam setup with a moveable grating and tunable slit. In (b) is shown a setup with fixed grating and

slit together with an array of pixels
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the rest goes to a detector that measures the reference intensity I0. The full spectrum
is generated by moving the grating, thereby scanning the available wavelengths.

By comparing I0 with the intensity Imeasured by the sample detector, the extinction

(E) of the sample is calculated, typically in absorbance units, according to:

EðlÞ ¼ log10
I0ðlÞ
IðlÞ

� �
(10.4)

Figure 10.7b shows an alternative configuration. Here dispersion of light occurs

after the sample and an array of photodetectors is used to measure the intensity at

multiple wavelengths simultaneously. The reference intensity is not continuously

measured, but instead acquired before the sample is mounted and then stored in

memory. The advantage of this setup is that the full spectrum is generated much

faster (a few ms) compared to the setup in Fig. 10.7a where the grating must be

moved to scan all wavelengths (which typically takes a few minutes). Acquiring the

full spectrum simultaneously naturally improves the temporal resolution for sensing

applications where the full spectrum is of interest. The configuration in Fig. 10.7b

also has the advantage that spectral data analysis can be applied for each acquisition

and more information is acquired faster.

In principle, a beam splitter could be introduced and the reference spectrum I0ðlÞ
continuously measured also in the setup in Fig. 10.7b. In the same manner, it is not

necessary, only very common, to have a double beam configuration in the moveable

grating setup (Fig. 10.7a). The advantage of double beam configurations for

continuous acquisition of the reference intensity is that light source fluctuations

are compensated for. However, for reasonably stable light sources, the major source

of noise often originates from the detector [10, 26, 42, 60]. Double beam

configurations may also reduce accuracy in data since it is difficult to construct

perfectly identical beams, beam paths, and detectors.

One advantage with the moveable grating setup is that it is more flexible and

provides better spectral resolution since the choice of wavelength is continuous

and high precision can be achieved in the wavelength steps. The slit width can also

usually be tuned to further increase the precision of the wavelength at the expense of
lower intensity. In the fixed grating setup, each pixel is always associated with a

certain wavelength. Still, narrow spectral features can be resolved if a narrow slit and

a high number of detector pixels are used together with a suitable grating. In any

case, the broad (typically >100 nm) resonance peaks associated with plasmon

excitation usually make fine spectral resolution in terms of wavelength irrelevant.

A convenient way to perform spectroscopy on smaller samples, or smaller

regions on a sample, is to connect a spectrometer to a conventional optical micro-

scope. Spectrometers that have fixed slit, grating, and pixel arrays (Fig. 10.7b) are

commercially available as “black boxes,” simply designed to measure spectra by

connecting an optical fiber. If such a spectrometer is placed with the entrance slit

in the image plane from the objective of a microscope (no fiber is necessary), a

microspectroscopy setup is created. When the sample surface is in focus, the
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effective area from which the spectrum is acquired is roughly equal to the physical

size of the entrance slit divided by the magnification of the objective [10].

However, this is under the assumption that the full height of the spectrometer

slit is utilized, i.e., that all light going through the slit eventually reaches the

detector. This usually requires a 2D pixel array. A minor complication with

microscope setups is that there are often components designed to only handle

visible light, while plasmon resonances often lie in the NIR. For instance, heat

filters may need to be removed.

Detector Noise

Assume that a stable light source is illuminating a samplemounted in amechanically

stable setup, so that there is a certain intensity I(l) reaching the photodetector pixels
and generating photoelectrons. The pixel array is exposed for a certain time and the

number of electrons generated is counted. This number (can be on the order of 107) is

digitalized with various degrees of resolution, usually 16 bit (a number from one to

216 ¼ 65,536). The most common pixel array detector types are charge coupled

device (CCD) or photodiode array (PDA), which are both silicon-based and sensi-

tive to UV–VIS-NIR light (200–1,100 nm). Most plasmon resonance peaks are

found in this region, but for, e.g., nanoring resonances at longer wavelengths [63],

PDA detectors based on other semiconductor materials (such as InGaAs) must

be used.

There are four types of noise present in the value measured by a detector pixel.

First, there are thermal electrons generated in the detector even without illumina-

tion, which is referred to as dark noise. Dark noise can be greatly reduced by

cooling the detector. Second, there is always an error introduced by additional

electrons in the actual measuring process for a pixel, which creates readout noise.
This type of noise can be practically eliminated by introducing amplification (gain)

in the photoelectron sensitivity. Third, there are photons not originating from the

sample that generate electrons in the detector, i.e., background noise. (The solution
is to turn off the light in the lab.) Finally, there is always noise in intensity because

of the simple fact that light consists of photons, which are discrete energy quanta.

A certain intensity value represents an average photon flux and the number of

photons passing a cross-section area during a certain time is thus a random variable.

This phenomenon, known as shot noise, has an analogy in current measurements

(electron flux) and is well described by Poisson statistics. For high numbers, the

Poisson distribution of estimates of I approaches a normal distribution with stan-

dard deviation equal to I1/2.
It is important to note that the challenge in plasmon spectroscopy for sensing

applications is not about detecting low intensities or “capturing every single

photon.” This is the case in many imaging techniques based on, e.g., fluorescence.

For plasmonic sensing, we focus instead on detecting small changes in the optical
properties of a surface. By choosing a probing intensity that is as high as possible,
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the optical signal in terms of absolute intensity is maximized. Dark noise, readout

noise, and background noise do not increase when measuring at higher intensities,

so their relative contributions become smaller. In addition, they can be reduced in

simple ways as discussed above. In contrast, shot noise is always present and

increases with I1/2. However, the signal in terms of photon flux is proportional to
I and the S/N is thus increased for higher I with a square root dependence. In other

words, shot noise increases, but the signal in absolute intensity change increases

more. Two conclusions follow from this: First, measuring at high intensity is

preferable. Second, the dominating form of noise (related to the detector) will

then most likely be shot noise.

Choosing Optical Components

Now that we are illuminated by the discussion above, picking a suitable type of

light source and spectrometer becomes relatively straightforward. It is a matter of

maximizing the number of photoelectrons generated in the detector per time unit.

The light source should be able to provide as high intensity as possible while still

being stable (and not causing too much heating to the particles). All optical

components in the setup should be chosen so that as much light as possible is

guided through the sample and to the detector. One important component is the slit

width of the spectrometer. A wider slit obviously gives more light, but also reduces

the spectral resolution. However, the widest possible slit is normally preferable

since the resolution in terms of wavelength always will be adequate for looking at

plasmon resonance peaks (due to their high broadness). The grating of the spec-

trometer should simply be chosen so that the resulting wavelength interval

illuminating the detector pixels includes all spectral regions of interest.

The important characteristics of the pixel array detector are the minimum

exposure time, the well depth (number of electrons generated before saturation),

and the probability to generate a photoelectron from incident light (the photon

sensitivity). The minimum exposure time should be as short as possible to be

compatible with high temporal resolution and enable more averaging operations

to be performed. The detector should have a high well depth so that many electrons

can be generated before saturation occurs. High photon sensitivity is preferable, but

only relevant in the case when the light source does not provide enough light to

saturate the detector at the shortest possible exposure time. CCD detectors are more

sensitive than PDA detectors, but the latter have a much higher (at least 100 times)

well depth. In practice, this means that a PDA detector is preferable unless

measurements are done on very small areas (spot size of a few mm), from which

low absolute intensities are collected even under very strong illumination [10]. The

physical pixel size and the number of pixels in the detector are usually not relevant

since these factors can be compensated for by each pixel having a higher well depth.
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Data Analysis

When the optical extinction spectrum has been measured, the next task is to analyze

the data and provide at least one parameter representing the sensor result. This

parameter should be calculated with high precision when analyzing several spectra.

We recall that each extinction spectrum consists of a set of uncorrelated relative

intensity measurements at different wavelengths, i.e., each pixel value fluctuates

within a normal (high number Poisson) distribution and does not care about the

values of the other pixels [10, 42].

Following the discussion above, the peak position is not the best parameter

to use when defining performance, but may be a useful parameter in other ways.

For instance, it is not influenced much by fluctuations in light source intensity

during a measurement (see below). lpeak may also be important in terms of physics

since it defines the resonance energy. In summary, it is suitable to present sensing
data using lpeak. The question is then how to best calculate it (simply zooming in on

the peak will not help much). Data analysis algorithms that define lpeak mathemati-

cally from the discrete spectral data points are needed.

Much work has been done on data analysis in SPR systems since the technique is

commercialized and in use. These algorithms can be applied also to spectroscopy of

plasmonic nanostructures [10, 26] (or just about any analysis of “peak features”).

In general, algorithms that calculate the centroid, i.e., the geometrical center of

mass of a resonance peak, greatly reduce noise because more data values are taken

into account compared to only considering the values close to the peak position

[60]. In a continuous extinction spectrum E(l), the centroid wavelength (C) is

defined as:

Ccontinuous ¼
R l2
l1

ðl½ðEðlÞ � EbaseÞ�Þ dlR l2
l1

ðEðlÞ � EbaseÞ dl
(10.5)

In reality, the data set will be discontinuous, in which case the centroid can be

defined as:

Cdiscrete ¼
Pm

i¼1 ðli½EðliÞ � Ebase�ÞPm
i¼1 ðEðliÞ � EbaseÞ (10.6)

In the centroid equations, Ebase is a constant baseline extinction value, while l1
and l2 define the interval used to calculate the centroid. Ebase is usually chosen so

that Eðl1Þ ¼ Eðl2Þ ¼ Ebase. For discontinuous data, the integral is replaced with a

sum. Note that unless the peak is symmetric, there is typically a small offset

between the peak position and the centroid. However, this offset is usually constant,

i.e., the centroid can be related to the peak position as C ¼ pþ qlpeak where p
� lpeak and q � 1 and thus DC � Dlpeak [26]. The exact method used to calculate

C varies, depending on how the interval (l1 and l2) and Ebase are defined.
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As shown by the integrals in (10.5), C is essentially a sum of extinction changes.

Also for other algorithms that calculate peak position or peak broadness, the noise

and the signal will in some way be caused by extinction changes, because this is the

only information present in a series of spectra. Indeed, when the system exhibits

low noise in extinction, the noise in C will be reduced while DC still remains

roughly equal to the change in lpeak [26]. The peak shape also greatly affects

the noise level in C and narrow peaks with high magnitude are generally preferable

[10, 26]. Thus, in some sense, the centroid approach takes all important peak factors

(shift, magnitude, and broadness) into account which makes it a useful parameter.

The primary challenge in applying centroid algorithms on spectral data is that

there is no continuous function E(l) to perform the calculation on, only discrete

data points. Although centroids can be defined also for discontinuous functions as in

(10.6), problems arise when the peak shifts, since the values close to the beginning

or end of the interval cause discontinuities depending on whether a pixel is included

or not. This can be overcome by special treatment of those values [42, 60] or by

simply fitting a continuous function to the data [10, 26]. Such a function may also

act as an additional reduction in noise if extinction values at particular wavelengths

are measured. It should be noted that the function does not have to “make sense”

physically since it is only used for mathematical purposes.

Scattering Spectroscopy

While the discussion above is somewhat focused on extinction measurements, an

alternative spectroscopy mode is the collection of light which is scattered by

radiative plasmons in holes [64] or particles [9, 11–15]. This mode of spectroscopy

requires dark-field illumination, i.e., light that is freely transmitted should not end

up at the detector and objects are detected on a dark background. Scattering

spectroscopy has proven useful in single nanoparticle measurements and is often

performed in optical microscopes since an effective collection lens (an objective) is

needed to collect as much scattered light as possible. In contrast, the lens collecting

transmitted light in extinction measurements should be placed far from the sample

for high accuracy, thereby preventing collection of scattered light [10].

A sample for which the extinction originates only from elastic scattering of light

ðssca � sabsÞ has a scattering spectrum that looks identical to the extinction

spectrum. However, it should be noted that scattering spectra are not quantitative

in the same way as extinction spectra. For an extinction spectrum, given that the

number of, for example, nanoparticles per area unit on the sample surface is known,

it is possible to determine sextðlÞ from the ratio of I0(l) and I(l). For scattering
mode, on the other hand, there is little quantitative information in the measured

intensity. For one thing, normalizing to the reference intensity is usually difficult

since it cannot be easily measured. This is because under dark-field illumination, no

transmitted light is collected per definition. In addition, it is difficult to estimate

what fraction of the scattered light is collected (the parameter b discussed below).
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Still, the centroid can obviously be determined also from a scattering spectrum. For

particles, the resonance peak position in the scattering spectrum is almost equal to

that in the extinction spectrum, while for nanoholes the metal film influence on

transmission mode can make the resonance peaks appear at slightly different

wavelengths [39].

When optimizing S/N, it is interesting to compare spectroscopy in transmission

and scattering mode [10]. Figure 10.8 shows a principle schematic of plasmonic

nanoparticles on a surface in a microspectroscopy setup. White light illuminates the

sample with a plane wave intensity I0 (photons per area and time unit) and the light

from an area A is analyzed. Extinction of light is caused by nanoparticles (or holes)

that have a surface coverage of m/A entities per area unit. If the fraction of the

scattered intensity which is collected by the lens is denoted b, we can write the

number of photons collected per time unit (N) in transmission mode (index T) as:

NTðlÞ ¼ I0ðlÞ½A� msextðlÞ þ mbsscaðlÞ� (10.7)

For comparison, in scattering mode (index S) under dark-field illumination, the

number of collected photons is:

support

sample
solution

immersion 
medium

objective
lens

white
light

A

θ

σext = σabs + σsca

n0

I

Fig. 10.8 Schematic of a model for estimating the intensity of collected light when performing

microspectroscopy. Figure reproduced from ref. [10] with permission, # American Chemical

Society
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NsðlÞ ¼ I0ðlÞmbsscaðlÞ (10.8)

Following the previous discussion, it is important to maximize N to reduce noise.

Therefore, a problem with scattering spectroscopy is that it is normally difficult to

achieve high illumination intensity I0 combined with efficient collection of light (b)
in dark-field [10]. If we assume that the scattering is isotropic, b can be

approximated by geometry as [1 � cos2(y)]/2, where y is the collection angle of

the objective (Fig. 10.8). (This follows from the formula for the area of a sphere

segment.) Next, y can be determined from the numerical aperture n0 sin(y) of the
objective. Looking at commercially available microscope objectives, the highest

value of b that can be achieved is then around 35%. However, this will require

complex illumination configurations, such as evanescent excitation in TIR [65], to

avoid collecting transmitted light.

In reality, the exact collected fraction of the scattering intensity is much harder

to determine. First, the scattering is far from isotropic, which can be realized by

considering the emission pattern from an infinitely small dipole. The emitted field is

then proportional to sin(y) and inversely proportional to the distance from the

dipole. With this model, the maximum possible value of b is around 46% (deriva-

tion not shown). Especially in microscopy, it is difficult to avoid collecting

scattered light entirely, but by using long working distance objectives b can be

reduced down to a few percent. Finally, it should be noted that b will be affected by

refraction of light before the collecting lens, which normally occurs at the backside

of the solid support of the plasmonic nanostructure (typically glass to air).

The simplified model in Fig. 10.8 only holds when using an oil immersion and

matching the RI of the solid support (normally glass) of the nanoparticles.

Note that in scattering mode, the area A is not directly relevant for the measured

intensity, although implicitly it may affect the number of particles analyzed (m). In this
sense, scattering spectroscopy is “background free” under the assumption of perfect

dark-field illumination. Thismight appear as a desirable property for spectroscopy, but

it must be recalled that in plasmonic sensing the challenge is not to image

nanoparticles on a surface, but to investigate the properties of their nanoplasmons.

Reducing background light is only of interest for detecting the particles or holes

themselves, which may be relevant in, for example, bioimaging applications with

Au nanoparticles [66], but irrelevant for the biosensing applications discussed here.

Another important property to consider for spectroscopy is the relative scattering

contribution to the extinction ðssca=sextÞ, since signals associated with changes insabs
are not detectedwhen using scatteringmode. It is possible, however, to illuminate and

collect light from the same side of the sample surface when using scattering spectros-

copy [67], which can have great value in many applications.

Using the model illustrated in Fig. 10.8 and assuming a shot noise limited

system, signals and noise levels can be expressed and compared for scattering

and transmission mode (see Dahlin et al. for details [10]). The results show that

only the extinction of the sample is needed for a relative comparison of perfor-

mance between scattering and transmission mode, as illustrated in Fig. 10.9. When
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b is increased, the performance increases for scattering mode and decreases for

transmission mode due to the nature of the spectroscopy methods. The maximum

and minimum values of b that can be achieved in practice (here illustrated by

dashed lines) are thus of interest in principle, although they actually have little

effect on the outcome of the analysis.

The results in Fig. 10.9 show that as long as the sample has an extinction of more

than a critical value, transmission mode will give better performance. This value is

below 0.2 Abs, which is lower than the extinction values for most nanoplasmonic

structures when l is close to lpeak (see discussion by Dahlin et al. [10] and

references therein). The comparison is done under the assumptions that the illumi-

nation intensity is equal for transmission and scattering mode and that the

nanoparticles on the surface only scatter light without absorbing ðsext ¼ sscaÞ .
This situation cannot be realized which thus makes scattering mode even less

Fig. 10.9 Performance comparison of transmission mode and scattering mode under the assump-

tion of a shot noise limited system. The vertical lines show the interval of realizable values for the

collected fraction of the scattered light. Above a critical sample extinction value (slightly below

0.2 Abs, vertical line) the highest performance is always achieved in transmission mode.

Reproduced in part from ref. [10] with permission, # American Chemical Society
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preferable. The interval of possible values for b does not significantly influence the

critical extinction value resulting from the analysis. In summary, scattering spec-

troscopy in dark-field is, in most situations, not a very bright idea.

Imaging

Since light is dispersed in one dimension in grating-based spectrometers, one

spatial dimension remains available and it is possible to perform one-dimensional

spectral imaging on the sample by using a 2D pixel array detector [44]. An

alternative to spectroscopy and peak position determinations altogether is to simply

look at the extinction value at a single wavelength, preferably chosen to be on the

longer wavelength side of the resonance peak for maximum signal as the peak shifts

[26, 39]. A (possibly monochromatic) light source can then be used together with a

camera to measure intensity variations in 2D on the surface, thereby enabling array-

based parallel plasmonic sensing in a simple manner [68]. It is also possible to use

two wavelengths as was shown for nanoparticle dimer imaging [69]. However, we

emphasize again that it is important to distinguish imaging mode for sensing (as an

alternative to spectroscopy) from applications where the images themselves repre-

sent the data of interest, because different principles apply.

The imaging approach can provide high S/N by reducing shot noise since all

probing light can be of the wavelength at which extinction changes are maximal and

lasers can be used as light sources. For the case of SPR, imaging mode can be

performed in TIR configuration [70], enabling simultaneous readout of multiple

sensing spots, which can be down to around 100 mm in size [57]. The detector in the

camera should be chosen according to the same principles as for the detector in a

spectrometer (see above). The primary disadvantage of imaging is arguably that the

full spectrum is lost and important parameters, such as the resonance peak position,

cannot be measured. Still, when optimal S/N is all that matters, imaging at a single

wavelength may be preferable over spectroscopy even if there is no need for

simultaneous readout of multiple spots in an array.

This overview of spectroscopy techniques concludes the chapter and we wish to

end with a few very brief remarks. There is certainly potential for nanoplasmonic

sensors to be competitive in comparison to conventional SPR, although it appears

unlikely that they will ever become better than SPR or imaging SPR, at least not in

terms of surface coverage detection limits. For a few of the future challenges where

the sensitivity per molecule is important, nanoplasmonic sensors may contribute.

Nanoplasmonic sensors can, however, have the advantage that they are cheaper and

easier to workwith. Also, for the case of nanohole structures, the actual structure itself

may be utilized for flow-through configuration [18–20] and size exclusion [35].
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Chapter 11

Engineering Through Mode Shaping

and Lithographical Nanofabrication

of Ultrasensitive Nano-plasmonic Sensors

for Molecular Detection

Srdjan S. Aćimović, Mark P. Kreuzer, and Romain Quidant

Abstract The resonance change of plasmonic nanostructures to a small variation

of the shallow refractive index as induced by the binding of molecules to the metal

surface determines the sensitivity of plasmonic sensors. The magnitude of this

change is strongly determined by a number of factors including dielectric constant

of the metal at the working wavelength, refractive indices of analyte, and surround-

ings [J Phys Chem B 109:21556–21565, 2005], but also the spatial overlap between

the region of local refractive index change and the plasmon mode. In this chapter

we discuss how the plasmon modes of lithographically prepared plasmonic

nanostructures can be accurately engineered to design bio-chemical sensors with

improved sensitivities.

We first describe how metal nanostructures can be designed to control the

confinement of light modes down to the nanometer scale. Using 3D calculations

based on the finite element method, we then discuss the influence on the sensitivity

of the nanostructure geometry and location of the sensed molecule. Finally, we

present experimental results that demonstrate this enhanced sensitivity to the

detection of small molecules in arrays of gold dimers.
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Mode Engineering and Nanoscale Light Confinement

in Lithographically Fabricated Plasmonic Structures

Motivations for Using Lithographically Prepared Structures

One of the main advantages of resonant metallic nanoparticles (MNP) over metal

films relies on the possibility for an accurate engineering of their optical properties

by controlling their size, shape, composition, and environment [1–3]. The sensitiv-

ity of localized surface plasmon (LSP) sensors is determined by both the magnitude

of the frequency shift and the minimum resonance shift that can be detected [4, 5].

In this first section, we discuss how top-down lithography approaches can be used

to accurately engineer plasmon modes, both spatially and spectrally, in order to

enhance the sensitivity of LSP sensors.

Optimizing Biosensing with LSPR Sensors

The maximum resonance shift of a plasmonic sensor upon binding of molecules is

determined by various parameters related to the sensor itself, its surrounding

medium, and the target molecule. It has been established that such dependence

can be formalized into the following equation, adopted from exact theory for planar

surface plasmon resonance sensing, and accepted to some extent as a valid approx-

imation for LSPR.

Dl � mðnanalyte � nmediumÞð1� eð�2d=LdÞÞ (11.1)

where m is the bulk sensitivity in RIU change per nanometer, nanalyte and nmedium

are the refractive indexes of the adsorbing molecule and medium surrounding the

system, respectively, d is the thickness of the adsorbed layer, and Ld is the EM field

decay length. Equation (11.1) suggests that there are quite a number of parameters

that influence the change in the resonance. In the case in which the system is

adopted for a particular analyte (nanalyte and d are fixed), to increase resonance shift
one can tune m, nmedium, and Ld. The only tunable parameter independent of the

plasmonic sensor is nmedium, and its decrease benefit to the sensitivity. However,

the refractive index of the medium surrounding nanoparticle is a very rigid para-

meter, and as a rule, mostly governed by the analyte’s nature. For instance, when

employing free colloidal nanoparticles in solutions as sensors, nmedium usually falls

in the small range around 1.33 (refractive index of water), and it follows

requirements of the analyte’s solubility, pH, etc. In case of nanoparticles fixed on

a substrate, the medium in principle can be varied depending on sensing protocols.

In limiting case, the medium refractive index can be decreased to 1 as in the case of

measurements in air, but it is not favorable to molecular binding tracking or kinetic

268 S.S. Aćimović et al.



studies, thus imposing restrictions to only applications for molecular concentration

detection in equilibrium [6, 7] or for detection of gases [8]. Natural environment

of biomolecules (proteins, antibodies) are aqueous media (blood and other body

liquids). Drying or removing this media after binding increases the shift induced by

molecular binding [6], but for accurate concentration determination it compli-

cates detection procedures and protocols. Frequent drying also brings issues of

molecules stability when exposed to air, poor reproducibility of measurements

due to instability of nanoparticles when exposed to different media (section

“Solvent Annealing”), and uncertainty on whether the solvent is completely

removed [9].

The remaining two parameters, the bulk refractive index sensitivity, m, and

the EM field decay, Ld, are strongly correlated, accounting for the near-field

enhancement and modal distribution, respectively. In an SPR configuration

using a flat metal film, m is related to the maximum field value on the dielectric-

metal interface, while Ld depends on the normal component of the incident

wave vector.

While simple and intuitive, the 2D model of (11.1) fails in accounting for the

inhomogeneous spatial 3D distribution of the near field in LSPR sensing as well as

the nonuniform assembly of molecules due to steric hindrance. It supposes indeed a

uniform molecular coverage (thin layers) [10–12], and consequently does not apply

to single or few molecule-binding events [13].

One of the more rigorous approaches, based on perturbation theory, attempting

to address the important differences between LSP and SPP, yields complicated

expressions. Derived initially from dielectric nonlossy resonators, (11.2) gives

more insight into the contributions of spatial near-field distribution around 3D

particles and the location and size of the perturbation. C stands for the mode-

analyte overlap. More details about the derivation, approximations, and viability of

this equation can be found in Unger et al. [4].

Dl � l
ðnanalyte � nmediumÞ

R
Vanalyte

emediumj~E2jdV
nmedium

R
Vnearfield

emetalj~E2jdV ¼ l
Dn

nmedium

C (11.2)

Although emphasizing the role of spatial mode-analye overlap, (11.2) still

remains inappropriate to some LSPR sensing configurations. For instance, it gives

that if one matches the resonance of a single metallic nanocylinder with the

resonance of nanocylinder dimer formed by slightly smaller disks, both systems

feature the same bulk refractive sensitivity. This is not correct and it is the

consequence of the initial approximation that the perturbation is very small. Indeed,

Unger et al. show that this expression is more valid for small perturbation (smaller

molecules with refractive index close to the medium), while it fails for infinite

perturbation case (bulk refractive index sensing). Thus, by convenience, most of the

LSPR modeling utilizes (11.1), although the parameter Ld can be misleading for

nonuniform modal distribution, as we will see later.
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Spatial Plasmon Mode Engineering

Over the last decade, the intensive research in plasmon optics has shown the huge

potential of metallic nanostructures to concentrate light into nanoscale volumes in

which the field amplitude can be enhanced by several orders of magnitude over

the incident field. From the early stage of research in surface-enhanced Raman

scattering (SERS), the so-called hot spots were found partially responsible for the

enhancement of the Raman cross-section [14, 15]. Hot spots generally arise from a

surface charge accumulation that preferentially occurs at sharp metallic tips

[16, 17] and across dielectric gaps between adjacent metallic structures [18, 19].

The resulting strong charge gradients oscillating with the driving electromagnetic

field lead to a large field magnitude within highly localized regions.

While intense hot spots appear in random ensembles of metallic nanoclusters,

either prepared by annealing of thin metallic films or agglomeration of colloidal

metal particles, their location and density can rarely be controlled. In that sense, a

very attractive aspect of lithographically prepared plasmonic nanostructures is in

the possibility of accurately controlling the location and density of hot spots within
a well-defined region of the surface. Moreover, top-down approaches also enable

to control the shape of each individual particle that directly affects the plasmonic

mode distribution [20]. All these advantages need to be balanced though by the

limitations of state-of-the-art lithography techniques in the definition of sharp edges

or dielectric gaps between adjacent particles that limit the magnitude and volume

of hot spots.

Spectral Plasmon Mode Engineering

While the mode confinement has a direct influence on the magnitude of the

resonance shift, the accuracy in resolving a tiny frequency shift of the LSP

resonance is influenced by the signal strength and full width at half-maximum

(FWHM) of the resonant peak. Although the absorption of metals in the optical

range is responsible for rather broad resonances, great emphasis has recently been

placed on identifying systems that can give a tunable plasmonic peak with a narrow

linewidth. For the majority of colloids, linewidth has been a problem due to

polydispersity of the synthetic approach rendering a wide distribution of sizes and

thus a broadening of the plasmonic peak. It is worth commenting, however, that

as more effort is being invested in fully understanding the chemical pathways in

making said colloidal nanoparticles, improvements are already seen towards

monodispersed systems [21] as well as in controlled arranged positioning of

colloidal nanoparticles [22]. Coupled with the current optical capability of

performing single-particle spectroscopy [23], it is now possible to perform binding

study experiments on a dispersion of colloids and selecting the particle with the

optimum spectral peak width [24, 25]. In fact these single experiments can

now be multiplexed in what is known as HT-LSPR (High Throughput) and
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more quantitative information can be harnessed which otherwise was very

time-consuming [26, 27].

Nevertheless, the nanoparticle toolbox for colloidal chemists, though vast, is

somewhat more difficult to exploit as each synthesis relies on some fine-tuning

and experience to prepare mono-dispersions of one size, material, or shape. As an

alternative, lithographic methods offer here a great potential to accurately control

the shape and size parameters with nanometric precision and manage areas

of thousands of identical particles. Nevertheless, this gain in the control on the

resonance linewidth has to be balanced by the intrinsically larger absorption losses

associated to the amorphous metal, usually used in lithography that leads to broader

plasmon resonances as compared to colloidal particles. On the other hand, several

works have lately pointed out configurations of electromagnetically coupled metal

nanoparticles that enable the achievement of sharp spectral features [28–30].

Fabrication of LSPR Sensors by Top-Down Approaches

Fabrication of plasmonic nanostructures with nanometric control over size, shape,

and spatial arrangement can be performed by what is considered as the most flexible

technique at the research laboratory level, electron beam lithography (EBL). EBL is

based on precise scanning and exposure of electro-sensitive polymer resist by a

focused electron beam. In order to achieve the final nanostructures, different

procedures of pattern transfer need to be followed depending on type of resist

employed (Fig. 11.1a). Within the framework of plasmon optics, most EBL

Fig. 11.1 (Left) Fabrication steps using positive resist approach. (a) Exposure of spin-coated

resist on ITO covered glass substrate by e-beam. (b) Developing process. (c) Metal evaporation.

(d) Lift-off process. (Right) Fabrication steps using negative resist approach and RIE. (a) Resist

exposure on previously evaporated metallic film. (b) Developing process. (c) Selective gold

etching by Ar plasma. (d) Selective mask stripping by O2 plasma
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applications employ procedures based on positive resists (typically PMMA). Thus,

the designed pattern, once the exposed resist is developed (Fig. 11.1 left a, b), is

transferred to the substrate by material evaporation into the developed polymer

template (Fig. 11.1 left c) and followed by a lift-off step (removal of remaining

polymer and excess of metal material; Fig. 11.1 left d). In the standard procedure, a

transparent conductive layer indium tin oxide (ITO) is deposited on top of a glass

substrate prior to polymer resist spin coating. This layer allows for charge evacua-

tion and minimizes back-scattered electrons in order to attain maximum resolution.

Additionally, thin conductive layers (1 nm) of titanium (Ti) or chromium (Cr) are

deposited below the metal of interest to assure good particle adhesion to glass.

However, these layers (Cr or Ti, as well as ITO) represent additional pathways of

plasmon decay, thus dampen and broaden resonance, with consequent red shift due

to increased refractive index in comparison to glass substrate. An alternative

to the ITO layer is deposition of thin metal film (10 nm) on top of the resist for

charge evacuation during exposure and subsequent selective removal [31]. This

approach gives good results if a high voltage system is utilized (100 kV). Additional

improvements can be introduced by two layer resist combination [32]. The most

commonly available EBL systems (30 kV) by default use the ITO method. While

small features can be achieved with positive resist at the single structure level,

the somewhat uncontrolled nature of the lift-off process restricts the level of repro-

ducibility, particularly when attempting patterns where gaps between adjacent

structures are smaller than 15 nm. In order to circumvent these problems, we have

developed an alternative approach based on high-resolution negative resist and reac-

tive ion etching (RIE) using a standard 30 kV EBL system. In this process, negative

resist is spin-coated onto a continuous metallic film, which serves as a building

block for the nanostructures as well as charge evacuation layer during exposure.

After the resist exposure and development (Fig. 11.1 right a, b), the pattern is

transferred by selective argon (Ar) plasma etching of metal (Fig. 11.1 right c),

followed by mild O2 plasma mask stripping that removes only the remaining resist

(Fig. 11.1 right d). In the absence of any conductive layers beneath, plasmonic

structures exhibit resonances that are more intense, narrower, and blue shifted.

Closer inspection by SEM also reveals smaller level of defects and higher repro-

ducibility in the minimum attainable gap size in large nanoparticle dimer arrays

(see Fig. 11.2) as compared to standard lift-off procedure-fabricated dimer

arrays done with the same EBL system.

It is also worth noting that other methods like focused ion beam (FIB) milling

[33] and electron beam-induced deposition (EBID) [34] are attractive when dealing

with nonflat substrates, for instance for fabrication of plasmonic nanostructures at

the extremity of a scanning near-field optical probe [35]. However, they usually

suffer from heavy ion contamination or low metal purity that tends to affect the

quality factor of the plasmon resonance. While scanning beam methods are well

suited for patterning with their optimum resolution small surface areas, typically

of 100 � 100 mm2, they become inappropriate when much larger areas need to

be patterned and/or when high sample fabrication throughput are needed. Alterna-

tively, there are various other top-down approaches, like colloidal sphere

nanolithography techniques [36] which offer fast, simple, and good quality
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patterning of large areas, but rather limited particle geometry and arrangements, and

thus are not suitable for strongly coupled nanoparticle configuration. In that sense,

nano-imprint lithography, that uses EBL-fabricated molds, provides a faster and

relatively cheaper alternative that offers a comparable spatial resolution [37, 38].

Mode Engineering in Plasmonic Dimers

An attractive elementary geometry that concentrates light into nanoscale volumes

at a predefined location of the surface of a substrate is the so-called “plasmonic

dimers” geometry, also known as “optical gap antenna” in which two identical

metal particles are brought very close from each other to form a nanometric

dielectric gap (Fig. 11.3a). Driving the dimers with an incident field linearly

polarized along the particles alignment leads to an intense and strongly localized

optical field within the gap region as illustrated in Fig. 11.3b. Since the magnitude

of the charge gradient across the gap is directly associated to the dimension of

the latter, one can accurately control the hot spot volume by adjusting the relative

position between both particles. The amplitude of the local field within the gap,

like the resonance wavelength, increases exponentially with the inverse of the

interparticle distance leading to an enhancement of the incident field that can

theoretically reach several orders of magnitude for nanometer-sized gaps [39].

Independently of the gap size, the geometry of the particles forming the antenna

has substantial influence on the optical properties of the antenna, both on its spectros-

copy and the distribution of the local field. As an illustration, using triangular

particles or rods instead of cylinders tends to broaden the resonance bandwidth

and increase the ratio between the field within the gap and at the outer edges [40].

Subsequent to the fabrication process, the optimization of plasmonic dimers

also requires their optical characterization. While the spectroscopic features of the

Fig. 11.2 SEM images comparing dimer structures obtained by (a) positive resist (PMMA) and

lift-off (b) negative resist and RIE fabrication procedures
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fabricated structures can be measured by standard extinction or scattering

spectroscopy, local field mapping requires specific optical methods able to probe

the evanescent plasmonic fields bound to the metal. Although scanning near-field

optical microscopy (SNOM) is usually well suited to detect evanescent fields, the

actual influence of the optical probe along with its polarization sensitivity raise

some issues in the specific case of gap antenna [41, 42]. Consequently, one is rather

interested in tip-less techniques despite their limited resolution. Among the possible

approaches, two-photon-induced luminescence (TPL) in gold provides direct

insight in the optical near-field bound to a gold nanostructure [43]. In particular,

we recently showed that mapping the TPL emission over gold antennas provides

direct insights on their actual mode distribution [44]. Figure 11.4 displays the TPL

distribution of a gap antenna formed by two adjacent 500 nm gold bars separated

by a 40 nm gap along with the associated distribution of the fourth power of the

electric field. Beyond capturing a snap shot of the antenna mode for a fixed incident

wavelength, TPL microscopy can be extended to spectroscopic mode mapping,

by monitoring the evolution of the TPL maps as a function of the wavelength of the

incident pulsed laser. Such data provides an efficient way to perform near-field

spectroscopy of the local field at specific regions of the antenna [45, 46]. Since

plasmonic sensing, like SERS, involves the interaction of molecules with the local

fields, such information is particularly valuable especially when considering

structures large enough to experience some retardation effect for which far-field

and near-field spectra can significantly differ.

How to Design a Good Nanosensor?

In this section, we derive the general rules to design an efficient LSP sensor for the

detection of small molecules. To this end, firstly it is important to remind ourselves

what dictates the sensitivity of an optical sensor. The change in the optical response

Fig. 11.3 (a) Dimer (or gap optical antenna) geometry formed by two gold cylinder (50 nm

diameter and 20 nm height) (b) FEM calculations of the normalized electric field intensity

distribution at resonance (659 nm). (Inset) single gold disk at resonance
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of the sensor is in part determined by the magnitude of the perturbation to the

optical mode induced by the binding of the target molecules. In the particular

case of a sensor based on plasmon nanoparticles, one aims at maximizing the

induced shift in the LSP resonance central wavelength. Here, we illustrate with

finite elements method (FEM) numerical simulations how this can be achieved by

properly engineering the plasmon mode of the sensor and adapt it to detect a given

target molecule.

Influence of the Sensor Geometry

We illustrate a configuration in which a single molecule, such as a protein, binds to

the sensor. Such protein can be reasonably mimicked in our model by an 8 nm

dielectric sphere of refraction index 1.5. Let us first consider an isolated cylindrical

gold nanoparticle lying upon a glass substrate. Figure 11.5b shows the unperturbed

electric near-field distribution in the half-height plane of the particle in resonance

Fig. 11.4 Experimental TPL map (a) recorded over a gold gap antenna formed by two gold bars

(b) (scale bar ¼ 250 nm). (c) Comparison with the corresponding calculated distribution of the |E|4

convoluted with a 200 nm Gaussian profile

11 Engineering Through Mode Shaping and Lithographical Nanofabrication. . . 275



for an incident plane wave polarized along the X-axis. Upon this illumination

condition, the plasmon mode features two lobes located at opposite edges of

the particle and aligned along the incident electric field direction. For a single

molecule binding to the metal, there is a strong mismatch between the volume of

the target molecule and the plasmon mode volume leading to a very small

resonance shift (Fig. 11.5). Note that this shift would be even smaller if the

molecule would be bound in the “dark regions” located along the Y-axis or Z-axis
(Fig. 11.5a).

In order to increase the perturbation, one needs to squeeze the mode volume to

dimensions that are commensurable with the size of the target molecule, as can be

done using plasmonic dimers. Locating the target molecule in the gap of a gold

dimer formed by two identical gold cylinders leads to a resonances shift about ten

times larger than that with a single particle (Fig. 11.6).

Influence of the Target Position

In a configuration involving a large number of molecules binding all over the

dimer, the different molecules do not all have the same contribution to the reso-

nance shift depending on where they are located. Figure 11.6 illustrates the

influence of the location of a single molecule on the magnitude of the shift. It is

shown that a molecule sitting in the gap leads to a shift at least one order of

magnitude larger than for any other location of the structure. Such ratio becomes

even larger for gap antennas formed by two adjacent elongated gold rods instead

of cylinders. This underlines the importance of specifically binding the target

molecules within the gap regions where the antenna effect could be fully exploited,

especially when the analyte molecules are not abundant enough to cover the whole

structure.

Recently, it has been shown that for sensors based on nanoholes in metallic

films, a faster kinetics and therefore shorter read-out time is achieved when the

analyte selectively binds on the hole walls where the plasmonic mode is

Fig. 11.5 Near-field intensity distribution computed for an isolated cylindrical gold particle

(50 nm diameters and 20 nm height) illuminated by a linearly polarized plane wave at 626 nm

and resonance shift induced by the presence of a single 8 nm dielectric sphere (n ¼ 1.5). (a) Side

cross-section view, (b) top cross-section through the middle of nanoparticle
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mostly confined. This was managed by coating the bottom of holes and the top

surface of the gold film by a thin layer of TiO2, enabling selective functionalization

of the gold wall of the hole [47]. The improvement lays in the decrease of averaged

depletion zone near the sensor interface, since molecules cannot be consumed by

nonactive regions of metallic film. Besides, the detected signal originates from the

smaller number of analytes. In the case of dimer structures, a similar approach

where the top surface is covered can be considered. In practice though, analyte

delivery of a few molecules represents a major challenge, since molecule transport

is then governed by diffusion. This makes the detection time of a few molecules,

diffusing into the sensing volume, excessive. Possible improvements can be

foreseen by further miniaturization from microfluidics to nanofluidics or using the

very promising flow-through sensing configuration [48–50].

A substantial enhanced resonance shift of dimers over isolated particle is still

expected when considering a large ensemble of molecules binding uniformly all

over the nanoparticles. In that case the bound molecules can be modeled by a thin

dielectric layer covering the substrate. Simulations based on the Fourier Modal

Method showed an enhancement in the resonance shift of about five as compared to

isolated particles [52].

Fig. 11.6 Near-field intensity distribution computed for a gold dimer illuminated by a linearly

polarized plane wave at 659 nm and resonance shift induced by the presence of a single 8 nm

dielectric sphere (n ¼ 1.5). (a) Side cross-section view, (b) top cross-section through the middle of

nanoparticle
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Experimental Implementation of Enhanced Small Molecule

Detection in Plasmonic Antennae (and Other Recent Works

on Litho Structures)

When Enoch et al. proposed in 2004 to use plasmonic dimers for enhanced

sensitivity sensing [51], EBL structures of dimer dots [52] and bowties [53] were

prepared and started to be intensively characterized optically. At this time, how-

ever, the fabrication capability was somewhat limited and with the exception of the

work of Atay, gap sizes shorter than 20 nm were difficult to prepare with high

reproducibility. In the interim years, based on the initial plasmonic ruler work of

S€onnichsen et al. [54], this concept was fully developed both theoretically and

experimentally by Jain & El Sayed, which eventually derived the universal scaling

behavior or the plasmon ruler equation principle [31, 55]. The group of El Sayed

was able to prepare highly ordered, reproducible small gap dimers by EBL, but

without studying their enhanced sensing capability. One work of note, however, for

bulk refractive index measurements used particle pairs and reported an enhanced

sensitivity value of ca. 300 nm/RIU [9] when compared to other single structured

LSP sensors with sensitivities of between 150 and 200 nm/RIU [6, 7, 56].

We have recently made some advances toward engineering nano-plasmonic

structures for enhanced sensitivity sensing, where we have used a standard EBL

setup of 30 kV in conjunction with negative e-beam resist and RIE to produce well-

defined and highly reproducible structures [13]. For sensing purposes, we utilize

arrays of particle pairs with varying gaps in order to investigate the influence of the

analyte/mode overlap. For conducting such experiments, it is important to precisely

determine the actual gap size within each array. A standard way of accomplishing

this is to apply statistical analysis to a collection of high-resolution SEM images of

dimer pairs in each particular array. However, this is time-consuming and cost-

ineffective, and therefore, we use a versatile and faster calibration alternative that

relies on far-field spectra measurements.

Interparticle Distance Calibration

In order to fully characterize our nano-plasmonic sensors, we focus on the evolution

of their spectral response as a function of the gap size. In recent times, the response

of particles in near-touching and touching regimes has been investigated both

theoretically and experimentally, with focus on small gaps and towards the single

point touching limit [19, 52]. In support of these works, our FEM simulations in

Fig. 11.7 show that the scattering spectrum of dimers is dominated by different

modes depending on whether the particles are fused or separated.

Figure 11.7a gives an illustrative overview of the evolution of the plasmon peak

position in the Vis-NIR spectrum. The arrow height and thickness relates to the

relative intensity and broadness of the peaks, respectively. For fused particles
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(negative gap values), the dimer behaves like a nanorod whose dipolar resonance

continuously red shifts toward the near-IR as overlap decreases, and therefore, the

size of this equivalent nanorod increases (Fig. 11.7b, dotted arrow). At some point,

the dipolar peak shifts to the IR region, out of the range of our spectrometer. Further

separation between the nanoparticle pairs provides even longer nanorod-shaped

structures and leads to the appearance of a multipolar peak around 600 nm

(Fig. 11.7b, dashed arrow), which also continually red shifts with the overlap

decrease. Once the conductive bridge between the two particles breaks, the multi-

polar peak evolves into the coupled dipolar mode. Thereafter, the resonance

exponentially blue shifts as the gap increases (Fig. 11.7b, solid arrow) and finally

stabilizes around 630 nm, when the particles become nearly uncoupled [62].

Monitoring the transition between the multipolar peak of the fused particles and

the dipolar of the separated dimers provides thus an efficient way to accurately

identify the touching condition (gap ¼ 0 nm).

In practice, we fabricated a complete series of dimer matrices ranging from well-

separated to fused particles with increments of 2–4 nm and measured their extinc-

tion spectrum. The experimental data (Fig. 11.8) are found to be in good qualitative

agreement with the simulations of the Fig. 11.7. From them, we identify the matrix

associated to touching dimers. At this stage, one can retrieve the actual particles

diameter from the EBL pattern design, (D4 in Fig. 11.7a) as well as the gap/overlap

of each exposed arrays. Matrices from touching dimers to dimers with gaps shorter

than 30 nm form the basis of our enhanced sensitivity nano-plasmonic sensors.

Enhanced Biosensing in Arrays of Gold Dimers

Once determined the optical properties of the fabricated arrays, molecular binding

experiments were conducted to test and prove the enhanced sensitivity of small

molecule detection with gold dimers.

Fig. 11.7 Theoretical evolution with the gap size of the scattering spectrum of a gold dimer

formed by gold cylinders (50 � 10 nm). (a) Schematic illustration: black arrows represent dipolar
modes while red arrows represent multipolar modes. (b) FEM computed scattering spectra

evolution from fused to separated particles
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Solvent Annealing

Recently, it has been reported that metallic particles produced by nanospheres

lithography (NSL) are prone to structural changes induced by surface tension

alterations after changing the liquid environment surrounding the nanoparticle

[6]. Although rarely reported, these transformations might play an important role

in the operation of LSP sensing platforms. Changes of surface tension when

transferring NSL structures from air or nitrogen to solvents provoke a substantial

resonance shift that can reach up to 100 nm as a consequence of nanoparticle edge

smoothing, in-plane size shrinkage, and out-of-plane height increase. Even though

total solvent annealing decreases with time, particles have to be stabilized prior to

any molecular binding in order to correctly ascertain the true plasmon shift

associated with such binding events. Interplay of surface tension on glass/metal

and metal/environment particle interfaces determine the extent of shape modifica-

tion. Since these modifications to dimer configuration are difficult to observe by

AFM or SEM, we monitor the annealing by resonance shift measurements to

evaluate the approximate particle shape changes.

For EBL-fabricated dimers, after immersion of the particle arrays into an

ethanolic solution, the resonances subsequently shift to the blue (lower

wavelengths) by an amount nearly exponentially dependent on the initial gap

size. Blue shift of gold, single (uncoupled) particle arrays can reach typically up

to 10 nm. This implies that particle diameter is on average shrinking with larger
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change noted farther from the glass interface, while out-of-plane height is slightly

increasing. Yet another indication of diameter shrinkage is the gap dependence

where a blue shift for closest dimers can reach down to 30 nm. Figure 11.9 shows

the result of solvent annealing after a 7 day time. When compared to organic

solvents, water annealing is significantly less pronounced. Thus in order to preserve

gaps, it is in practice more suitable to work with water-based solvents.

Monolayer (MUA) and Protein (BSA) Detection

Gold nanoparticle functionalization is performed by self-assembly of mercapto

undecanoic acid (MUA) molecules. Despite the small size of MUA (<1.5 nm),

the monolayer formation is easily monitored by resonance shifts [7]. Typical

response of our system after binding of MUA is shown in Fig. 11.10. One can

clearly observe that squeezing the mode volume increases the induced resonant

shifts exponentially.

Subsequent to the formation of the MUA layer and its activation, the dimer

sensors are exposed to a buffered solution of BSA molecules. After drying the

sample, the resonance shift resulting from the binding of BSA to MUA-coated

arrays is shown in Fig. 11.11. Contrary to the curve in Fig. 11.10, BSA binding

curves are far richer in features. Pertaining to previous observations, starting from

isolated MNs, the red shift magnitude follows an exponential rise with decreasing

separation. The maximum resonance shift is obtained when the gap reaches the size

Fig. 11.9 Solvent annealing curve for fully annealed sample in ethanol for 7 days
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of ca. 30 nm. Thereafter, as the gap further decreases, a sudden drop is observed,

followed by an additional increasing trend. Again, when the gap size reaches

ca. 15 nm, another discrete drop occurs. We attribute these discrete drops to the

relation between the geometry of the dimer gap and the protein size. The shape of a

BSA molecule is rod-like (4 � 4 � 14 nm3) [57]. When the gap is big enough

(�30 nm), two such molecules can fit across the shortest distance between the

dimer structure. By reaching this limiting gap size of 30 nm, large resonance shifts

are expected due to the optimum overlap of mode volume and BSA molecules.

When the gap decreases further below the first critical value, only one molecule can

now fit along the dimer axis, bound either to one or the other particle forming the

dimer. As the gap further diminishes, overlap of hot spot and molecule increases

again, up to a point when the molecule can no longer fit inside (gap of ca. 15 nm).

Fig. 11.10 (Left) Equilibrium resonance shift induced by MUA for dimers as a function of gap

size, and (Right) depiction of self-assembling monolayer formation

Fig. 11.11 (Left) Equilibrium resonance shift induced by BSA and (Right) depiction representing
both binding regimes
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This interpretation may look simplified considering BSA is not a spherical

molecule and that binding orientation inside the gap could vary. However, it is

known that binding of BSA to glass substrates at the protein’s isoelectric point favors

a long axis linking and therefore suggests that BSAwill protrude perpendicularly out

from the surface [58, 59]. Although this system is not glass, the protein could behave

in an analogous fashion under similar binding conditions and thus on average extend

from the surface. Additionally, this effect is reproducible, and strikingly, it has been

found repeatedly within 4 nm around this critical 30 nm gap distance. The second

drop, although less pronounced, occurs at 15 � 2 nm, corroborating the hypothesis

of specific BSA binding orientation. After the second drop, we observed smaller

BSA-induced shifts than for the isolated MN case (Fig. 11.11), as a consequence of

reduced mode extension away from the gap and the inability of the BSA molecules

to now penetrate into this area due to size exclusion.

Concluding Remarks and Outlook

As a way to summarize the main results of this study, we show in Fig. 11.12 the

comparative normalized resonance shift with gap decrease (normalized to reso-

nance shift of quasi-isolated particles) for a number of sensing conditions.

The bulk refractive index sensitivity m (see (11.1)) is mostly related to both the

mode distribution and the electromagnetic field enhancement. Near-field coupling

in dimers induces a mode redistribution that leads to a hot spot in the gap whose
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confinement and field enhancement increase with dimer gap shrinkage. This

enhancement provides higher m, as illustrated by the black curve in Fig. 11.12,

typically twice as large as compared to isolated particles [63].

Contrary to bulk refractive index sensing where the mode-perturbation overlap is

always maximized to 1, when dealing with very small molecules, the mode

redistribution due to different coupling strengths, i.e., different gaps, affects the

mode-analyte overlap. Figure 11.12 (red data points) shows the evolution of the

normalized resonance shift with the gap size upon formation of a self-assembling

monolayer of approximately 1 nm thickness. A maximum increase of 7 is achieved

for smallest gaps of few nm.

However, a majority of significant biomolecules (proteins, antibodies, DNAs)

are considerably bigger, typically 5–15 nm. These sizes of dimer gaps are readily

achievable with state-of-the-art lithography processes, and the binding of such

molecules cannot be described with (11.1). In particular, as shown in Fig. 11.11,

steric hindrance and molecular binding orientation influence the magnitude of

resonance shift. For sensing protocols in which the total molecular layer thickness

(SAM + recognition molecule + target molecule) is smaller than one half of the

smallest considered gap, the resonance shift curve exhibits continuous exponential

growth with decreasing gaps (red data). On the other hand, for molecules like BSA,

the maximum shift occurs when the overlap is maximized, i.e., when the molecular

layer thickness (MUA + BSA molecule) is equal to half of the gap. For smaller

gaps, the overlap abruptly falls, and then reaches local maximum for gap equal to

one molecular layer thickness. Further decrease of the gap size increases the

mismatch between the hot spot and the protein, inducing very small shifts.

Figure 11.12 points out parameters that are not crucial for the majority of LSPR

schemes based on “quasi-isolated” particles [6–8], but become crucial in the optimi-

zation of more sensitive close coupling base LSPR platforms. For every detection

protocol involving a particular molecule of interest, it is thus necessary to optimize

the distance between particle pairs to obtain the highest sensitivity. It is shown in

Fig. 11.12 (blue data set) that the shift enhancement can reach 5 for optimized gap.

We though foresee that other sensor geometry may enable higher enhancements.

Assessing the absolute sensitivity of our dimer sensor requires implementing

few additional technical steps. One of them being its integration into a microfluidic

platform [60]. The controlled delivery of different samples to the sensing area along

with a high-speed and high-resolution read-out should provide more competitive

LSP sensing platforms, and most likely turn LSPR sensors into an important player

on the chemical and biomedical sensor market [61].
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Chapter 12

Nanoplasmonic Structures in Optical Fibers

Gustavo F.S. Andrade and Alexandre G. Brolo

Abstract The intense research efforts on the development, fabrication, characteri-

zation, and application of metallic nanostructures and films that support surface

plasmon resonance (SPR) constitute a field called nanoplasmonics. Although SPR

biosensing is well established, the development of new nanoplasmonic approaches

for biosensing is still a very active research area, as it can be attested by the range of

topics covered in this book. The SPR approach is widely used in biochemistry and

biomedical research, because it offers a “label-free” alternative for the detection

and quantification of biomolecular interactions. The objective of this chapter is to

focus on the approaches for the integration of the nanoplasmonic sensing elements

to the optical fiber technology. Initially, selected examples of applications of optical

fiber in analytical sciences are presented. Next, techniques used to fabricate optical

fiber-based devices developed for SPR and SERS sensing are discussed. Examples

of applications of optical fiber based plasmonic devices are provided. The field of

optical fiber applications in nano- plasmonics has been in effervescence in the

recent years, and the wide-coverage review of the field in this chapter is intended to

give a more comprehensive understanding of the current state-of-the-art to the

interested reader.

Introduction and Scope

The intense research efforts on the development, fabrication, characterization, and

application of metallic nanostructures and films that support surface plasmon

resonance (SPR) constitute a field called nanoplasmonics. This book focuses on
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the application of nanoplasmonic platforms as sensors. In fact, SPR has been

already proved to be an extremely powerful bioanalytical technique [1]. Although

SPR biosensing is well established, the development of new nanoplasmonic

approaches for biosensing is still a very active research area [2, 3], as it can be

attested by the range of topics covered in this book. In the last decades, the use of

SPR spread over a large range of applications in bioanalysis, culminating on

commercial SPR systems based on the so-called Kretschmann configuration [4],

which explore the properties of extended-surface plasmon modes generated on thin

(about 50 nm) gold films. The surface plasmons excited in this way are

characterized by their propagation distance along the metallic surface (about

10 mm SP waves excited on a silver thin film using visible, ~500 nm, radiation)

and their penetration depth into the analyte layer (about half of the excitation

wavelength) and into the metal (about a tenth of the penetration depth into the

analyte). The SPR approach is widely used in biochemistry and biomedical

research, because it offers a “label-free” alternative for the detection and quantifi-

cation of biomolecular interactions. The method is also useful for the determination

of kinetic parameters and binding constants [5]. The advent of imaging SPR [6]

allows the detection of multiple binding events simultaneously, making this meth-

odology very attractive for disease diagnostic, drug development, and screening.

The conditions for SPR can also be satisfied for light interacting with metallic

nanoparticles with diameters smaller than the exciting wavelength [7]. For SPR in

the visible-NIR region of the spectra, the required dimension for these nano-

plasmonic materials are in the range of tens of nanometers [3]. The resulting

excitation is usually called “localized surface-plasmons” (LSPs) and the surface-

plasmon properties of the nanostructures are strongly dependent on the nanoparticle

size and shape [8]. A very important consequence of localized surface plasmon

resonance (LSPR) excitation is field localization. The focusing of light in sub-

wavelength regions due to LSPR is widely accepted as the main contribution to

surface-enhanced spectroscopic methods, such as surface-enhanced Raman scatter-

ing (SERS). SERS is particularly powerful for sensing applications, since it

provides vibrational information unique to the adsorbed species.

Principles and application of nanoplasmonic sensor elements based on LSPs

have been covered in previous chapters. The objective of this chapter is to focus on

the approaches for the integration of the nanoplasmonic sensing elements to the

optical fiber technology. Initially, selected examples of applications of optical fiber

in analytical sciences will be presented, and the actual delimitations of the present

text around this broad issue will be discussed. Next, techniques used to fabricate

optical fiber-based devices developed for SPR and SERS sensing will be presented.

The fabrication techniques were arbitrarily divided into “lithographic” and “non-

lithographic methods.” Examples of applications of optical fiber based plasmonic

devices will also be provided. The field of optical fiber applications in nano-

plasmonics has been in effervescence in the recent years, and the wide-coverage

review of the field in this chapter is intended to give a more comprehensive

understanding of the current state-of-the-art for the interested reader. It is not our

objective to provide an in-depth description of every nanoplasmonic integrated
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optical fiber approach, and the reader is encouraged to follow the references to find

more details regarding a specific system.

Optical Fibers in Analytical Chemistry

The importance of optical fibers in a variety of transducers used in analytical chemis-

try is outstanding, because it allows the detection of analytes in environments that are

prohibitive for traditional spectroscopic probes [9]. This versatility stimulates a very

significant amount of work on the application of optical fibers in sensing, as it has been

well presented in the series of reviews by Wolfbeis [10–13]. In addition, there are

several review papers devoted to specific aspects of optical fiber sensing, such as

in vivo detection [14], fluorescence probes [15], laser induced breakdown spectros-

copy (LIBS) [16], and near-infrared spectroscopy [17], just to name a few.

The actual role of the optical fiber on the measurement may vary widely from

technique to technique. One of the possibilities is the use of the optical fiber as the

optical delivery (or collection) system, without any other involvement in the actual

measurement. This is obviously the most fundamental usage for optical fibers, but

the discussion of such a broad subject is outside the objectives of the present text.

In this chapter, the focus is on nanoplasmonic elements integrated inside or on the

tips of optical fibers. The application of optical fiber in this manner may range from

the use of single modified fibers as optrodes for the delivering and collection of the

excitation, to more complexes systems of multiple fibers, each modified with

different nanoplasmonic structures.

Approaches for the Use of Optical Fibers for Remote SPR
and SERS Measurements

The integration of SPR sensing in optical fibers can be achieved mainly in two

ways: (1) the modification of the exposed core by cladding etching; (2) the modifi-

cation of one of the fiber ends with the plasmonic probe.

The first approach consists of an initial cladding etching step to expose the fiber

core at an intermediate point between the excitation and collection ends of the fiber.

The initial report on this kind of procedure dates back to 1988 [18, 19]. The

cladding is usually etched to a small thickness, so that the exposed region is only

a few micrometers away from the core. A thin Au layer, usually around 50 nm, is

then deposited on the exposed surface [20], as depicted in Fig. 12.1.

The SPR sensing is obtained by the coupling of light to one end of the fiber and

detection from the other end; the SPR excitation occurs due to the evanescent field

from the core coupled to the surface-plasmonof the thinAufilmexposed to the sample.

The modified portion of the fiber is immersed in the probe solution and changes in the

position of the transmission minimum are monitored during the sensing event.
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In this sort of procedure, the necessity of polishing or dissolution of the fiber

cladding decreases the fiber mechanical resilience. Even with this drawback, this

design has been extensively applied throughout the last 20 years for the construction of

surface-plasmon sensors integrated with optical fibers [21–24]. The details of this

device will not be discussed in any more extension in this chapter, because there are

already several very interesting recent reviews on this class of SPR devices [2, 20].

The second approach for the modification of optical fiber for nanoplasmonic

sensing also relies on the evanescent field of the exciting radiation for the detection,

but it used the surface modification of one fiber tip by a metallic layer. The

modification may be carried out on only one fiber end, and the back-reflected

light is detected. This class of devices is called optrodes. The resulting modified

fiber may be used as both SPR and SERS nanosensors. In addition to single,

individual, “optrodes,” bunches of modified optical fibers has also been realized

[25]. The use of microstructured optical fiber (MOF) as carriers for SPR and SERS

devices has been recently proposed theoretically [26–28], and some of them have

been recently demonstrated experimentally [29–32]. Most of the remaining of this

chapter will be focused on the construction strategies of LSP-based devices that use

subwavelength metallic nanostructures on optical fiber surface for sensing by SPR

and SERS. The optrode approach for the building of nanoplasmonic sensor also

lead to the design of SPR and SERS imaging systems with remote capabilities [33],

as will be discussed later in the text. Other approaches, such as the use of Bragg

structures to excite SPR through cladding modes will also be presented.

Nanoplasmonic Optical Fibers Fabrication Techniques

An overview of the main fabrication methodologies that are covered in this review

is presented in Fig. 12.2. Nanoplasmonic optrodes for SPR and SERS are obtained

by the modification of the optical fiber tip with a metallic layer. This modification

cladding

core

gold film

sensing 
region

I

λ

n increases

light 
input

light 
output

Fig. 12.1 Scheme for the etched cladding procedure for SPR device in optical fiber (the sensing

region is not drawn to scale—the gold film is only about 50 nm). Surface plasmons are excited in

the gold film surface by the evanenscent field of the light guided through the core. The valley in the

output light spectrum is due to the light absorption that excites the SPR. The position of the

minimum of the curve is expected to redshift as the refractive index (n) in the sensing region

increases

292 G.F.S. Andrade and A.G. Brolo



may be done by thin film nanoisland deposition (Fig. 12.2a, b), by immobilization

of pre-formed nanoparticles (Fig. 12.2c) and by nanofabrication techniques, such as

nanolithography and nanoimprinting that can result in metallic nanostructures on

the fiber (Fig. 12.2d). MOFs, also known as photonic crystal fibers, have been

developed lately in great scale [34, 35], and they offer a very interesting platform

for the integration of a sensing system (Fig. 12.2e). The nanoplasmonic integration

in this case might be accomplished by depositing a metal film directly on the walls

inside the microstructures of the fiber. In the last few years, there have been

growing efforts towards the integration of MOF and SPR or SERS. The efforts in

this direction will be discussed in the last part of this section.

The description of the fabrication techniques methods is divided rather arbitrarily

in four parts: (1) non-lithographic procedures that include the vacuum and Ar+

sputtering deposition of metals in different fibers (Fig. 12.2a, b); (2) metallic

nanoparticles deposition on optical fibers, which includes the immobilization of

pre-formed nanoparticles on optical fiber tips by several methods (Fig. 12.2c); (3)

lithographic methods and nanopatterning that include, among others, the focused

ion-bean and electron-beam milling of metallic nanostructures on optical fiber tips

(Fig. 12.2d); (4) sensors based onMOF (Fig. 12.2d), which is discussed in a separate

section due to the unique characteristics of this sort of optical fibers. The separation

is intended to allow the readers to select the procedures that best suits their own

experimental setup availability and techniques of choice for the device fabrication.

Au3+

Au
Au

Au
Au

Au
Au

a b c d

e

Fig. 12.2 Schematic representation of the fabrication methodologies and types of fibers and

optrodes that are covered in this review. (a) Vacuum deposition of metals (gold in this case)

directly in metallic tip. A shaped (conical) optical fiber tip is represented; (b) metal deposition by

the reduction of metal ions from a solution; (c) deposition of pre-formed metal colloids from a

suspension; (d) tip modification by nanolithographic methods; (e) MOF (top view and side view)
with internal channels modified by a metal film

12 Nanoplasmonic Structures in Optical Fibers 293



Nanoplasmonic Optical Fibers Fabricated
Using Non-lithographic Techniques

Optical-fiber SERS substrates were developed earlier than SPR substrates. To the best

of our knowledge, the first report on optical fibers used as the complete optrode, which

means that the optical fiber was used as the waveguide for the exciting and scattered

light for SERSdetection (provided by themodification of the tipwith ametallic layer),

was done byMullen and Carron [36]. Amechanically roughened 600-mm core optical

fiber tip was treatedwith ammoniumhydroxide andAg nanoislandswere deposited on

the fiber tip by thermal evaporation (AgNI-OF). The SERS measurements were in a

“forward scattering” configuration, as indicated in Fig. 12.3: the laser light was

coupled to the distal end of the fiber, and the Raman intensity was measured from

the light transmitted through the modified AgNI-OF tip. The detection of adsorbed

cobalt phthalocyanine (CoPc) was demonstrated both for an analyte solution dried off

on the fiber tip and for the tip immersed in an aqueous solution of CoPc. A maximum

SERS intensity for a 20 nm-thickAgfilmwas reported. The SERS enhancement factor

calculated for this substrate was 1.2 � 105. It was later shown that the AgNI-OF

substrate presents a larger tolerance to laser power, without damaging the structures;

[37, 38] the higher stability in performance relative to planar SERS substrates was

attributed to the more evenly distributed laser power over a larger area than for

macroscopic SERS substrates. Subsequently, Meriaudeau et al. [39] verified that an

AgNI-OF have a sensitivity of ca. 110 nm RIU�1 when employed as LSPR sensor.

Modifications to the fabrication of the AgNI-OF substrates were later proposed

by Viets and Hill [40]. The authors compared the usage of alumina nanoparticles

and sandblasted template to create the required roughness in the optical fiber tip,

followed by the thermal deposition on the metal. The SERS signal was detected in a

“backscattering” mode, illustrated in Fig. 12.3, which is more suitable for remote

sensing: the modified tip of the AgNI-OF was immersed in the interrogated

solution, and the laser was coupled to the unmodified fiber tip end using an optical

optical fiber

modified
tip

excitation

detection

“forward scattering” detection
mode

optical fiber
excitation

detection

“Backscattering” detection
mode

Fig. 12.3 Schematic representation of the most common detection modes for nanoplasmonics

optical fibers
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microscope; the Raman signal was generated in the modified end and back-

scattered collected from the unmodified tip. The authors verified that the SERS

enhancement factor for both procedures is equivalent; suggesting that the suitability

of the different procedure should be left to the specific chemical needs. Stokes and

Vo-Dinh [41] showed that the AgNI-OF built with a Ag thin-film over alumina

microparticles can be used for in situ detection using SERS in backscattering

configuration. They showed that the AgNI-OF obtained with this procedure can

be used for SERS detection of the cresyl fast violet (CFV) dye down to a limit-of-

detection (LOD) of 50 ppb.

De Maria et al. [42] polished a single-mode optical fiber at a defined angle

relative to the fiber long axis and after covering one of the tips with a 480 Å of Ag

thin film a total-internal reflection-based optical fiber (TF-TIR-OF) SPR sensor was

obtained. Fontana et al. [43] used an Au film 50 nm thick in a 45� angled-tip to

obtain a TF-TIR-OF sensor, coupled to an external detection of the light diffracted

out of the fiber by the Au film.

Amodification to this methodology was proposed by Jorgenson and Yee: [44] ca.

1 cm of the cladding of an optical fiber was etched off at the tip region; the etching

was followed by Au thin film (ca. 55 nm) deposition on the side of the etched-tip

region by electron-beam evaporation. This deposition was followed by 300 nm-thick

Ag mirror deposition on the fiber tip. Figure 12.4 illustrates the resulting device.

As the metals were deposited on the optical fiber tip, the remote sensing was

straightforward, and it was demonstrated by the authors. The dynamic detection

range of this sort of sensor was increased by the deposition of a high-refractive index

material over the Au layer, namely zirconium oxide, reaching a dynamic range in the

1.000–1.375 refractive index range. The use of higher refractive index optical fiber

materials can increase the high-end refractive index limit of detection. When a

sapphire rod connected to the optical fiber system was used, the high-end limit

refractive index was shown to go up to 1.7. Suzuki et al. [45] studied the dependence

of the performance of this device on the Au-layer thickness. The results showed the

maximum sensitivity of 1,557 nm RIU�1 reached for a 65 nm thick Au layer on a

400 mm core optical fiber.

Buffer

Cladding

Core

High refractive 
index film

Gold

Silver
mirror

Fig. 12.4 Optical fiber tip with the cladding closed to the tip etched off, followed by deposition of

a Au thin film, followed by the deposition of an Ag mirror on the fiber tip. The high-refractive

index film was zirconium oxide (18 nm). Adapted from Jorgenson and Yee [44] #1994 Elsevier

Science S.A. All rights reserved
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Obando and Booksh [46] reported a merging method between the propositions of

Fontana, Jorgenson, and Lee. The exposed part of the core was tapered in several

forms, spanning from trapezoid to pyramidal shapes, before the deposition of the SPR

active layer. The SPR was detected in a backscattering mode. This procedure allowed

achieving a better control over the SPR wavelength, maintaining the usefulness of

the devices in the visible range for a larger range of adsorbates. Later optimization

of this sort of sensor led to improvements in the reproducibility and temporal stability

of the devices [47]. The better performance were obtained by greater control over

the polishing procedures and the use ofAr+ sputtering to improve the orientation of the

optical fiber during the deposition of the LSPR Au-active layer.

Several developments followed these initial works on tapered fiber tip modified for

SPR sensing. Chang et al. [48] verified that a conically tapered optical fiber with a

100 nm tip may be used as a SPR sensor with low background light and small sample

volume. The sensitivity of 4,000% RIU�1 was measured using a fixed excitation laser

(650 nm), within the SP resonance, and recording relative changes in the reflected

intensity. Masson et al. [49] designed an NIR excited SPR sensor based on this

technology, and reported an optimization for the relative angles of tapering of the

fiber tip.Thebest-performancedevices presented a sensitivity of 2.4 � 104 nmRIU�1,

a ca. 10 times improvement relative to the 1.9 � 103 nm RIU�1 for the 90� relative
angle. Kim et al. [50] proposed that the use of sapphire waveguides improve the

resistance of the device to high pressure and temperatures, which could have consid-

erable advantages in harsh environments. Scaffidi et al. [51] used a commercial pipette

puller to produce a tapered optical fiber with a tip of ca. 100 nm diameter. The tapered

fiber tip had a 5 nm Ag thin-layer vacuum-deposited and was used in remote sensing

as a SERS-based pH-sensor. This device was proved to be able to determine the pH

of cells in vivo.

Chaigneau et al. [52] deposited AgNI on tapered optical fibers and measured the

transmitted light in forward scattering mode. Using this procedure the authors

were able to detect both SPR and SERS from microdroplets of samples,

emphasizing the small sample volume necessary for the measurement. The SPR

sensitivity reported was 6.2 � 103 nm RIU�1, and the SERS of tetrahydro-

naphtalene was obtained with high signal-to-noise ratio. This sort of tapered OF-

based device has not been used in more complex LSPR sensing schemes, but their

good sensitivity indicate that they should be an interesting alternative for practical

remote sensing applications.

Kurihara et al. [53] used a selective chemical etching (SCE) method to produce a

cone-shaped single-mode optical fiber tip. Their solution for SCE was a mixture

of NH4F (40wt.%), HF (50wt.%) and pure water in the 5:1:1 volumetric relation.

The etched fiber tip was sputter-covered with 10 nm thick gold film. The resulting

device was tested in a microfluidic chip as SPR sensor in a forward scattering

detection scheme, and presented sensitivity to changes of 8 � 10�3 RIU after a

suitable modification to avoid non-specific binding to the surface. Very strong and

localized field localization on tapered optical fiber covered with Au/Ag thin-films

have been suggested by Janunts et al. [54] and Ding et al. [55]. The field localization

can allow for the used as both SPR and SERS device of high performance after the

experimental conditions are optimized.
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White and Stoddart [56] used an etching procedure on imaging optical fibers,

consisting of 10,000 “single fiber” imaging elements hexagonally arranged, to

obtain microwells. An example of one of these imaging fiber bundles is shown in

Fig. 12.5. The etching was followed by the vacuum-deposition of 100-nm thick Ag

layer. The SERS spectra of thiophenol on the resulting surface were obtained with

reasonable signal-to-noise ratio. White et al. [57] further investigated the etching

time dependence on the SERS enhancement factor and verified that there is actually

a variation in the overall shape of the nanostructures produced by different etching

times. The process was optimized to allow predictable structures, such as microrods,

microtriangles, and microwells. The SERS intensity resulting from Ag thin-film

deposition on those surfaces was measured. A higher SERS efficiency was observed

for the microrods and microtriangles with smaller interspacing when compared to

the microwells. The order of magnitude of the measured enhancement factors were

in the 106. Guieu et al. [58] obtained SERS spatial mappings of these devices, shown

in Fig. 12.5, and the mappings showed appreciable SERS intensity coming only

from the sharp tips produced by the etching process. This was later confirmed by

confocal Raman and scanning near-field optical microscopy (SNOM) [25].

Schevchenko and Albert [59] drew a Bragg-diffraction grating (BDG) in the

fiber core of a single-mode optical fiber and covered the nearby cladding with a

20 nm Au thin film. When light is coupled through this device, part of the light is

reflected back by the BDG and an interference pattern is observed in the transmitted

spectra. The scheme of the device is presented in Fig. 12.6a together with the

measured transmission spectra for the device immersed in a sucrose solution in

Fig. 12.6b. The surface plasmon peak position may be obtained from the fitting of

the intensity maxima by a suitable curve. The measured sensitivity was

454 nm RIU�1, in agreement with theoretical predictions. Spackova et al. [60]

varied systematically both grating lines spacing and gold layer thickness and

optimized the BDG on OF device using a figure of merit that took into account

the SPR line width, absorption depth and the sensitivity. The optimized values were

a grating length of 2 mm and gold film 50 nm-thick.

Kitahama et al. [61] constructed a surface-enhanced resonance Raman scattering

(SERRS) substrate by photo-reducing Ag nanoparticles on a sharp tip optical fiber

used for SNOM. The fiber was initially modified in a 0.1 wt.% poly-L-lysine

solution, followed by immersion in a 1 mM AgNO3 and 1 mM sodium citrate

aqueous solution; the reduction was carried out by excitation with evanescent field

in the SNOM fiber tip when excited with a 532 nm laser for 1 min. The resulting

AgNPs on the SNOM-fiber tip was used to detect 100 nM Rhodamine-6G in

the presence of KSCN, an efficient chelating agent for the residual Ag+ ions on

the surface of the AgNPs. KSCN slowly dissolves the AgNPs; this process caused

increase in the SERS spectra for the initial 20 min of immersion, followed by a fast

intensity decreasing. The authors suggest that this was due to the increase in the

amount of efficient SERS hot-spots by the creation of nanogaps between

the AgNPs; as the dissolution of the Ag kept going, the nanogaps become too

large to allow efficient coupling of the dipoles between the AgNPs, decreasing the

SERRS enhancement factor.
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Zheng et al. [62] photochemically modified the tip of a 6-cm long OF by

producing Ag from an Ag+-citrate solution. The silver clusters were formed by

reducing the ions using the excitation of a 4.2 mW laser at 514.5 nm wavelength.

The laser was coupled through the fiber core and Ag+ ions were reduced preferably

on the OF tip, resulting in highly-aggregated 35 nm Ag-NPs clusters. SERS

measurements were then realized in the absence of Ag+ ions. The authors verified

that the laser tip fabricated by 4.5 min laser illumination gave the best performance

for SERS. The resulting modified optical fiber tip was used to detect decreasing

concentrations of R6G; the LOD for this dye was 1 nM for a 514.5 nm laser

excitation. This LOD was comparable to other reports on the literature [63].
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Fig. 12.5 (a) SEM images of an imaging fiber bundle coated with a 40-nm-thick gold film;

(b) confocal Raman images from a fiber modified with benzenethiol. Adapted from Guieu et al.

[58] # 2008 Wiley
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Lan et al. [64] laser-ablated a freshly cleaved OF tip with a femtosecond laser,

resulting in a rough tip surface. The roughened tip was immersed in a [Ag(NH3)4]
+

solution and a-lactose was added as a reducing agent. AgNPs deposited on the

roughened tip, with diameters ranging from 20 to 60 nm. The resulting AgNPs on

laser-ablated OF (AgNP-LAOF) was used as a remote SERS sensor, with an all-

through fiber excitation and detection of the Raman spectra. The SERS detection of

R6G was demonstrated for concentrations as low as 10 nM in the backscattering

detection scheme. The authors also verified a small influence of the OF length in the

SERS performance of the AgNP-LAOF fiber, with an increase in SERS intensity of

about 16% with the decrease in the fiber length from 100 to 50 cm. This small

dependence was mostly attributed to the imperfect coupling of light due tomismatch

between the numerical aperture of the focusing objective and the optical fiber.

In this section we provided seven different methodologies for the fabrication of

SPR and SERS surfaces based on the evaporation of metal (Au or Ag) thin-films on

optical fiber tips. In some of the works the authors verified the device’s SPR sensors

sensitivity, which allows the quantification of the sensing properties of the devices.

The available data for the optimized devices are presented in Table 12.1.

The evaluation of the relative efficiency of each device as a chemical or

biosensors goes necessarily through the figure-of-merit of each device, and this

Table 12.1 Comparison of the optimized SPR sensitivity for the devices discussed in section

“Nanoplasmonic Optical Fibers Fabricated Using Non-lithographic Techniques”

Procedure Metal Sensitivity (nm RIU�1) References

Ag-NI-OF Ag 110 [39]

TF-TIR-OF Au 1,557 [45]

NIR-TF-TIR-OF Au 2.4 � 104 [49]

OFtapered-AgNI Ag 6.2 � 103 [52]

BDG-OF Au 454 [59]
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should be taken as an essential data in the divulgation of any new nanoplasmonic

sensing scheme. Unfortunately, the evaluation of figures-of-merit is not always

observed throughout the literature. Figure of merits values are very important for

researchers interested in finding applications for the OF-based nanoplasmonic

devices, since it allow them to estimate which platform will suit their needs.

Metallic Nanoparticles Deposition on Optical Fibers

Polwart et al. [65] reported on the immobilization of pre-formed metallic

nanoparticles on optical fibers as optrode for SERS remote sensing. The Ag-NPs

were obtained by the Lee and Meisel method [66] and the authors silanized a clean

distal tip of a 100 mm OF with (3-aminopropyl)trimethoxysilane and, after curing

of the silane layer formation at 110�C, the tip was immersed during 16–24 h in the

Ag-NPs suspension. The SERS performance of the NPs-modified OF was checked

by the immersion of the distal tip in solution of two dyes: 1 � 10�7 M solution of

the azo dye 4-(50-azobenzotriazol)-3,5-dimethoxyphenylamine (ABT-DMOPA),

and 1 � 10�6 M solution of crystal violet (CV). The ABT-DMOPA dye has an

absorption band at 450 nm and, because the SERS was excited with the 514.5 nm

line of an Ar+ laser, the measurements were actually the coupling of SERS with the

resonance Raman effect, usually referred to as SERRS. CV presents an absorption

maximum at 590 nm, and the SERS is also pre-resonant with an internal electronic

absorption of the dye at 514.5 nm. The resulting SERRS spectra presented Raman

characteristics bands from the OF silica body, in addition to strong SERRS bands

of the dyes with a reported sample-to-sample intensity reproducibility of 10%.

Lucotti and Zerbi [63] used a similar modification with Ag-NPs on a hydrofluoric

acid tapered OF tip that presented a final conical shape. The tapered OF tip was

modified in two ways: one was very similar to Polwart et al. [65]; the second

was the casting of the fiber by silver-decanoate in xylene solution, followed by

annealing at 300�C, forming a film of Ag-NPs on the fiber tip. The SERRS

performance of the devices (l0 ¼ 514.5 nm) was tested with CV, and a LOD of

1 nM of CV was reported.

Recently, Andrade et al. [67] prepared multiplayer Ag-NPs on OF tip as an

optrode for SERS. The scheme for the substrate fabrication is illustrated in

Fig. 12.7a. The initial Ag-NPs layer was deposited by a procedure similar to that

of Polwart et al. [65]. The subsequent Ag-NPs layers were deposited by additional

dipping of the tip in the APTMS solution followed by immersion in the Ag-NPs

suspension [68]. The deposition procedure results in a higher Ag-NPs coverage of

the fiber tip than previously reported in the literature; the procedure was optimized,

and the number of Ag NPs deposition steps that led to the highest SERS

intensity was five. Typical SERS spectra from rhodamine 6G (R6G) solutions of

different concentrations obtained in backscattering mode is shown in Fig. 12.7b.

With the optimized substrate, it was shown that the AgNP-OFT substrate presented

a 3 nM LOD for R6G for l0 ¼ 632.8 nm; it has also been shown that this substrate
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can be used for the detection of dyes with different charges, such as Nile blue

(a cation), Congo red (an anion), and the neutral 4-dicyanomethylene-2-methyl-6-

(p(dimethylamino)styryl)-4H-pyran (DCM), all in remote sensing (backscattering)

configuration.

A different approach based on silanization for the immobilization ofAu-NPs onOF

tips (AuNP-OFT) for nanoplasmonic-based LSPR remote sensing was reported by

Mitsui et al. [69].The authors silanized thedistal tip of anOFwithN-2-(aminoethyl)-3-

aminopropyltrimethoxysilane, and immobilized chemically synthesized Au-NPs on

the silanized tip. This procedure resulted in a 20% coverage of AuNPs on the fiber tip.

The unmodified tip end was mounted in a multimode fiber coupler, and two detection

schemeswere used: (1) halogen lampexcitation toobtain thewholeSPRspectrum; and

Fig. 12.7 (a) Schematic structure for the multilayer Ag-NP deposited on an OF-tip. The right
hand side is a detailed structure of the bonding of the Ag-NP to the fiber glass; (b) representative

spectra from R6G solution obtained with an optimized fiber tip. Reproduced from Andrade et al.

[67] # 2010 Elsevier B.V. All rights reserved
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(2) red LED excitation for single-wavelength measurements. The SPR spectra were

acquired from the back-coupled light (“backscattering mode” in Fig. 12.3). The

reported resolution of the AuNP-OFT device was 2 � 10�5 RIU.

Volkan et al. [70] reported the modification of a tapered OF tip modified with

Ag-NPs embedded in a poly(vinyl alcohol) (PVA) thin film. The tip of a 200 mm

OF was tapered by a 10 W CO2 laser-based rod extraction system. The tapered tip

was immersed in a PVA-AgNO3 solution for 3 s and then kept in a vacuum oven for

6 h at 60�C. The modified tip was immersed in an aqueous 4% in weight

FeSO4·7H2O solution to reduce the Ag+ ions in the film to obtain embedded Ag-

NPs in the PVA film. Finally, the fiber was dried at 100�C for 15 min. The device

was used for the detection of 1 � 10�3 M solutions of dopamine. In addition, the

reproducibility of the device was tested using the probes CFV, brilliant cresyl blue,

and aminopyrene, leading to a relative standard deviation of 10–17%. The PVA-

AgNP devices can be stored in the unreduced form. The initial step involves the

immersion for 3 s in the PVA-AgNO3 bath, followed by vacuum oven drying, and a

great number of sensors may be done in one single step. The two last characteristics

of the PVA-AgNP device turn its production into a relatively low-cost process,

which could make single-measurements affordable, avoiding cleaning procedures

to reuse the device.

The modification of the unclad last 2 cm of an plastic cladding optical fiber

with Au-NPs and the tip with an Ag-mirror was proposed by Lin and Lou [71] for

SPR sensing in high-pressure environments. The Au-NPs were immobilized by

interaction with a thiol layer resulting from the silanization of the glass surface with

(3-mercaptopropyl)trimethoxysilane (MPTMS). The resulting device was used as

an optrode with the excitation light reflected back to the detector by the Ag-mirror.

The refractive index resolution of the probe at ambient pressure was

1.2 � 10�3 RIU, which decreased for increasing in the applied pressure, although

the sensor kept a linear response to refractive index changes.

Xie et al. [72] used tip-tapered polymeric-OF (POF). The tapering was realized

by partially etching off the fiber close to the OF tip by immersion in cyclohexanone.

The nanoplasmonic function was obtained by the casting of Au nanorods (Au-NRs)

on the polymeric surface of the OF. The Au-NRs were synthesized by a surfactant-

mediated Au-NPs seed growth [73]. The Au-NRs casted on the POF tip surface

were held in place by the polymer. A limitation of the Au-NR-POF is the intrinsic

Raman signal from the polymeric material of the POF. SERS from a 1 � 10�9 M

R6G solution could not be detected in the optrode, remote sensing configuration, in

spite the fact that this level of R6G was detected with external excitation of the fiber

tip, indicating successful modification of the fiber tip with the Au-NRs.

The chemical etching procedure was used in OF-bundles (OFB) and the

resulting microwells were filled up with Au-NP [74]. The selective etching was

done by a NH4F/HF/HCl aqueous solution, and allowed for a fine tuning of the

wells depth. The resulting microwells were sputtered with an Au thin-film, followed

by the deposition of polystyrene microbeads as template for the deposition of

microporous Au. The polymer microbeads were added to the OFB microwells by

controlled solvent evaporation. Au were deposited on this template by electroless
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deposition from a Na3Au(SO3)2/formaldehyde solution. The SEM image of the

resulting macroporous Au-layer on the OFB is presented in Fig. 12.8a, b.

The authors reported the SERS spectra from benzenethiol (Fig. 12.8c) directly

on the microwells-containing tip, with a SERS enhancement factor of 4 � 104.

There is no mention of the use of this device in a remote sensing (backscattering)

configuration to obtain the spectra. If realizable, the remote sensing configuration

could allow the use of the Au-microporous-OFB substrate as an imaging device for

SERS studies. This is a very promising direction to be followed for this sort of

substrate, as soon as the issues related to the adhesion of the Au-nanostructures to

the OFB are worked out.

It is interesting to notice that the fabrication methods reviewed in this section are

mostly directed to the use of the modified fibers as SERS substrate, due to intrinsic

nanostructure-dependence of the enhanced-Raman effect [7]. The LSPR that these

structures support would also be of great interest as biosensors, because they

present several unique characteristics that make their application in sensing very

interesting, such as narrow plasmon-resonance absorption bands, easy coupling to

microfluidics devices, among others [3]. It is expected that some of these fabricated

structures will be tested for LSPR in a near future.

Nanoplasmonic Optical Fibers Fabricated
Using Nanolithographic Techniques

The use of lithographic techniques is a latest development of OF-based

nanoplasmonic. This is due in great part to the widespread availability of advanced

Fig. 12.8 (a) SEM image of the Au layer deposited on the OFB microwells after PS-microbead

dissolution; the inset presents a high-magnification image of one microwell in the structure.

(b) Cross-section of the OFB, showing the depth of the deposited Au-microstrucutres; (c) SERS

spectra of benzethiol on the substrates on the cladding and on one of the microwells. Adapted from

Zamuner et al. [74] # 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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lithography in a number of research centers in recent years. Initially, Chen et al.

[75] proposed a chessboard-like Au structure with nanogaps in the 6–15 nm range,

lithographically drawn on distal OF tips as a high-performance substrate for the

excitation of LSPR. Based on finite-difference time-domain (FDTD) calculations,

the authors predicted a maximum SERS-EF on the order of 1 � 1010 for an

optimized structure with a 2 nm gap between the micro-squares. The field localiza-

tion of the structure is predicted to be strongly dependent on the nanometric gap

between the micro-squares, and also on the polarization of the incident light.

Dhawan et al. [76–79] showed in a series of articles the fabrication of Au

nanoholes (NH)arrays on an optical fiber tip by focused ion-beam (FIB) milling

of a previously deposited 100–250 nm-thick gold layer. The dielectric constant

sensing was based on the extraordinary optical-transmission from the Au nanoholes

arrays that has been used in the last few years as high-performance biosensing

platforms [80]. In this series of papers, it was demonstrated a sensitivity of

533 nm RIU�1 to bulk dielectric constants change, in a transmission mode of

operation.

Andrade et al. [81] verified that a NH array on OF-tip can be used as nanoholes-

enhanced Raman scattering (NERS) [82] substrate, as illustrated in Fig. 12.9.

The NH array was fabricated by FIB on a 200-nm thick Au layer deposited on

the OF-tip. The periodicity of the array and NH diameter used were those previ-

ously optimized in planar NERS substrates for the excitation with the 632.8 nm

laser line [82]. Enhanced signal from oxazine 720 dye adsorbed on the arrays were

obtained in both forward and back scattering configurations. It was also verified that

this sort of substrate may be used as a plasmonic biosensor for the detection of the

protein streptavidin, in a well-established proof-of-concept experiment [83], in

which the 4-step modification was successfully monitored by the forward transmit-

ted white light through the array of nanoholes as depicted in Fig. 12.9a.

Smythe et al. [84] used a decal-transfer technique to build an array of 100-nm

Au-nanostructures obtained with electron-beam lithography on an OF-tip. The Au-

Fig. 12.9 (a) optical micrograph of an optical fiber tip coated with 100 nm layer of a Au film and

patterned with an array of nanoholes. The bright dot is the laser excitation, introduced from the

opposite end of the fiber, exiting the core. A SEM of the nanoholes is also shown; (b) NERS

spectrum from a dye (oxazine 720) adsorbed on the array-modified tip obtained using the

backscattering configuration. A spectrum from a blank fiber is also shown for comparison
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NS were transferred from a Si support to a poly(thiol-ene) film with a mechanical

support of poly(dimethylsiloxane) (PDMS), which was then pressed against the

OFT, transferring the pattern to the tip. The resulting device was employed as a

SERS optrode, and it was shown to be able to detect deposited layers of

benzenethiol and 4-[(E)-2-pyridin-4-ylethenyl]pyridine after the subtraction of

the OF-silica background. The authors report a SERS enhancement-factor of five

orders of magnitude in the optrode configuration.

Kostovski et al. [85] used a nanoimprint lithography technique in the development

of SERS-active substrates on OF-tips. The dense 2D array of natural nanorods from

the “Cyclochila australasiae” wings (Fig. 12.10a) was used as a nanotemplate for the

Ag-nanopillars deposition on an OF-tip, resulting in nanostructures shown in

Fig. 12.10e.

The resulting Ag-nanopillar on OFT was used as a SERS optrode, with a deposi-

tion-and-dry of thiophenol as the molecular probe, showing a high-performance

enhancement. In addition, a 100 mM R6G solution was measured, resulting in a

SERS spectrum with high signal-to-noise ratio, but with a very strong interference

from the normal Raman of the silica background. For future applications, the silica

background could be subtracted with relative ease, in a procedure similar to that

proposed by Viets and Hill [40].

Nanoplasmonic Structures in Microstructured Optical Fibers

The creation of MOFs is one of the greatest developments in the photonics research

field. MOF are optical fibers that present a set of holes running throughout the fiber.

Fig. 12.10 (a) A photograph of the Cyclochila australasiae and SEM images of (b) the wing

nanotemplate (c) the inverse h-PDMS mold (d) the polymer replica on an optical fiber end face

(e) the silver coated replica and (f) a macroscopic view of the imprinted optical fiber. Scale bar is

500 nm. Reproduced from Kostovski et al. [85] # 2008 Elsevier B.V. All rights reserved
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As a consequence, the light-guiding mechanism for these fibers is different than the

conventional ones. The photonic band gap created by the regular arrangement of the

holes needs to be taken into account, in addition to the modified total-internal

reflection, when considering the guiding [35]. The possibility of utilizing the

interior of the air-holes that run along the fiber holes for chemical sensing open

up very interesting opportunities. Among the advantages of this platform are the

ultralow sample volume required, and the possibility of integrated optofluidic

microflow-system. The integration of nanoplasmonic materials inside the holes of

MOFs is a very recent field, and, as we hope to demonstrate in this section, there are

still a lot of open opportunities and challenges for its full realization.

To the best of our knowledge, the first report of nanoplasmonic devices in solid-

core MOF was the one by Amezcua-Correa et al. [86]. The authors used the

precursor Ag(hfac)(1,5-COD) (hfac ¼ 1,1,1,5,5,5-hexafluoroacetylacetonato,

COD ¼ cyclo-octadiene) as the Ag+ source, and pumped the precursor through a

MOF using a HPLC pump operating at 17 MPa. The precursor was then heat-

decomposed on the internal walls of the MOF. The result was Ag-NPs deposited on

the MOF internal walls, with the nanoparticle filling of the holes dependent on the

reaction time. A monolayer of benzenthiol was the SERS probe for this Ag-NP-

MOF device. The SERS spectra were obtained by focusing the laser on the silica-

core of the MOF, and collecting in back-scattering. SERS intensity was obtained

both from the cladding and from the core of the MOF, and the SERS enhancement

factor for benzethiol was estimated to be 104. The initial work was followed by a

comparative study of different core-size MOFs [30], in which the authors shows

that the choice of small-core MOF improve the SERS intensity by one order of

magnitude when the Ag-NPs have a average diameter of 40-nm.

Yan et al. [31] modified the inner-part of 4-holes MOF with pre-formed Au-NP

by dipping-and-drying a suspension of nanoparticles inside the fiber. The Au-NPs

entered the first 2 cm of the fiber immersed in the suspension by capillarity, leaving

a partially filled MOF after the drying step, as the scheme in Fig. 12.11b shows.

A solution of RhB was inserted by capillarity into the MOF holes, and the solution

was dried naturally off the holes. SERS spectra were obtained in the optrode

configuration (Fig. 12.11a); after the background from the MOF silica core was

subtracted, the SERS spectrum indicated a similar profile to the spectrum from a

silicon wafer drop-coated with the Au-NP covered with the probing dye

(Fig. 12.11c).

Oo et al. [87] reported a forward scattering scheme for an Ag-NP filled solid-core

MOF as SERS substrates. Negatively charged Ag-NPs were immobilized inside the

holes through a polycation layer electrostatically bound to the fiber internal walls.

The authors report that the transmitted light loss increased by ca. 6 times with the

immobilization of the Ag-NP; most of the loss has been attributed to the strong

scattering of the evanescent field by the nanoparticles. The transmitted intensity

decay increased from 3 dB/30 cm to 20 dB/30 cm. In spite of this loss, the metallic

modification still allowed for an appreciable transmitted intensity. After Ag-NP

immobilization, a 30 cm modified MOF was filled with an aqueous 1 mM R6G

solution and the SERS spectrum presented the characteristic bands of the dye, with
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considerably high signal-to-noise ratio [88], although the authors didn’t report any

attempt to estimate the SERS-enhancement factor. Similarly, de Matos et al. [89]

immobilized pre-formed gold and silver nanoparticles inside a hollow core MOF.

A NaOH solution was inserted into the fiber by applying a moderated pressure,

~0.4MPa, with a syringe, to deprotonate the glass walls. Then an aqueous 10�5 wt.%

poly-(L)-lysine (PL) solution was injected. The PL polycation interacts with the

negatively charged glass surface forming a strongly bounded overlayer. The excess
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Fig. 12.11 (a) Scheme of the excitation and collection for the SERS on the partially Au-NP filled

MOF; (b) SEM image of the cross-section of the Au-NP modified fiber; (c) A—SERS of RhB on
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PL was washed out by water injection cycles and then the nanoparticle suspension

was inserted into the fiber. The nanoparticles are negatively charged and readily

attach to the PL layer. Figure 12.12 shows an example of a successful functionalized

fiber. The SPR peak shown in Fig. 12.12 shifted when solutions of different

refractive indexes were inserted into the fiber, although no surface binding results

were reported. Preliminary SERS measurements were also realized in backscatter-

ing configuration. A 1 mMR6G solution was inserted into the fiber, and the fiber was

subsequently washed with water; the SERS spectrum in backscattering configura-

tion showed high S/N ratio, and the amount of dye that actually acted as SERS

scatterers has yet to be determined.

Most of the initial reports on the nanoplasmonic properties of metallic

nanoparticles immobilized on MOF were on the SERS properties of the devices.

Results from modeling of metallic-NP filled microholes of MOF indicated the

possibility of creating devices for SPR sensing as well [27, 28, 90, 91]. The main

identified challenges that need to be overcome by the experimentalists were the

necessity of phase matching and flow-optimizations, but the feasibility of

the devices were reinforced by several numerical calculations [92, 93]. Yu et al.

[94] also suggested that the selective modification of some of the microholes in a

hollow core MOF with nanoplasmonic structures can result in a better phase

matching between the guided and the plasmonic modes.

The implementation of a reliable SPR sensor, capable of detection surface

binding event, such as antibody–antigen interactions, based on metallic

nanoparticles immobilization on MOF looks like the next challenge to this very

exciting field. The development of this sort of device will necessarily take advan-

tage of the great deal of knowledge on the controlled synthesis and modification of

Fig. 12.12 Transmission spectra of an Au nanoparticle suspension (red) and for Au nanoparticles
immobilized in the internal walls of the MOF (black). A SEM picture of the MOF is shown in

the inset
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metallic nanoparticles developed in the last years. The development of such devices

may lead the detection schemes SPR to new levels of miniaturization and applica-

bility in trace detection, because the MOF may be as long as necessary to the

detection, which makes the availability of path length very flexible.

Applications in Remote Sensing

These first decade of the effervescent efforts in the direction of SPR and SERS

sensing by the modification of OF-tips have been mostly focused on different

strategies for the development of the devices. This is different from the unclad

OF, which had a great deal of application-directed development in the last years, as

have been pointed out in recent reviews [2, 95]. But one can notice an increase in

the chemical application directed also in the metallic-modified OF-tip devices.

Attempts of application of OF-based SERS sensors beyond the device develop-

ment were made by Crane et al. [96]. In that paper, the authors deposited a 40 nm-

thick Ag film on a roughened optical fiber tip, and modified it with 4-(2-pyridylazo)

resorcinol disulfide. The SERRS spectra with l0 ¼ 514.5 nm of the modifier was

used for the detection of Pb2+, Cu2+ and Cd2+, when the intensity-ratio of two SERS

bands at 1,005 and 1,023 cm�1 was plotted against the concentration of the cations.

The device was tested for the detection of mM concentrations Pb2+ in a flow system

and the possibility of quantitative detection of the cation was claimed by the authors.

Many OF-tip modified SERS sensors have been used for the detection of

low-concentration of dyes. These include the detection of CFV down to 560 ppb

by Stokes and Vo-Dinh [41], the detection of R6G with a LOD in the 10–100 nM

range [61, 64], and 1,4-bis[2-(4-pyridyl)-ethenyl]-benzene with a LOD of 1 nMwith

photochemically deposited Ag-NP on the OF-tip by Zheng et al. [62]. Andrade et al.

[67] reported the possibility of detection of dyes with different charges such as the

cation R6G, the anion CV, and the neutral dye DCM.

Stokes et al. [97] reported the possibility of using Ag-islands modified tip-

tapered OF to detect CFV in an essay in which the SERS signal was detected

only when the fiber touched the sample. This detection scheme evolved to the work

of Scaffidi et al. [51], which reported the monitoring of intracellular pH using a

SERS probe immobilized on the tip-tapered OF device in HMEC-15/hTERT

immortalized human mammary epithelial cells and PC-3 human prostate cancer

cell lines. This preliminary result indicates an interesting future for OF-based SERS

sensors for the probing of the internal cellular environment. It seems that efforts in

the direction of improving specificity and analyte-range of the nanoplasmonic—

optical fiber devices can be a very productive line of investigation for future works.

The application of LSPR sensing nanoplasmonic devices to chemical or

biosensing is just starting to acquire momentum in the literature. Kim et al. [98]

have shown that the use of a selectively tapered OF tip, with one sensing layer of

Au, and a mirror can be used for the direct remote detection of organic vapors. The

detection scheme was all-through-fiber excitation and detection, without the
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necessity of surface modifications of the nanoplasmonic surface to match the

refractive index of the silica core. The authors also demonstrate the possibility of

quantitative detection of ammonia vapor in concentrations in the range 0.08–2.00%

in mass.

Mitsui et al. [69] reported the use of an Au-NP modified optical fiber in the

biotin-avidin affinity essay, and demonstrated that real-time measurements are

feasible. Kunz et al. [99] deposited a 50 nm-thick layer of Ag on the side of an

OF close to the tip, followed by a Cr-mirror deposition on the tip, to improve

reflection, in a procedure similar to that of Jorgensen and Yee [44]. The Ag surface

was protected against oxidation by the modifications with dithio-bis-succinimidyl-

propionate, which also modifies the surface for the binding of proteins. The

protected Ag surface was exposed to the human heart-type fatty acid binding

protein (H-FABP), an early heart infarction marker. The signaling was made by

an anti-H-FABP antibody, in a competitive assay in flow-system. A SPR-based

calibration curve was constructed and the detection limit for H-FABP in competi-

tive essays was 200 ng mg�1, which is enough to detect the marker in an acute

infarction.

Lin and Lou [71] demonstrated the LSPR-sensing capabilities of a device with

an Ag-mirror OF-tip with the side close to the tip modified with Ag-NP as a

function of applied pressures. The authors show that the device is still functional

for the detection of Ni2+, the biotin-avidin affinity essay and the immobilization of

IgG in pressure as high as 20 MPa. The RIU resolution decreases for increasing

pressures, but it is still linear with the refractive index changes.

Final Remarks

As it can be noticed in the preceding pages, there have been impressive scientific

efforts in the development on the integration of nanoplasmonic devices with OF.

The efforts resulted in high-performance SERS devices that can be used as dyes

sensors for concentrations down to the nM range, and LSPR sensor with competi-

tive performance in the field to the available commercial planar platforms.

In addition, there has been effort from several groups in the modification of

MOFs with nanoplasmonic structures, which can transform the optical fiber devices

in both the sensing layer and a flow system for these plasmonic-based sensing

schemes. These efforts show that the field is moving strongly and fast, and new

discoveries are found in the literature in a rate that increased in the last years.

Examples of their applicability in real chemical and biochemical problems are

still limited, in spite of the great efforts in the device development. We hope to have

shown in the few examples presented in this chapter that several of these devices

already have the necessary requirements in terms of robustness and generality for

applications in complex sensing schemes. There is no doubt that the OF-based

devices still need to be improved, this is clearer for the MOF-based nanoplasmonic

approach. It is then essential that the groups dedicated to the development of these
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integrated systems have feedback from examples of applications, so improvements

in fabrication and analytical figure of merits can be better guided by the

requirements of potential end users.
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Chapter 13

Figures of Merit for Refractometric

LSPR Biosensing

Marinus A. Otte and Borja Sepulveda

Abstract The aim of this chapter is to describe routes to improve the features of

plasmonic nanoparticles as refractometric based biosensors. Taking advantage of the

tunability of their localized surface plasmon resonance (LSPR), we explore the

sensing performance as a function of the LSPR spectral position. Firstly, we show

the ambiguities that can arise from the description of the sensitivity in the wavelength

and energy scales. However, we will see how such ambiguities can be circumvented

with the introduction of the figure of merit (FOM), defined as the quotient between

sensitivity and width of the resonance peaks, since this parameter is equivalent in both

energy andwavelength scales. The spectral analysis reveals that the sensitivity to local

changes of refractive index close to themetal surface can be comparable or even larger

than that of conventional SPR sensors when the resonance position of the

nanoparticles is properly selected. Indeed, for a fixed nanoparticle volume, we show

that the surface sensitivity only depends on the spectral position of the resonance,

whereas the shape of the particle only plays a secondary role. In addition, the FOM

displays an optimized spectral region, located between 700 and 900 nm in the case of

gold, which coincides with the region where the quotient between real and imaginary

parts of the dielectric constant of the metal is maximized.

Finally, we study the influence of the supporting substrate and adhesion layers,

required to improve the mechanical stability of the nanoparticles, on their
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refractometric FOMs. Just the presence of the substrate can induce a sensitivity

reduction larger than 40%, especially in substrates with high refractive index. On

the other hand, the adhesion layer can drastically downgrade the sensing perfor-

mance of plasmonic nanoparticles due to the large decrease of their scattering or

extinction cross-sections and the substantial broadening of their LSPR peaks. In the

particular case of Cr adhesion layers, the FOM can show a fourfold decrease, while

the scattering cross-section can be reduced close to one order of magnitude, adding

drastic constraints to the limit of detection and performance of nanoplasmonic

sensors. Therefore, minimization of the substrate refractive index and the thickness

of the adhesion layers are prerequisites to ensure excellent limits of detection in

refractometric nanoplasmonic sensors.

Introduction

Nanoplasmonic biosensors [1–3] can be classified according to the optical

phenomena employed for the detection of the bioanalytical interactions in elastic

or inelastic plasmonic sensors. Inelastic sensors include fluorescence or Raman

detection schemes, making use of interesting phenomena such as fluorescence

quenching, surface enhanced fluorescence, or SERS. However, these sensors

typically require tagging the bioreceptors or target analytes with Raman or fluo-

rescence labels. In contrast, sensors based on elastic optical processes can allow

the label-free detection of the analytes, being typically based on two different

sensing principles [2]: near-field interaction sensing or refractometric sensing. The

first group employs the well-known drastic color change of colloidal metal

nanoparticles upon aggregation. Generally, in the simplest case of two metal

nanoparticles, the resonance peak redshifts as the particles get closer when the

polarization is parallel to the dimer axis. This color change is induced by the near

field coupling between particles. Thus, if two sets of metal nanoparticles are

functionalized with complementary biomolecules, the biochemical interaction

between themwill trigger the aggregation of the nanoparticles, which can be easily

detected through the color change of the aggregate. However, biofunctionalization

of colloidal particles is a complex process due to the delicate balance between

attractive Van der Waals forces and repulsive electrostatic forces in the

nanoparticles. Changes in the ionic strength, pH or temperature of the buffer can

lead to precipitation of the colloids. In addition, the biofunctionalization process

can screen or modify the charge distribution at the nanoparticles surface, breaking

the colloidal equilibrium. To avoid these difficulties biosensing with attached or

fabricated nanostructures at solid surfaces can be an alternative. These assays are

usually based on the dependence of the localized surface plasmon resonance

(LSPR) on the refractive index of the surrounding medium. Although generally

less sensitive than the aggregation assays, refractometric sensing offers several

advantages, as the possibility of miniaturization and multiplexing, reaching the

single nanostructure limit, or the compatibility with microfluidics and in-flow

assays. The range of functionalization chemistries available is broader and can
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take advantage from the knowledge acquired in conventional surface plasmon

resonance (SPR) sensors based on thin metal films.

Likewise conventional SPR sensors, the LSPR of metal nanoparticles is very

sensitive to small changes of the refractive index close to the metal surface. Such

dependence can be easily recognized by considering the metal nanoparticle as a

resonant induced dipole. For simplicity, we assume an ellipsoidal nanoparticle,

whose components of the polarizability tensor in the quasi-static regime can be

analytically described by [4]:

ai ¼ 4pabc
em � ed

3Liðem � edÞ þ 3ed
(13.1)

where a, b and c are the semi-axis of the ellipsoids, em and ed are the dielectric

constants of the metal and the external dielectric medium, respectively, and Li is the
shape depolarization factor, which is given by:

Li ¼ abc

2

Z 1

0

dq

ðs2i þ qÞ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðqþ a2Þ þ ðqþ b2Þ þ ðqþ c2Þp (13.2)

The LSPR of the nanoparticle is excited when the following condition is

satisfied:

Re½em� ¼ � 1� Li
Li

ed (13.3)

At first glance (13.3) shows that the resonance position is controlled by the shape

of the nanoparticle and the external dielectric constant. For a fixed volume, elonga-

tion of the particle in one dimension causes a redshift of the resonance in that

direction (see Fig. 13.1) and a blueshift in the perpendicular one, which confers

metal nanoparticles an extremely high spectral tunability. In addition, the spectral

position of the resonance is highly dependent on the external dielectric constant,

which constitutes the basis of refractometric plasmonic sensing. Therefore,
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refractometric sensors rely on the redshift (blueshift) of the resonance peak when

the refractive index around the nanoparticle increases (decreases), as Fig. 13.1

displays. Thus, local changes of refractive index induced by interacting

biomolecules at the surface of the nanostructures can be monitored via the spectral

shifts in the scattering or extinction cross-sections of the nanoparticles.

In order to extract the most favorable and sensitive configuration for the refrac-

tometric detection of the biosensing interactions, we analyze the sensing perfor-

mance of nanoparticles with different shapes, i.e., different LSPR spectral

positions. In addition, we will study the effect of the surface and the commonly

used adhesion layers, required to enhance the mechanical stability of the

nanostructures, particularly important for in-flow assays in microfluidic channels,

thus improving the robustness of the sensing platforms.

Sensitivity and Figures of Merit, Wavelength vs. Energy Scales

To quantify and compare the performance of LSPR based sensors, the most

commonly employed parameter has been the sensitivity to changes of bulk refrac-

tive index, or bulk sensitivity, defined as the variation of the resonance position

(PLSPR) as the refractive index of the dielectric (nd) changes:

�bulk ¼
dPLSPR

dnd
(13.4)

So far, the majority of the sensitivity analyses have employed the wavelength

scale, monitoring the wavelength shifts of the LSPR, i.e., PLSPR ¼ lLSPR. Such
studies have debated and experimentally shown that the sensitivity of plasmonic

nanostructures to bulk changes of refractive index increases as the resonance

position is tuned to longer wavelengths. Interestingly, reference [5] has analytically

demonstrated that the sensitivity �bulk is proportional to the real part of the dielec-

tric constant of the metal and, consequently, �bulk is approximately proportional to

the LSPR wavelength position [5]. These evidences have encouraged the develop-

ment of metal nanostructures with long resonance wavelengths such us nanorods

[6], bipyramids [7], nanorings [8], or core-shell [9] nanoparticles. Indeed, this

behavior can be readily visualized in the case of prolate ellipsoidal Au

nanoparticles presented in Fig. 13.1, where the peak redshift is evidently larger in

nanoparticles with high aspect ratios and therefore longer LSPR wavelengths.

However, the sensitivity increase is accompanied with a substantial broadening

of the resonance peaks when the resonance wavelength increases, thus reducing the

resolution and ability to discriminate small wavelength shifts. Such behavior can be

observed in Fig. 13.2a, where we compare the sensitivity and full-width-half-

maximum (FWHM) of ellipsoidal prolate nanoparticles of different aspect ratio,

but keeping a constant volume of 1.6 � 104 nm3. On the other hand, if we compare

the sensitivity and peak widths in wavelength (PLSPR ¼ lLSPR) and energy scales
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(PLSPR ¼ ELSPR), controversy may arise (see Fig. 13.2b). For example, in the

wavelength domain, the LSPR bulk sensitivity monotonically increases as lSPR
augments, whereas in the energy representation a switch of the overall trend is

found at ELSPR � 1.75 eV. When considering the peak widths, computed as the

FWHM of the resonance peaks, the observed tendencies are even more controver-

sial. In this case, Au nanoellipsoids show an abrupt FWHM increase of the

resonance peaks in the energy domain at a threshold value of ELSPR � 1.8 eV,

whereas for smaller energies the peak width is more or less constant; this shows

very little resemblance when compared to the FWHM tendency in wavelength

scale, clearly displaying a minimum in the peak widths at lSPR ¼ 700 nm.

Such controversies, together with the necessity of correlating sensitivity and

resolution, motivate the introduction of the figure of merit (FOM), which is defined

as the sensitivity (bulk or surface) divided by the FWHM:

FOM ¼ �

FWHM
(13.5)

As we will demonstrate, the FOM is equivalent in energy and wavelength scales.

If we consider a typical resonance peak with Lorentzian shape, as the one

schematized in Fig. 13.3, the following relation between the FOM in energy and

wavelength domains can be established:

FOMðlÞ ¼ @lR=@n
Dl

¼ �ð1=E2
RÞð@ER=@nÞ

ð1=E2Þ � ð1=E1Þ ¼
E2E1

E2
R

@ER=@n

E2 � E1

¼ E2E1

E2
R

FOMðEÞ (13.6)

According to Fig. 13.3, the factor accompanying the FOM(E) in (13.6) can be

rewritten as:
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E2E1

E2
R

¼ ðER þ DE=2ÞðER � DE=2Þ
E2
R

¼ 1� DE
2ER

� �2

(13.7)

As a consequence, the FOM in wavelength and energy domains are equivalent if

the following condition is satisfied:

FOMðlÞ ¼ FOMðEÞ , DE � 2ER (13.8)

As can be observed in Fig. 13.2, ELSPR is at least one order of magnitude larger

than the corresponding FWHM, therefore ensuring the validity of (13.8) in the

whole spectral range, even close to Au interband transitions, where the absorption

substantially increases.

Figure 13.4 numerically demonstrates the equivalence of the FOM in energy and

wavelength scales. It is worth noticing that the ratio between sensitivity and

resolution ability displays a maximum in the spectral region comprised between

700 and 900 nm (i.e., 1.37–1.77 eV), which indicates that tuning the LSPR indefi-

nitely towards the infrared does not give additional improvements in the refracto-

metric sensing performance, as it has been experimentally observed [10, 11].

Besides, more accurate calculation methods, such as the modified long wavelength

approximation (MLWA) or the finite different time domain (FDTD), that account

for the finite size effects of the nanoparticles, give rise to very similar tendency in

the FOM at this volume range of nanoparticles (see Fig. 13.4b). For larger particle

volume, the difference between MLWA or FDTD and the dipolar approximation

becomes more evident. The divergence is due to the dipolar underestimation of the

peak widths caused by dephasing effects related to the finite size of the particles.

Such increase of the peak widths is logically accompanied with a decrease in the

refractometric FOM, although similar spectral trends can be observed, with an
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optimal sensing region between 700 and 900 nm. In the next section we will discuss

the origin of such optimal sensing region.

Surface Sensitivity and Figure of Merit

When comparing the bulk sensitivity of conventional SPR sensors based on thin

metal films and that of plasmonic nanostructures, a remarkable observation can be

extracted. While nanoplasmonic sensors can hardly exhibit bulk sensitivities

exceeding 800 nm RIU�1, thin metal films can easily achieve sensitivities over

10,000 nm RIU�1 [10, 12, 13]. One could then obviously consider plasmonic

nanostructures as very poor refractometric sensors and have doubts about their

interest for biosensing applications. However, it is exactly this application what

conferees relevance to plasmonic nanostructures. Typical biosensing applications

rely on the highly specific biochemical recognition of a target analyte by a previ-

ously immobilized receptor at the transducer surface. The size of the most com-

monly used receptors and analytes, such as those related to genomic or proteomic

applications (DNA or proteins), is in the range of a few nanometers. Therefore, the

complete biodetection process takes place at distances of a few nanometers from

the metal surface. This feature together with the very different electromagnetic field

distribution associated to the SPR in thin films and nanostructures constitutes the

key of the importance of plasmonic nanostructures for biosensing applications.

A simple way to probe the electromagnetic field distribution close to the metal

surface in plasmonic structures consists of computing the wavelength shifts of the

SPR as a function of the thickness of a surrounding dielectric coating. Since the

sensitivity to the changes of refractive index is highly dependent on the spectral
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position of the resonance (Fig. 13.2), we compare the wavelength shifts for a prolate

ellipsoid and a gold film whose resonance wavelengths coincide when the external

dielectric medium is water (n ¼ 1.33), and we assume that the refractive index of

the coating is 1.5, close to that of biomolecules. In the case of metal films, the

resonance is tuned by varying the light incidence angle, and the wavelength shifts

due to the uniform dielectric coating are computed via transfer matrix method

formalism for planar multilayers [14]. On the other hand, in the case of ellipsoidal

nanoparticles it is possible to obtain a very useful analytical formula to describe the

polarizability and retrieve the spectral shifts of the LSPR induced by a uniform

dielectric shell surrounding the particle, which is expressed by [4]:

ai ffi v
ðeBio � eeÞðeBio þ ðeM � eBioÞðL1i � fL2iÞÞ þ f eBioðeM � eBioÞ

ðeBio þ ðeM � eBioÞðL1i � fL2iÞÞðee þ ðeBio � eeÞL2iÞ þ fL2ieBioðeM � eBioÞ
(13.9)

where

v ¼ a2b2c2
3

(13.10)

and

f ¼ a1b1c1
a2b2c2

(13.11)

being a2, b2, c2 and a1, b1, c1 the semi-axes of the ellipsoids with and without the

dielectric shell, respectively; L2i and L1i the depolarization factors in the i direction
with andwithout the dielectric coating, and eBio the dielectric constant of the coating.
It is straightforward to demonstrate that (13.9) tends to (13.1) when ebio ¼ ee.
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As can be seen in Fig. 13.5, the wavelength shift of the nanoparticle resonance is

larger than that of the film close to the metal surface. In contrast, the resonance shift

of the nanoparticle rapidly decreases when the thickness of the dielectric coating

dBio is larger than 20 nm, whereas the shift of the metal film shows a roughly linear

dependence on dBio. Such behavior clearly evidences the strong confinement of the

electromagnetic field in metal nanostructures. In contrast, the electromagnetic field

decay of the surface plasmon in metal films can be in the order of hundreds of

nanometers. The different field distribution explains both the much larger bulk

sensitivity obtained in metal films and the similar or even larger sensitivity to local

changes of refractive index close to the metal surface found in metal nanoparticles

[10, 13]. As a result, in order to compare the biosensing performance of any

refractometric sensor, it is then more interesting to define the surface sensitivity

parameter as:

�S ¼
dPLSPR

ddBio
(13.12)

thus quantifying the shift of the measured spectra as the thickness of dielectric

coating varies. The surface sensitivities of the metal film and the nanoparticle are

compared in Fig. 13.5, showing how the sensitivity close to the metal surface can be

up to a 50% larger for the nanostructures. The enhanced surface sensitivity in

conjunction with the narrower resonance peaks add even more interest to the

biosensing applications of plasmonic nanostructures. It is worth noticing that

the surface and bulk sensitivities exhibit similar spectral dependences when the

volume of the nanoparticle is kept constant (see Fig. 13.6a). Therefore, the surface

FOM also displays an optimal sensing region between 700 and 900 nm (Fig. 13.6b).

Within this region a threefold improvement in the surface FOM compared to that of

thin films can be achieved [10].

Another interesting and rather surprising feature of the surface sensitivity of metal

nanoparticles can be extracted from (13.9). If we assume that the dielectric shell

uniformly covers the nanoparticle and the coating thickness is much thinner than the

length of the ellipsoid axes, then the main effect of the shell in the polarizability is
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generated by the factor f, which simply represents the ratio of the nanoparticle volume

with and without shell. As a direct consequence from such dependence, nanoparticles

with oblate and prolate shapes can exhibit identical surface sensitivities, if the total

volume of the nanoparticle is preserved. A proof of such behavior is represented in

Fig. 13.6, where the surface sensitivity, FWHM, and FOM of prolate and oblate

ellipsoids with different aspect ratios are depicted. These results are confirmed by

FDTD calculations, showing a very similar spectral trend and amplitude in the FOM

as those gathered in Fig. 13.6. As a result, the surface sensitivity and FOMof the LSPR

sensors ismainly dominated by the spectral position of the LSPR,whereas the shape of

the nanoparticle plays a secondary role, i.e., selecting the resonance position.

The results of Fig. 13.6 clearly highlight the interdependence between the FOM

of plasmonic sensors and the dielectric constants of the metal. As it was mentioned

above, the sensitivity to changes of refractive index is proportional to the real part

of the dielectric constant of the metal [5]. In contrast, the resonance peak widths

are directly related to the imaginary part of the dielectric constant of the metal.

The interdependence becomes more evident when quotient between the real and

imaginary parts of the dielectric constant of the plasmonic metal is calculated.

Figure 13.7 displays a peak-shaped tendency with a range of maximum values

located at the same spectral region as the FOM, between 700 and 900 nm. There-

fore, we can conclude that the overall spectral behavior of the FOM can be directly

attributed to the intrinsic optical properties of gold.

Even better plasmonic characteristics than gold are found in silver. However its

poor chemical stability has so far limited the development of robust LSPR sensors.

As Fig. 13.7 displays, the real part of the dielectric constant of silver has a similar

spectral dependence although blueshifted with respect to gold. Such difference

implies that, for a given particle shape and volume, the LSPR spectral position

will be always blueshifted with respect to that of a gold particle. In addition, for a

given resonance wavelength, the sensitivity will be slightly better in silver due to

the larger real part of the dielectric constant. Another difference between silver and

gold comes from the imaginary part of the dielectric constant, which is smaller in

silver especially for short wavelengths (below 700 nm), although a great
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discrepancy is found for these values in the literature. A weaker absorption is

manifested in narrower resonance peaks and larger dipole amplitudes. The former

feature leads to improved spectral resolution, whereas the latter can help to enhance

the signal-to-noise ratio of the spectral measurements, for an overall contribution

that could help to improve the limit of detection of plasmonic sensors (Fig. 13.7b).

So far, we have considered the sensitivity of metal nanoparticles to homogeneous

changes of refractive index. However, the necessity to link the nanostructures to a

solid support in practical applications can reduce the sensing performance of the

nanostructures, making difficult to achieve the results presented above. In fact, the

experimental surface FOM of Au nanorods on a glass support has only shown a

slight improvement with respect to that of Au films [10]. Besides, the substrate can

induce significant spectral changes in the LSPR of the nanostructures [15–17].

Therefore, the aim of the next section is to analyze how the substrate influences

the sensitivity and FOM of nanoplasmonic sensors.

Effect of the Substrate and Adhesion Layers in the FOM

The compatibility with microfluidic technology for lab-on-a-chip applications, high

throughput assays and surface regeneration require that the metal nanostructures are

firmly attached to a solid support. Such attachment can be made either chemically,

linking colloidal nanoparticles to the surface by means of covalent bonds, or using

lithographic methods to nanopattern the surface. Since the adhesion of silver and gold

to common transparent substrates such as silica or organic polymers is generally very

poor, chemical surface modification or the use of adhesion layers like Cr and Ti is

needed to ensure the stability of the nanostructures. However, Cr and Ti are highly

absorptive metals that can induce damping of the LSPR and, therefore, reduce the

sensing capabilities of plasmonic nanostructures. In this study we select, as model

plasmonic nanostructure, gold nanodisks, commonly employed in biosensing

applications due to the simplicity of their fabrication by lithographicmethods [18–20].

The first obvious effect related to the attachment of the nanoparticles to the

substrate is the reduction of the metal surface available for the biofunctionalization,

thus limiting the number of molecules than can be employed in the biodetection

processes. On the other hand, the majority of the transparent substrates used for

biosensing applications have a refractive index larger than that of water based

solutions required in biosensing applications. Such difference breaks the symmetry

of the electromagnetic field distribution around the nanoparticle and tends to shift

the maximum intensity towards the higher refractive index region, i.e., the substrate

(see Fig. 13.8). Therefore, as the refractive index of the substrate ns increases, the
electromagnetic field is more concentrated in the region that is not accessible for

biosensing, which results in a substantial reduction of the bulk and surface

sensitivities of the nanoparticles, ranging from a 30% decrease when ns ¼ 1.5

(borosilicate glass) up to 43% for ns ¼ 2.4 (TiO2), as can be extracted from

Fig. 13.9a. In addition, the sensitivity decrease is accompanied by a large
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broadening of the resonance peaks (Fig. 13.9b), which can lead to a threefold decay

of the FOM (Fig. 13.9c). Consequently, to maximize the biosensing response, it is

important the use of substrates with low refractive index [17] or, as an alternative,
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nanoparticles on dielectric nanoposts [21], to reduce the effective refractive index

around the nanoparticles.

The adverse effect of the substrate on the sensing performance of plasmonic

nanostructures is even more pronounced when the typical adhesion layers, such as

Ti and Cr, are introduced. Figure 13.10 displays the change of the scattering spectra

of Au nanodisks on a glass substrate (ns ¼ 1.5) when an increasingly thick Ti or Cr

layer is introduced between Au and the substrate. As can be observed, just 1 nm of

Ti induces a 60% reduction of the scattering intensity, while the decrease is even

more dramatic for Cr, being close to 80%. Even though the surface sensitivity is not

altered by the adhesion layer, the induced LSPR damping is also manifested in a

large broadening of the resonance peaks, yielding a fourfold diminution of the FOM

when 2 nm of Cr are introduced. The combination of peak broadening and reduction

of the scattering cross section will be reflected in a drastic drop of the signal-to-

noise ratio of the biosensing measurements and a concomitant limitation of the

refractometric sensing capabilities of nanoplasmonic sensors.

Conclusions

In this chapter we have examined several strategies to maximize the performance of

metal nanoparticles as refractometric biosensors. Firstly, we have discussed the

importance of using the FOM, defined as the ratio between sensitivity and width of

the resonance peaks, to describe and quantify the sensing performance, due to the

equivalence in wavelength and energy scales, thus eliminating any possible ambi-

guity. On the other hand, it is crucial to distinguish between surface and bulk

sensitivity in order to compare the quality of different refractometric sensors due

to their dissimilar electromagnetic field distribution. Taking these factors into

account, the strategy to maximize the biosensing performance of refractometric

plasmonic sensors is rather general (valid for nanostructured media and planar

films) and can be summarized in two steps:
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1. Selection of the plasmonic resonance wavelength in the region in which the

quotient between the real and imaginary parts of the dielectric constant of

the metal is maximized. In the case of gold, the optimal sensing region is

comprised between 700 and 900 nm. In order to tune the LSPR within this

wavelength range, it is convenient to select nanoparticles with high aspect ratio

and low volume to avoid additional peak broadenings associated to dephasing

effects. In this sense, nanospheres are the worst candidates for refractometric

sensing, whereas disk-like or rod-like nanoparticles can exhibit similar features.

2. Attenuation of the adverse effects related to the attachment of the nanostructures

to a solid support, being advantageous to minimize both the refractive index of

the substrate and the thickness of the adhesion layers required to promote their

mechanical stability.

The combination of both strategies can provide nanoplasmonic biosensors with

very competitive features, especially for real-time, label-free, and multiplexed

applications.
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Chapter 14

Localized Surface Plasmon Resonance (LSPR)

Transducers Based on Random Evaporated

Gold Island Films: Properties and Sensing

Applications

Alexander Vaskevich and Israel Rubinstein

Abstract Methods based on localized surface plasmon resonance (LSPR)

spectroscopy have gained popularity in recent years, notably for label-free

biosensing. This chapter summarized our progress in the development of LSPR

transducers based on random evaporated gold island films. Systematic results on the

preparation of Au island films with desired morphology and optical properties, as

well as studies of the stability and sensitivity of such LSPR transducers, are

presented. Schemes described here allowing tunability of the surface plasmon

band wavelength, decay length and refractive index sensitivity of the LSPR

transducers enable optimization of the transducer performance. Actual biosensing

applications are exemplified using immunosensing (antigen-antibody interactions)

and specific protein-carbohydrate interactions. It is concluded that random gold

island films prepared by evaporation and annealing present a promising platform

for the preparation of sensitive and cost-effective LSPR transducers offering scal-

ability and simplicity.

Introduction

Nano-sized structures of various metals exhibit an extinction band which is not

present in the bulk metal spectrum [1]. This band is attributed to localized surface

plasmon resonance (LSPR), i.e., excitation of localized surface plasmons (SPs),

also known as plasma polaritons. The physics of SPs have been studied extensively

for over a century, starting from the pioneering works of Mie [2] and Maxwell-

Garnett [3]. A discussion of the physical principles underlying the phenomenon can

be found in Chaps. 1 and 2 of this book.
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In general, the LSPR spectrum depends on both structural and environmental

parameters, and can be measured using different experimental setups including

transmission as well as specular and diffuse reflectance. The wavelength, shape, and

intensity of the LSPR band are sensitive to changes in the geometric and environmen-

tal features. The latter, together with the simplicity of obtaining the experimental data

with sufficient accuracy using low-cost equipment, have stimulated rapid develop-

ment of sensing applications based on LSPR spectroscopy in the past decade.

Initial applications of LSPR spectroscopy to sensing have exploited changes of

the spectrum upon analyte-induced aggregation of nanoparticles (NPs) in solution,

causing coupling of the SPs of individual NPs. Intense color changes indicating SP

coupling, easily observed by the naked eye, were used in immunoassay [4] and later

in studies involving DNA hybridization [5]. This type of biosensors, most com-

monly used in solution, is outside the scope of this chapter. Here we focus on

systems where the spatial distribution of the metal nanostructures is assumed to

remain unchanged and the LSPR transducer response is attributed to changes in the

contacting environment upon analyte binding/release. The wavelength of the SP

band of coinage metals is located in, or close to, the visible range; this, combined

with the chemical stability of silver and especially of gold, has made them the

metals-of-choice in the development and study of LSPR transducers.

The sensitivity of localized SPs to the dielectric properties of the immediate

environment has been well understood for many years [2, 3]. Experimental results

have been obtained for plasmonic nanostructures on various substrates, including

chemically deposited [6, 7] and evaporated [8–10] metal island films, as well as

immobilized metal NPs [11]. The results of Underwood and Mulvaney on Au NPs

immersed in media of variable refractive index (RI) showed quantitative agreement

with the Mie theory [12]. In marked contrast with the relative simplicity of LSPR

measurements, exact theoretical calculation of the LSPR spectrum of metal

nanostructures immobilized on dielectric substrates is not possible; therefore,

substantial effort has been invested in simplified model calculations and numerical

modeling (see recent reviews [10, 13–16] for references).

The development of LSPR transducers is closely related to the discovery of

surface enhanced Raman scattering (SERS) and the introduction of an electromag-

netic enhancement mechanism for SERS [17, 18], promoting numerous studies of

metal island films as SERS substrates (see recent reviews [19, 20] for references).

An early experimental observation of the shift of the LSPR band in the transmission

spectrum of Ag island films after adsorption of 4,40-bipyridine was published by

Schlegel and Cotton [21].

Application of LSPR to sensing of its dielectric environment was suggested by

Meriaudeau et al. [22], while Foss and coworkers demonstrated determination of an

analyte (phenol) in aqueous solution based on the concentration dependence of the

RI of the medium [23]. Both groups used LSPR transducers comprised of Au island

films evaporated on glass and annealed. Systematic studies of the refractive index

sensitivity (RIS) and sensing applications of ordered metal (Ag, Au) island films

prepared by evaporation through a sacrificial mask of closely packed polystyrene

NPs were reported by Van Duyne and coworkers [10, 24–26]. LSPR transducers
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designed for reflection measurements were prepared by Takei and coworkers by

evaporating Au caps on polystyrene NPs assembled on an Au mirror [27, 28].

In general, several platforms have been developed for LSPR sensing. Hence,

evaporated island films, either random [22, 23, 29–32] or ordered [10, 24–27];

solution based [33–35] and immobilized [36–38] metal NPs; continuous metal films

perforated with nanoholes [39–41]; and sandwich structures combining continuous

and nanostructured parts [27, 42, 43], have been used in numerous sensing and

biorecognition applications.

In recent years studies of LSPR sensing have been pursued primarily along two

directions: achieving record sensitivity of detection down to the single NP/single

molecule level, and preparation of LSPR transducers for practical applications.

These two directions are distinct in the use of sophisticated vs. simple equipment,

respectively. Examples of this difference are dark-field microscopy combined with

spectrophotometry [40] on the high end, and transmission/reflection spectropho-

tometry, available in low-cost configurations of fiber optics-based systems [10] or

compact integrated devices [44], on the low end. The two directions are related: The

LSPR sensing concept, realized in the late 1990s using ensembles of NPs and

nanoislands, was demonstrated in single-particle experiments a few years later, in

2003 [45–47]. Recently monitoring single binding [48] and desorption [49] events

was reported, achieving record sensitivity.

An intriguing issue in the quest to achieve high sensitivity of LSPR systems is

the shape of individual particles that best suits specific sensing tasks, and the

possibility to prepare ensembles of such particles [50]. Numerical modeling showed

that variations in the strength of the local electromagnetic field influence the local

sensitivity of the individual LSPR nano-objects; therefore, directing the analyte to

more sensitive binding locations should improve the transducer performance [25].

Experimental results indicated increase in the transducer sensitivity for analyte

bound to the edges of Au nanoplates [51, 52], supporting the model calculations. It

is expected that further work on individual LSPR nanostructures will lead to

optimization of the shape and spatial positioning of the analyte binding sites.

Thermal evaporation of metals to form nanostructured metal films on inert

supports represents one of the earliest techniques for the preparation of localized

plasmon systems. Notable advantages of metal evaporation are simplicity and scal-

ability. Post-deposition annealing of the films affords additional tuning of the mor-

phology and optical properties. However, obtaining a narrow distribution of island

shape and size usually requires the use of masks, such as e-beam [53, 54] or colloidal

[55] lithographies. The latter has been widely used in laboratory studies, but has not

reached the level of industrial application. In cases where only shape-control is

needed, a variant of colloidal lithography based on immobilization of a random

array of template spheres [56] has shown potential of scalability in the preparation

of nanoisland [57] and nanohole films [39]. The latter approach also provides the

possibility to prepare plasmonic structures with vertically separated layers [58].

In the last decade our group has concentrated on the systematic development of

LSPR transducers based on thermally evaporated random island films [29–31, 59].

We have studied the morphological and spectroscopic properties of such films, as
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well as their stability and sensitivity when used as optical transducers [32, 60–63].

Sensing applications of LSPR systems based on random Au island films have been

demonstrated in the detection of gas-phase [64] and biological [65–67] analytes, the

latter including biotin-avidin recognition, immunosensing, and carbohydrate–protein

interactions.

This chapter describes our progress to date in the study of LSPR transducers

based on random evaporated Au island films.

Preparation of Random Gold Island Films

by Metal Evaporation/Annealing

Thermal Evaporation of Discontinuous Au Films
on Transparent Substrates

Vacuum evaporation of metal island films on transparent substrates (glass, quartz,

mica, polymers) presents a convenient approach to the preparation of LSPR

transducers. This method has been used for the preparation of metal island films

as well as arrays of nanoholes in continuous metal films. Specific issues related to

sensor optimization include control over the size, shape, and surface density of the

metal islands or holes, and the adhesion between the metal and the substrate,

affecting the stability of the optical signal.

The weak adhesion of evaporated Au and Ag films to oxide substrates such as

glass or mica is well known, frequently resulting in uncontrolled detachment and/or

aggregation of the metal islands upon exposure to solvents and drying. The com-

mon way to improve the adhesion is precoating the substrate with an adhesion layer,

either metallic (Cr, Ti, Ni) or organic (polymers, functionalized silanes,

dendrimers). It should be noted that preparation of noble metal island films com-

monly includes post-deposition annealing (see sections “Low-Temperature

Annealing” and “High-Temperature Annealing and Stabilization”) to achieve

desired island morphologies by coalescence, but the heating may be incompatible

with organic adhesion promoters. We have shown that Au island films prepared by

evaporation on amino- or mercapto-silane functionalized oxide surfaces (glass,

quartz) undergo thermal reshaping while retaining their stability upon low-

temperature (200�C) annealing in air for several hours [32, 60].

Themorphology of evaporated Au island films was characterized by atomic force

microscopy (AFM), high-resolution scanning electron microscopy (HRSEM), and

cross-sectional transmission electron microscopy (TEM). The latter two techniques

provide complementary quantitative information on the 3D topography and projec-

tion of the metal islands. Representative images of as-prepared and annealed Au

island films of various nominal thicknesses, thermally evaporated on silanized glass,

are shown in Fig. 14.1. (The film nominal thickness, or mass thickness, corresponds

to homogeneous distribution of the material on the entire surface.) In the usual

resistive evaporation using deposition rates of 0.005–0.01 nm s�1 [31, 32, 60], the

336 A. Vaskevich and I. Rubinstein



substrate temperature increases by 10–20�C above room temperature during the

evaporation. Under these conditions the mobility of Au adatoms and clusters is high

enough to promote formation of small islands and larger aggregates during evapo-

ration [21, 30–32], as seen in the unannealed films (Fig. 14.1a–c). The islands’

coalescence process is not complete, as seen in the HRSEM image of the 5.0 nm Au

film (Fig. 14.1b), presenting a large fraction of elongated structures. Further increase

in the nominal thickness of the Au film induces formation of wormlike, near-

percolated structures (Fig. 14.1c) [30, 32, 60]. The average island size remains

relatively small, such that TEM images of cross-sectional slices (30–50 nm thick)

of the unannealed samples show more than one row of islands (Fig. 14.1a–c).

Low-Temperature Annealing

Evaporated films annealed 20 h at 200�C present larger Au islands spaced farther

apart compared to the unannealed ones, as a result of thermally induced coalescence

Fig. 14.1 Cross-sectional transmission electron microscopy (TEM) (left) and high-resolution

scanning electron microscopy (HRSEM) (right) images of gold films evaporated on silanized

glass. Nominal thickness: 2.5 nm (a, d), 5.0 nm (b, e), and 7.5 nm (c, f). Samples before (a, b, c)

and after (d, e, f) annealing 20 h at 200�C are shown. The solid lines in the cross-sectional TEM

images serve as a guide to the eye, representing the glass substrate removed before sectioning.

Note the different scale bar in (f) (adapted with permission from Karakouz et al. [60])
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(Fig. 14.1d–f). After annealing the 2D projection of the islands becomes more

regular (Fig. 14.1d, e) with increased interisland spacing compared to the

unannealed films. The respective cross-sectional TEM images show individual

islands with substantially increased island height (Fig. 14.1d, e). Thermal transfor-

mation of the near-percolated film into islands (Fig. 14.1c, f) proceeds through

dewetting, rather than coalescence. Due to the low rate of surface diffusion of Au

adatoms and recrystallization at 200�C, part of the islands remains odd-shaped with

a characteristic size of hundreds of nanometer (Fig. 14.1f).

High-Temperature Annealing and Stabilization

Elevating the annealing temperature allows dewetting of thick, near-percolated or

percolated films, to form well-defined islands [23]. Transformation of the morphol-

ogy from percolated films to separated islands was followed by AFM and HRSEM

imaging for Au evaporated on bare glass (Fig. 14.2). The unannealed 7.5 and 10 nm

films display a largely percolated structure with a network of voids, the latter

becoming shorter as the nominal thickness increases (Fig. 14.2a, c, e.g.). High-

temperature annealing in air of the near-percolated (7.5 nm) and just-percolated

(10 nm) films leads to formation of large, well-separated islands (Fig. 14.2b, d, f, h).

Selected-area electron diffraction shows that the individual islands are single

Fig. 14.2 HRSEM (a–d) and AFM (e–h) images (500 � 500 nm2) of gold films evaporated on

bare glass. Nominal thickness: 7.5 nm (a, b, e, f) and 10 nm (c, d, g, h). Samples before (a, c, e, g)

and after (b, d, f, h) annealing 10 h at 550�C are shown. A typical cross-section is shown below

each atomic force microscopy (AFM) image; note the different z-scales in the cross-sections

(adapted with permission from Karakouz et al. [60])
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crystalline [68]. The top surface of larger faceted islands formed after annealing of

10 nm films is more developed, as seen in the HRSEM and AFM images

(Fig. 14.2d, h). The AFM measured roughness of the top surface of the annealed

films is ca. 0.1 over 100 nm scan, indicating largely atomically flat surfaces. XRD

analysis of high-temperature annealed 10 nm Au films shows a strong {111} texture

[68], confirming that the top surface of individual Au islands (Fig. 14.2d, h)

presents (111) faces.

Typical transmission UV–vis spectra of Au films before and after annealing are

shown in Fig. 14.3. Unannealed films presenting an island structure (small nominal

thicknesses, 2.5 and 5.0 nm) show an SP band in the visible spectral range. The SP

band is barely distinguishable in the spectra of the nonconductive 7.5 nm unannealed

films (Fig. 14.3a, c), approaching the spectrum of a continuous Au film, in agreement

with the HRSEM imaging results (Figs. 14.1c and 14.2a). The unannealed, just-

percolated 10 nmfilm is highly electronically conductive and exhibits a transmission

UV–vis spectrum (Fig. 14.3c) characteristic of a continuous Au film, showing an

extinction minimum at ca. 520 nm and the absence of an SP band [69]. High-

temperature annealing in air transforms the 7.5 and 10 nm Au films to isolated

islands, resulting in the appearance of a well-defined SP band (Fig. 14.3b, d).

Fig. 14.3 Transmission UV–vis spectra of Au films evaporated on silanized glass (a, b) and on

bare glass (c, d). (a, c) As evaporated; (b) after annealing 20 h at 200�C; (d) after annealing 10 h at
550�C. Nominal thicknesses are indicated (adapted with permission from Karakouz et al. [60])
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When the annealing temperature approaches the glass transition temperature Tg
of the glass substrate, the stability of the formed island film is greatly improved

[60, 61]. Kinetic studies showed that the film morphology is transformed within less

than an hour and remains essentially unchanged during long annealing. However,

the morphology of the glass substrate undergoes a slow modification. HRSEM 3D

images of island film and the glass substrate after long high-temperature annealing

and dissolution of the gold (Fig. 14.4) revealed island footprints in the glass.

Development of the footprints was correlated with softening of the glass sub-

strate at temperatures in the vicinity of Tg and gradual embedding of the islands in

the glass over many hours. For films evaporated on glass cover slips (Tg ¼ 557�C),
indication of glass transformation was observed after long annealing at 500�C
(Fig. 14.5b); however, stabilization of the island morphology and optical response

was reached only after long annealing at higher temperatures, at which island

(partial) embedding in the glass was attained (Fig. 14.5d, f). Elevating the annealing

Fig. 14.4 HRSEM isometric

view images (projection view,

20�) of a 10 nm Au film after

annealing 10 h at 550�C (a)

followed by dissolution of the

islands in cyanide (b) [68].

Scale bars: 200 nm
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Fig. 14.5 AFM images (1 � 1 mm [2] scan) of 10 nm Au island films on cover-glass (Tg ¼ 557
�C), annealed 10 h at: 500�C (a, b), 550�C (c, d), 600�C (e, f). Samples before (a, c, e) and after (b,

d, f) Au dissolution in aqua regia are presented. Insets show 3D images of single features. Note the

different z-scales in different images (adapted with permission from Karakouz et al. [61])
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temperature enhanced the kinetics of embedding and increased the embedding

depth (Fig. 14.5) [60, 61]. The latter, however, decreases the sensitivity of the

LSPR transducer due to reduction of the island area available for analyte binding

[70]. Higher annealing temperatures lead to deformation of the glass substrate and

sticking to the underlying support, preventing use of the LSPR transducer.

The detailed morphology of the embedded islands was studied by cross-sectional

TEM (Fig. 14.6). As seen in Fig. 14.6c, the softened glass wets the partially

embedded Au island. The same general behavior of gradual embedding was

observed with Au NPs immobilized on glass and annealed at similar temperatures

[71, 72]. Note that our claim that oxygen is essential for the embedding [61] proved

to be wrong (it originated from unsatisfactory temperature control under gas flow).

Improving the experimental system showed that annealing in vacuum and under

inert atmosphere (N2) also results in island embedding, with the atmosphere

influencing the kinetics of embedding [72].

The driving force for NP embedding in the softened glass appears to be capillary

forces at the glass-NP-air three-phase contact; however, a detailed study of the

chemical composition of the interface is needed to elucidate the mechanism of

island embedding. Recently wetting of Au islands on sapphire by an intermediate

anorthite layer was shown [73], where a nanometer-thick amorphous layer of

anorthite separated the Au islands and the sapphire surface, forming an intergranu-

lar film at the interface. The kinetics of Au island embedding in the glass (Fig. 14.7)

show decrease of the mean height of the non-embedded part of the island above the

glass, and concurrent increase of the mean embedding depth. The sum of the two

(ca. 50 nm) remains constant throughout the process, indicating that the average

island overall height remains essentially constant, while the islands gradually sink

into the glass as the annealing proceeds.

The ability to systematically change the optical properties of LSPR systems is

essential for transducer optimization, as discussed in section “Sensitivity of LSPR

Transducers.” Preparation of random Au island transducers by evaporation

Fig. 14.6 Cross-sectional TEM images of 10 nm gold films evaporated on bare glass. Samples

before (a) and after (b, c) 10 h annealing at 600�C are shown. Samples for imaging were prepared

by focused ion beam slicing (adapted with permission from Karakouz et al. [60])
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followed by high-temperature annealing presents an effective means of achieving

stable and tunable LSPR transducers. Transmission spectra of a series of Au island

films with a nominal thickness from 3.0 to 10 nm, annealed at a high temperature,

show a regular increase in the extinction and a SP band shift (Fig. 14.8a). The latter

can be correlated with the known dependence of the SP band position on the island

aspect ratio (Fig. 14.8b). In numerical modeling using the discrete dipole approxi-

mation (DDA) taking into account the experimentally determined size distribution

of the islands, splitting of the SP band to transverse and longitudinal components

was not observed as a result of averaging over the ensemble [68].

The reproducibility of the transducer preparation procedure presents a critical

parameter in the development of practical LSPR sensors. In the present system the

standard deviation of the nominal thickness of slides evaporated resistively using a

rotating sample holder (a batch of ca. 20 slides) is �4%, attesting to the homoge-

neity of the evaporated samples [74]. Statistical analysis of extinction spectra was

carried out using 6 batches of 18–24 slides each, nominal thicknesses of 2.5–10 nm,

and different annealing procedures. The standard deviation of the SP band wave-

length for a given batch varied between 1 and 4 nm, with an average of 2.3 nm,

while the relative standard deviation of the SP maximum extinction was �2%
[60, 67]. These statistical results indicate that resistive evaporation of thin Au films

followed by thermal annealing in air presents a viable route to large-scale prepara-

tion of LSPR transducers. It should be noted, however, that the standard deviation

of the SP band increases with increase of the nominal thickness, and additional

work is necessary to achieve a satisfactory reproducibility for transducers prepared

by annealing of near-percolated and just-percolated Au films.
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Fig. 14.7 Kinetics of island embedding during annealing at 600�C of a 10 nm Au island film on

cover-glass, measured by AFM. Circles—island height above the glass, squares—depression

depth after Au dissolution in aqua regia. Mean values and standard deviations (the latter shown

as error bars) were calculated from measurements of 50 islands and depressions for each point

(adapted with permission from Karakouz et al. [61])
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Sensitivity of LSPR Transducers

General Properties and Sensitivity of LSPR Transducers
Based on Random Evaporated Au Island Films

Development of LSPR-based optical transducers involves general issues, such as

sensitivity to analyte binding and choice of the measured parameters. The wave-

length, intensity, and shape of the LSPR band are sensitive to changes in the

dielectric properties of the surrounding medium, including changes induced by

binding of analyte species to the metal structures. In LSPR sensing, analyte

accumulates on the transducer surface (either directly or via a recognition layer),

Fig. 14.8 (a) Representative extinction spectra of gold island films of various nominal thicknesses

(indicated), evaporated on bare glass and annealed 10 h at 580�C. (b) The Au SP peak wavelength

as a function of the mean island aspect ratio; nominal thicknesses are indicated (adapted with

permission from Kedem et al. [76])
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displacing air or solvent and thereby changing the dielectric properties (i.e., the

effective RI) of the surrounding medium. As a result the conditions for excitation of

SPs change (the simplest case is given by the Mie relationship), expressed as

modification of the LSPR spectrum.

Quantitative calculation of the wavelength-dependent intensity of the SP eva-

nescent field for random metal island systems, taking into account the island size

and shape, size distribution, influence of the solid support, and electromagnetic

coupling between islands, is practically impossible. However, the general optical

behavior of the system can be described by a simple phenomenological model,

developed to describe the behavior of propagating surface plasmon resonance

(SPR) sensors [75] and later applied successfully to LSPR transducers. The

model assumes that the response R to change of the RI � of the adjacent bulk

medium depends only on the difference in RI (14.1). Over a narrow range of RI

change, the LSPR response R can be approximated as a linear function of the

change in the bulk RI, D� ¼ �final � �initial:

R ¼ f ð�final � �initialÞ � mðD�Þ (14.1)

The empirical coefficient m in (14.1) is denoted the bulk RIS. It represents

averaging of geometrical factors and sensitivity of individual islands in the ensem-

ble. The response R can be measured as change in one or more of several

parameters, such as the SP wavelength, maximum extinction, extinction at a

constant wavelength, etc., and corresponding m values can be calculated experi-

mentally for each parameter. As an example, Fig. 14.9 presents experimental data

for an Au island transducer immersed sequentially in a series of solvents with

different RI values. While the optical parameters change nearly linearly in

the narrow RI range covered by the different solvents, in agreement with the

approximate (14.1), the experimental points in air (� ¼ 1.00) exhibit a nonlinearity,

which should be taken into account if calculations are performed in a wide RI range.

The RIS values extracted from the linear part of Fig. 14.9b, c are 72 nm/RIU

(RIU ¼ RI unit) for SP wavelength shift, and 0.32 a.u./RIU for change in maxi-

mum extinction.

The RIS m represents an upper limit of the sensitivity of LSPR nanostructures to

local RI change, as it involves change of the contacting medium up to infinite

distance from the transducer surface. In case of an adsorbed layer of a finite thickness

d, which is the common situation in analyte binding, the sensor response depends, in

addition, on a characteristic length l associated with the exponential decay of the SP
evanescent field. This dependence is presented in (14.2), where d is the dielectric

(adsorbate) layer thickness and l is the SP effective decay length [24, 75]:

R ¼ mðD�Þ½1� expð�d=lÞ� (14.2)

Note that (14.2) is commonly written with a factor of 2 in the exponent

numerator [75]; we chose to eliminate this factor as the relationship expressed in

(14.2) is largely empirical. We therefore refer to l as the effective decay length.
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Fig. 14.9 Representative

results for a 4 nm Au island

film, annealed 10 h at 580�C.
(a) Transmission spectra in

air and in various solvents. (b)

SP peak wavelength vs. RI of

the medium. (c) Maximum

extinction vs. RI of the

medium. The lines in (b) and

(c) are linear regression of the

results. Error bars in (b) and

(c) are too small to be seen

(adapted with permission

from Kedem et al. [76])
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The physical model presented by (14.2) relates to the measurement of extinction

and does not distinguish between absorbance and scattering; however, it can serve

as a good approximation in sensing applications.

Distance Dependence of the LSPR Transducer Response

The sensitivity of LSPR transducers to the dielectric properties of the local envi-

ronment can be exploited for sensing purposes. Typically, a recognition layer is first

immobilized on the metal nanostructures (e.g., an antibody) and a UV/vis/NIR

spectrum (depending on the specific transducer) is recorded, showing the LSPR

band. The transducer is then exposed to the tested medium; if the latter contains a

specific analyte (e.g., an antigen specific to the immobilized antibody), it will bind

to the recognition layer, and a change in the spectrum will be detected. In such a

scenario, both the RIS and the decay length of the evanescent field determine the

transducer sensitivity toward the given analyte.

While the quest for maximal RIS is straightforward, the issue of the decay length

is more complex. Binding of the analyte takes place at a certain distance from

the metal surface, determined by the dimensions of the recognition layer and the

analyte. If the decay length is small with respect to the dielectric layer thickness,

the rapid exponential decay will lead to a weak response to the binding event.

If, on the other hand, the decay length is large compared to the dielectric layer

thickness, the analyte will occupy a small fraction of the sensing volume, leading,

again, to a weak response. Thus, for optimal response a transducer has to be chosen

such that the combined RIS and decay length maximize the response to the specific

analyte–receptor system [37, 76, 77]. The decay length of the response of a given

LSPR transducer can be determined experimentally using overlayers with a vari-

able thickness, controlled on the nanometer scale. Recently we have obtained

systematic distance sensitivity data for a series of island films, using electrostatic

layer-by layer (LbL) assembly of polyelectrolyte multilayers [78]. This widely used

approach is noted for its simplicity and repeatability [79]. To determine the

effective decay length and RIS of Au island films of different thicknesses, poly-

electrolyte multilayers were deposited on the island films using the standard LbL

self-assembly procedure (Fig. 14.10a) [76, 78]. The LbL process was carried out

until the characteristic parameters (plasmon peak wavelength and intensity) showed

a tendency to stabilize.

Figure 14.10b, c presents, respectively, HRSEM plan-view images of gold island

samples before and after coating with a polyelectrolyte multilayer, displaying a

rather uniform polymer layer around the islands following LbL assembly. Fig-

ure 14.10d, e shows 3D isometric views of the same sample using different

detectors, presenting the surface and internal composition. The thickness of the

40-layer film, determined from the images, is 40 � 4 nm, in agreement with

spectroscopic ellipsometry data for a similar multilayer prepared on a continuous

Au substrate [76].

14 Localized Surface Plasmon Resonance (LSPR) Transducers Based. . . 347



Representative spectra and SP peak wavelength and intensity for polyelectrolyte

LbL assembly on 3 and 10 nm Au island films are shown in Fig. 14.11, exhibiting

the increase in the decay length with nominal thickness. Figure 14.12 shows the SP

wavelength shift and extinction intensity change for a 3 nm Au island film coated

with polyelectrolyte multilayers of increasing thickness, as well as exponential fits

to (14.2). Given the experimentally measured R (the response, as wavelength shift,

Fig. 14.10 Schematic representation of the polyelectrolyte layer-by layer (LbL) assembly proce-

dure (a) and HRSEM images of 10 nm Au island films, annealed 10 h at 580�C, without (b) and
with (c, d, e) a 40-layer polyelectrolyte overlayer. Plan view (b, c) and isometric projection

(tilted 60� from normal) (d, e) are presented, the latter showing the surface (d) and internal

composition (e). Samples were coated with 3 nm Cr prior to imaging (adapted with permission

from Kedem et al. [76])
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Rl or extinction change, Rext) and d (polyelectrolyte multilayer thickness), the

exponential regression provides the effective decay length l for wavelength (ll) or
intensity (lext) change. Also extracted from the same exponential regression is the

product mD� of the RIS, m (as ml or mext) and the difference in RI between the

medium (in the present case, air) and the dielectric layer, D�.

Fig. 14.12 Exponential fit of the SP wavelength shift (a) and extinction change (b) as a function

of polyelectrolyte multilayer thickness; data extracted from Fig. 14.11b (adapted with permission

from Kedem et al. [76])

Fig. 14.11 Representative spectra (a, c) and SP peak wavelength and extinction (b, d); experi-

mental points are connected for viewing convenience and for increasing number of polyelectrolyte

layers assembled on Au island films of indicated nominal thicknesses, annealed 10 h at 580�C.
Spectra recorded after assembly of each polyelectrolyte bilayer (adapted with permission from

Kedem et al. [76])
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Average decay length and RIS values, determined from the exponential fit, are

summarized in Fig. 14.13. The wavelength decay length and RIS values exhibit a

regular increase with increasing nominal thickness, i.e., average island size

(Fig. 14.13a). The extinction decay length values increase with a tendency to

Fig. 14.13 Wavelength (a)

and extinction (b) decay

length and refractive index

sensitivity (RIS) from

exponential regression, and

wavelength RIS and

refractive index sensitivity

normalized to the surface

density of particles (c), vs.

gold nominal thickness. Error
bars represent standard
deviation or average standard

error (larger of the two) of

four samples per Au thickness

(adapted with permission

from Kedem et al. [76])
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saturate, while the values of the extinction RIS show an initial increase and a

decrease for larger islands (Fig. 14.13b). The difference in the general behavior

and in the values of the wavelength and extinction decay length for larger islands

may be related to the antireflective effect of the multilayer; a discussion of the latter

is beyond the scope of this chapter [76].

The values of the wavelength RIS ml increase with Au layer thickness

(Fig. 14.13a), while the corresponding extinction RIS mext reaches a maximum

for 7.5 nm films, above which a decrease in the values is observed (Fig. 14.13b).

To understand this apparent discrepancy it is useful to consider the physical basis of

these variables. The two experimental parameters, ml and mext, are commonly

treated in the same manner, as both are similarly used for sensing purposes.

However, for a physical discussion the fundamental difference between the two

becomes relevant. While the peak wavelength is a basic property of the islands and

is independent of the quantity of particles in the optical path (other than coupling

effects), the extinction is an additive variable which depends directly on the amount

of particles sampled. In the present case, a higher surface density of islands will not

affect ml (neglecting plasmon coupling effects, which are minor here), but will lead

to a higher extinction, and correspondingly, to a higher RIS, mext. Therefore, while

for sensing purposes the values of ml and mext are the relevant parameters, for a

discussion of physical aspects of the system, including a comparison of different

island films, the value of mext should be normalized to the surface density of

particles. The normalized parameter ~mext ¼ mext=c, where c is the number of islands

per unit surface area, is thus a quantity-independent variable, analogous to ml as an

intrinsic physical property of the island ensemble.

Values of ~mext are plotted in Fig. 14.13c vs. film nominal thickness. The

normalized values display a generally monotonous increase with Au film thickness,

similar to the behavior of ml. Hence, while the larger islands exhibit larger values

of ~mext, their low surface density results in lower values of mext.

As shown in Fig. 14.13a, films with larger islands feature both higher RIS and

decay length values. Hence, the two parameters are strongly linked; the experimental

relationship is presented in Fig. 14.14. The correlation between decay length and RIS

in LSPR systems has been recognized previously [37, 77, 80], but not studied

systematically before. The implications of this correlation are far-reaching in terms

of sensing. Common analytes and recognition interfaces (notably, biological

molecules) are smaller than the decay length of most LSPR systems, hence the larger

the decay length, the weaker the transducer response. To maximize the response it is

therefore imperative to find the optimal combination of RIS and decay length,

which has to be tuned to the specific analyte and recognition layer dimensions.

Spatial Distribution of the Sensitivity of LSPR Transducers

In homogeneity of the LSPR transducer surface on the nanometer scale and the

existence of regions with different local RIS present the possibility of spatial
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distribution of different analyte binding sites [25]. Variation of the optical sensitivity

for binding to the metal nanostructures and to the exposed hole bottom was

demonstrated for nanohole arrays [39, 40, 81]. Hence, in the application of (14.1)

and (14.2) to the analysis of the response of heterogeneous LSPR substrates, the

bulk RIS m may represent a local value or a weighted average, depending on the

particular spatial distribution of the bound analyte.

A basic issue in LSPR spectroscopy concerns the quantitative relationship

between surface coverage by the analyte (in the sub-monolayer regime) and the

LSPR response. We have addressed this point by studying the sensitivity of the SP

band to change in the fractional coverage of a chromophoric self-assembled

monolayer (SAM) on an Au island film, up to a full monolayer coverage [29,

30]. Au island films similar to the one presented in Fig. 14.1a were used as LSPR

transducers, and the disulfide chromophoric molecule 1 (Fig. 14.15a) [29] or Co

tetraphenylporphyrin (Co-TPP) [30] (not shown) served as a target analyte. The

spectral separation between the molecular absorption band and the Au SP band

allowed independent determination of the fractional surface coverage and the SP

change at different stages of SAM formation. The results for a SAM of 1,

presented in Fig. 14.15, show a direct relationship between the two absorption

bands. Hence, the wavelength and intensity of the SP band are linearly correlated

with the chromophore absorption (Fig. 14.15b), the latter directly proportional to

the fractional surface coverage by the SAM.

A linear correlation similar to the one shown in Fig. 14.15 was also observed for

binding of Co-TPP to an imidazole receptor SAM on an Au island transducer, up to

a monolayer coverage [30]. The latter established a linear response of the LSPR

transducer to change of the analyte surface coverage in the case of analyte binding

at a certain distance via a specific receptor layer.

Fig. 14.14 RIS for wavelength shift as a function of wavelength decay length (both from

exponential regression of LbL results), for the various Au nominal thicknesses studied (indicated)

(adapted with permission from Kedem et al. [76])
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The examples described above provide a solid experimental basis for application

of LSPR spectroscopy to quantitative analysis of analyte binding. The linear

dependence of the SP optical signal on the analyte surface coverage allows quanti-

fication of kinetic data and determination of binding constants, either to the metal or

to a receptor layer, using experimental and calculation schemes similar to those

applied in the well-established propagating SPR technique.

LSPR Biosensing: Case Studies

General Considerations

Biosensing applications of LSPR transducers require preparation of a biorecognition

interface exposing specific receptors to target analytes. In general, immobilization of

the receptors follows established schemes developed for the preparation of

biorecognition layers [82]. Introduction of a recognition interface of a given thick-

ness between the Au islands and the analyte should be taken into account in the

calculation of the response of the LSPR transducer. Assuming an exponential

dependence of the kind presented in (14.2), the response of an LSPR transducer

coated with a recognition interface of a thickness di to binding of a specific analyte of
an effective dimension da is given by (14.3):

R ¼ mðD�Þ expð�di=lÞ½1� expð�da=lÞ� (14.3)

Fig. 14.15 Transmission UV–vis spectroscopy for the formation of a monolayer of 1 (inset in (a))
on a 2.5 nm (nominal thickness) Au island substrate prepared by evaporation on a quartz slide (see

[29] for details). (a) Absolute spectra; the lower black line is a spectrum of a thick layer of 1,

obtained by evaporation of a drop on quartz (original spectrum divided by 3). (b) Correlation

between the wavelength and extinction of the SP band and the maximum absorbance of 1 at

365 nm (both from (a)). UV–vis spectra were taken ex situ, after rinsing the sample with

chloroform and ethanol and drying under a nitrogen stream (adapted with permission from

Kalyuzhny et al. [29])
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Equation (14.3) indicates that changes in the thickness of the biological interface

di are expected to affect the sensitivity of the LSPR systems. Therefore, maximizing

the LSPR transducer response to a given analyte requires optimization, taking into

account the bulk RIS (m), the decay length (l), and the thicknesses of the recogni-

tion interface (di) and analyte (da) [37, 76, 77].The influence of these parameters on

the LSPR response in model biosensing systems is demonstrated below.

Note that in the present chapter we only discuss LSPR spectroscopy carried out

in the transmission mode. However, the sensitivity can be enhanced by the choice

of measurement configuration, i.e., scattering, transmission, or reflection; addi-

tional work in this direction is needed [83, 84].

LSPR Immunosensing

Immunoglobulin (IgG) antibody–antigen recognition plays a major role in the

immune system. To demonstrate LSPR sensing of protein–protein recognition,

the specific interactions of rabbit and mouse IgG antigens with anti-rabbit and

anti-mouse IgG antibodies were studied by LSPR spectroscopy [67].

The LSPR transducers comprised 5 nm (nominal thickness) Au island films

prepared by evaporation on silanized glass followed by annealing 20 h at 200�C
(Fig. 14.1e), subsequently derivatized with a biological interface (IgG antigens) for

IgG antibody recognition/binding. A schematic representation of the stepwise pro-

cedure for functionalization of the Au island films is shown in Fig. 14.16. To show

the effect of the recognition interface structure and dimensions, three types of

interfaces were studied, presented as routes 1, 2, and 3 in Fig. 14.16. In route 1 the

specific receptor (antigen) was immobilized directly on the bare Au island surface

[85]; in route 2 the Au islands were coated with a monolayer of 3-mercaptopropyl

trimethoxysilane (MPTS) [62]; while in route 3 theMPTSwas further modified with

a ca. 2 nm sol–gel derived silica layer [62]. In routes 2 and 3 the silane or silica

surface, respectively, was chemically modified in a stepwise manner to expose

carboxylate functionalities, capable of covalently linking to amino groups of the

antigen by forming an amide bond.

An issue of major importance is the known instability of Au island films toward

immersion in various solvents and drying. We have previously shown that Au

island films can be stabilized by coating the islands with a thin (ca. 2 nm) sol–gel

derived silica layer (as in route 3, Fig. 14.16) [62]. In the present case we found that

all three routes led to stable transducers with biologically active protein (antigen)

layers, showing effective antibody recognition [67].

Spectroscopic and imaging results of four cross-experiments, two specific and

two nonspecific, are shown in Fig. 14.17. In the two cases of specific binding

(rabbit–anti-rabbit and mouse–anti-mouse, Fig. 14.17a, c) the difference spectra

show substantial increase of ca. 0.04 a.u. in plasmon peak intensity, while in the two

nonspecific cases (rabbit–anti-mouse and mouse–anti-rabbit, Fig. 14.17b, d) the

spectra before and after antibody binding are nearly indistinguishable and the
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Fig. 14.16 Schematic presentation of the stepwise procedures for the derivatization of Au island

films with a layer of antigens, followed by antibody binding. The three routes leading to the different

recognition interfaces are numbered (adapted with permission from Bendikov et al. [67])
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Fig. 14.17 Specific recognition of IgG antibodies; experiments carried out according to route 3

(Fig. 14.16) using 5 nm Au island films, annealed 20 h at 200�C. (a–d) Absolute and difference

spectra for two specific and two nonspecific antibody–antigen interactions (indicated), showing the

last step consisting of antibody binding to antigen-derivatized surfaces (see Fig. 14.16). (e–h)

HRSEM images corresponding to the spectra in (a–d), showing the final state after specific/

nonspecific antibody binding (adapted with permission from Bendikov et al. [67])
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difference spectra (expanded �10) show insignificant change in SP peak intensity,

i.e., minimal nonspecific binding.

The respective HRSEM images (Fig. 14.17e–h) support the spectroscopic data.

Specific antibody binding (Fig. 14.17e, g) is seen as Au islands heavily covered

with protein molecules, while the images corresponding to the nonspecific cases

(Fig. 14.17f, h) show a thinner protein coating, consistent with no antibody binding

to the antigen layer.

The results presented in Fig. 14.17 demonstrate the applicability of Au island

based LSPR transducers to monitoring protein–protein interactions. The effect of

the recognition interface thickness on the optical response was evaluated by

comparing the immunosensing results obtained with interfaces prepared according

to routes 1–3 (Fig. 14.16), using rabbit IgG protein as the antigen. The maximum SP

intensity difference for the antibody binding step was 0.067, 0.055, and 0.039 a.u.

for routes 1–3, respectively, in qualitative agreement with the increasing thickness

of the recognition interface (di in (14.3)).

Carbohydrate–Protein Interactions: LSPR Sensing
and System Optimization

Carbohydrate–protein interactions are a major factor in fundamental biological

processes, such as cell-to-cell adhesion and communication [86, 87], and

host–pathogen recognition [88].

Study of such interactions is therefore crucial for the understanding of basic

biological processes, as well as for the development of biosensors, primarily for

diagnostics and drug development. For a demonstration of LSPR sensing of such

interactions, the specific recognition between the lectin Concavalin A (Con A) from

Canavalia ensiformis and the sugar mannose [89] was selected [66]. Binding of

Con A to mannose-functionalized linkers in LSPR experiments was reported

previously [90, 91], making it a good model system.

Figure 14.18 shows schematically the set of experiments carried out in order to

demonstrate specific recognition between Con A and mannose immobilized on Au

island transducers. The islands were derivatized with synthetically modified

carbohydrates, to obtain LSPR transducers for monitoring, quantifying, and imag-

ing of mannose–Con A interactions. These include specific interaction of Con A

with mannose-linker 2 (Fig. 14.18a), as well as three controls, i.e., no SAM

(Fig. 14.18b), a SAM of linker 1 (Fig. 14.18c), and a SAM of the nonspecific

galactose-linker 3 (Fig. 14.18d). Transmission spectra for the series of experiments

described in Fig. 14.18 are shown in Fig. 14.19 (transducers: 5.0 nm Au films,

annealed 10 h at 570�C) using, for convenience, the same A–D notation as in

Fig. 14.18. The increase in intensity and red shift of the SP band observed after

incubation of the transducers with molecules 1–3 (Fig. 14.19a, c, d) indicate the

formation of the respective SAMs on the Au island films.
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Specific recognition of Con A was assayed using the scheme in Fig. 14.18 by

incubation of the different transducers with 1 mM solution of Con A. Figure 14.19a

shows a marked response to specific binding of Con A to the mannose SAM,

evident as a distinct increase in the maximum intensity and a red shift of the SP

band position. A control experiment with no SAM showed the expected binding of

Con A directly to the bare Au (Fig. 14.19b). On the other hand, when the Au island

transducers were coated with a linker SAM or the nonspecific galactose SAM, no

response was observed to Con A (Fig. 14.19c, d).

Visual evidence for specific mannose–Con A binding is obtained using HRSEM

imaging of sampleswhich underwent fixation, staining, and coatingwith 3 nm sputtered

Cr [67]. The images are presented in Fig. 14.20; note that the grainy texture results from

the Cr layer. Binding of Con A to the mannose SAM is clearly seen in Fig. 14.20b as an

added layer on the Au islands with a distinctly different morphology, reminiscent of the

imaged protein layers in Fig. 14.17 [67], whereas the images corresponding to the linker

and galactose SAMs (Fig. 14.20d, f) appear identical to the bare Au islands.

As discussed in section “Sensitivity of LSPR Transducers,” optimization of

LSPR sensors for an analyte and recognition interface of given dimensions requires

a choice of transducer for which the combined RIS and decay length produce a

maximal signal. To perform optimization of LSPR transducers for Con A recogni-

tion, Au island films of 1.5, 2.5, 5.0, and 10 nm, annealed 10 h at 570�C, were treated
with PEG-silane, derivatized with a SAM of mannose-linker and incubated in

ConA, as depicted in Fig. 14.18a. The optical response to the sequence of treatments

was measured and changes in the spectral parameters accompanying Con A binding

(i.e., the last step in Fig. 14.18a) were compared for the different transducers.

Fig. 14.18 (a–d) Schematic presentation of carbohydrate–protein recognition and control

experiments using Au island transducers. (a) Specific binding of Concavalin A (Con A) to a

self-assembled monolayer (SAM) of 2 (mannose-linker); (b) nonspecific adsorption of Con A on

bare Au; (c, d) nonspecific interaction of Con A with SAMs of 1 (linker) and 3 (galactose-linker),

respectively. (e) Chemical structure of molecules 1–3 (adapted from Bellapadrona et al. [66])
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Figure 14.21 summarizes the results of this series of experiments, showing the

SP extinction change at a constant wavelength (chosen for each transducer) as well

as the plasmon peak shift. The results in Fig. 14.21 indicate a general trend, i.e., the

response, in terms of both extinction intensity and wavelength shift, shows a

maximum for Au island films of intermediate thickness (2.5–5.0 nm). These Au

Fig. 14.19 Localized surface plasmon resonance (LSPR) spectra of 5.0 nm (nominal thickness)

Au island films, annealed 10 h at 570�C. (a–d) correspond to the experiments depicted in

Fig. 14.18. The different spectra were recorded after modification with PEG-silane to prevent

protein binding to the glass substrate between islands (black lines); formation of a carbohydrate or

linker SAM (red lines); and incubation in Con A (blue lines). Note that in (c) and (d) the red and

blue lines coincide (adapted from Bellapadrona et al. [66])
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transducers therefore represent an optimal combination of RIS and decay length

that best fits the analyte and recognition layer thickness [76].

LSPR Kinetic Measurements

In biorecognition systems, kinetic measurements using a flow-cell configuration

present a standard scheme for lowering the detection limit as well as for determi-

nation of affinity constants of biomolecules. The latter is achieved using

Fig. 14.20 HRSEM images of Au island films (as in Fig. 14.19) after formation of SAMs of (a)

2 (mannose); (c) 1 (linker); (e) 3 (galactose). (b), (d), and (f) are respective images after incubation

in Con A. All samples were fixated, stained, and coated with 3 nm sputtered Cr. Scale bar: 100 nm
(adapted from Bellapadrona et al. [66])
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measurements with variable concentration of the analyte. Application to our LSPR

systems was exemplified using the binding of Con A to a mannose-linker SAM, as

described in section “Carbohydrate–Protein Interactions: LSPR Sensing and Sys-

tem Optimization.” The kinetic measurements were carried out using a flow system

comprising a controlled syringe-based pumping unit, manual selection valves, and a

micro flow cell (Fig. 14.22) [66]. The kinetics of Con A binding to a mannose SAM

were monitored using 5.0 nm Au island films, annealed 10 h at 570�C, chosen to

provide a high sensitivity (Fig. 14.21).

The results in Fig. 14.22 confirm the specificity of the LSPR transducer response

under flow conditions. Specific binding of Con A to the mannose SAM is evident as

a sizeable extinction increase, followed by a slow release upon change to buffer

solution. On the other hand, essentially no response was detected with the linker-

coated transducer, and only a weak response with the nonspecific galactose-

functionalized transducer.

The kinetics of Con A binding to the mannose-coated transducer were measured

as a function of protein concentration (1.0, 0.5, 0.25, 0.1 mM, 50, 25, 5.0 nM) in

order to determine the kinetic parameters of the interaction between Con A and

mannose (Fig. 14.23a, b). In kinetic terms, the formation of a [Con A–mannose]

complex can be described by (14.4):

½Con A�ðsolutionÞ þ ½mannose�ðsurfaceÞ
kon
��!
 ��
koff

½Con A�mannose�ðsurfaceÞ (14.4)

Fig. 14.21 Optimization of

the LSPR transducer response

using Au island films of

different nominal thicknesses

(1.5, 2.5, 5.0, and 10 nm,

annealed 10 h at 570�C).
Changes in extinction at a

constant wavelength (a) and

in plasmon wavelength (b)

are shown for binding of Con

A to mannose-modified

transducers. The constant

wavelengths in (a), chosen

near the maximum

differential extinction, were

545, 554, 545, and 609 nm for

Au transducers of 1.5, 2.5,

5.0, and 10 nm, respectively

(adapted from Bellapadrona

et al. [66])
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in which the association (kon) and dissociation (koff) rate constants determine the

surface concentration of [Con A–mannose] complex at each time, given by [92]:

½Con A�mannose�ðtÞ ¼ ½Con A�mannose�ð1Þ½1� expð�t=tÞ� (14.5)

The response of the LSPR transducers is directly proportional to the surface

concentration of the complex (section “Spatial Distribution of the Sensitivity of

LSPR Transducers”), hence for extinction change:

DextðtÞ ¼ Dextð1Þ½1� expð�t=tÞ� (14.6)

and

1=t ¼ kon½Con A� þ koff (14.7)

Figure 14.23c shows data analysis according to (14.7). The slope and intercept

were obtained by linear fitting of the (1/t) vs. [Con A] data, giving the values

kon ¼ 2.0 � 104 M�1 s�1 and koff ¼ 2.6 � 10�3 s�1 for the association and disso-
ciation rate constants, respectively. The apparent association equilibrium constant

is Ka ¼ kon/koff ¼ 7.7 mM.

Table 14.1 presents a comparison of our measured kinetic values with literature

data on the interaction between Con A and mannose derivatives, obtained using a

variety of techniques. The wide variability of the literature values (103 < kon < 105

M�1 s�1; 10�2 < koff < 10�4 s�1) suggests a marked dependence on the experi-

mental conditions and the technique used. Our LSPR-derived kon and koff values fit
well within the range of published values.

Fig. 14.22 (a) Schematic presentation of the home-made flow system and the micro flow cell

(60 mL internal volume) used for the kinetic experiments. (b) Con A association and dissociation

kinetics, recorded as change in the extinction at a constant wavelength of 545 nm in the micro flow

cell. The flow sequence included buffer solution, 0.5 mM Con A in buffer, and buffer solution

again. Transducers: 5 nm Au island films, annealed 10 h at 570�C, modified with SAMs of

2 (mannose) (black line), 1 (linker) (blue line), and 3 (galactose) (red line) (adapted from

Bellapadrona et al. [66])
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The results indicate that application of optimized Au island based LSPR

transducers in a flow mode enables lowering of the detection limit to the nM

range, as well as determination of the association (kon) and dissociation (koff) rate
constants for the interaction between proteins and immobilized carbohydrates.

Fig. 14.23 Determination of

the binding affinity of Con A

to a mannose SAM. The

kinetic curves in (a) and (b)

were obtained as in

Fig. 14.22, using mannose-

functionalized transducers

and different Con A

concentrations. (c) Treatment

of the results according to

(14.7), showing logarithmic

and linear scales (adapted

from Bellapadrona et al. [66])
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Conclusions

Despite substantial progress in understanding the condition needed for obtaining

high sensitivity of LSPR transducers, a gap still exists between the advanced

methods of preparation of individual nanostructures and the possibility of techno-

logical scale-up for mass-production necessary for actual sensing applications. It

has been commonly argued that “uniformity in nanoparticle size, shape, and

composition improve sensitivity and reliability” of LSPR transducers [93], imply-

ing that a major effort in the preparation of practical LSPR systems should be

directed to achieving well-defined shape and spatial positioning of the plasmonic

nanostructures. The present results show that LSPR transducers comprised of

random evaporated Au films present a viable alternative to those based on ordered

arrays. In fact, the LSPR sensitivity achieved with random nanoisland ensembles is

quite similar to that demonstrated with uniformly shaped arrays. Moreover, optimi-

zation of the average island shape, as well as inducing spatially selective analyte

binding (see section “Introduction”), can be attained, to some extent, in the random

systems as well. Therefore, low-cost LSPR transducers based on evaporated ran-

dom island ensembles are promising candidates for actual sensing applications.
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Chapter 15

Nano-Scale Electrical Transducers of Surface

Plasmons for Integrated Biosensing

Pieter Neutens, Iwijn De Vlaminck, Sergii Lozenko, Liesbet Lagae,

and Pol Van Dorpe

Abstract Recent developments in fabrication, characterization, and understanding

of local surface plasmon resonances and surface plasmon waveguides have fuelled

the development of a new generation of surface plasmon based biosensors, mainly

based on local refractive index sensing and surface enhanced Raman scattering

[1, 2]. Although the actual sensor has scaled to the nanoscale, the system still

requires bulky optical components, such as light sources, lenses, objectives, and

detectors. Integrating sources and/or detectors with the plasmonic sensor can pave

the way to small-footprint photodetectors. In this chapter, we demonstrate direct

electrical detection of surface plasmon resonators and integrated detection and

generation of deep-subwavelength guided plasmons in metal-insulator-metal

(MIM) waveguides. We will discuss these different devices, including optical/

electrical characterization, the comparison with simulations, and their relevance

for integrated biosensors.

Electrical Detection of Surface Plasmon Resonance

in a Single Plasmonic Resonator

In the context of biosensing applications, direct electrical transduction of LSPR of a

single metal nanostructure using a photodetector in its near field holds great promise.

First experimental results for integrated electrical detection of surface plasmons on a

relatively large area of randomly distributed nanodisks have been reported [3].

Nevertheless, being able to measure each plasmonic resonator separately has several

advantages. First, such a device benefits from a rapid signal reading by an integrated
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photodetector. Second, it is compatible with manufacturing technologies used in

integrated circuit design. Advancements in nanotechnologies may allow building a

large parallel, closely packed array of individual sensing elements on surface

plasmon enhanced photodiodes. Thus, the “pixel” size of a sensor is decreased to

the size of a single metal nanostructure. Monitoring the signal of single

nanostructures also excludes inhomogeneous broadening, which usually occurs

when measuring an ensemble of nanoparticles. Such a sensor would allow

measurements of the distribution of analyte concentration over the sensor surface

as well as perform averaging statistics over large areas. Integration of the sensor

arrays together with supporting electronics may lead to development of lab-on-a-

chip systems, uniting all steps of the analytical process in a single device.

It is obvious now, that efficient, small, and fast transducing schemes that can

directly convert plasmonic signals into electrical signals are needed for LSPR

sensors to fully reveal their potential.

A scheme of local electrical transduction of a plasmon resonance of a single

metal nanostructure using a photodetector described here is shown in Fig. 15.1. It is

based on a surface plasmon polariton (SPP) resonator coupled to a thin GaAs

photoresistor [4]. To take advantage of the confinement of the excited surface

plasmons and to avoid electrical shorts, the GaAs photoresistors are fabricated

either freestanding, or on top of an electrically and optically insulating oxidized

AlGaAs layer.

The optical detector used is a GaAs photoresistor with a thin gold strip fabricated

directly on top of it, but separated from the GaAs by a thin SiO2 layer. A photo-

resistor detector is chosen mainly because of the ease of fabrication and response

interpretation. Close to this detector, a reference detector without the metal structure

is constructed. By measuring the device and a reference detector simultaneously,

irregularities in the source spectrum and wavelength-dependent absorption

characteristics of the GaAs detector can be subtracted from the device response.

Reference GaAs
photodetector

AuGe/Ni/Au
Contact pads for

electrical wire
bonding

Plasmon-enhanced
photodetector with
gold strip on top

GaAs

Free standing or
AlGaAs Oxide

Fig. 15.1 Schematic view of and cross-section of the device comprising reference photodetector

and plasmon-enhanced photodetector with a gold strip on top
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The strip supports surface plasmon modes on top of the strip (at the Au/air interface)

and at the bottom of the strip (at the Au/SiO2/GaAs interface). The finite width of the

strip results in discrete Fabry–Perot resonances at specific resonance wavelengths.

Especially the resonances related to the Au/GaAs interface couple strongly to the

photodetector and are expected to show up in the spectral photoresponse

measurements. Indeed, a comparison of the response of a plasmon-enhanced detec-

tor with a gold strip, and a reference detector without the strip reveals a resonance

peak in the absorption spectrum at the wavelength corresponding to the excitation of

standing wave mode of a SPP at the interface between a gold strip and a semicon-

ducting detector.

Both finite difference time domain (Lumerical FDTD) and finite element

(Comsol Multiphysics, RF module) simulations were used to study the response of

the surface-plasmon enhanced detector. In Lumerical FDTD, the dielectric

properties of the materials were described modeled using a combination of Drude

and Lorentz models, which were obtained by curve-fitting experimental data found

in literature (GaAs andAu permittivity data taken from Palik and Johnson&Christy).

This works very well except for energies below the GaAs bandgap, as the fitted

imaginary part of the permittivity does not turn exactly zero and some “parasitic”

absorption remains. A calculation grid size of 2 nm � 2 nm was chosen for

simulations after a convergence analysis.

COMSOL multiphysics [5] implements finite element frequency domain algo-

rithm (FE/FD). Material properties can be described by specifying experimental

values of their dielectric constants for each wavelength, which allows a more

precise description of GaAs near the bandgap.

Modeling Results

The purpose of the computational study is to predict the optimal design of the strip-line

plasmonic detector, to tailor maximum possible absorption enhancement with the

resonance energy lying above to the GaAs band gap.

The geometry of the strip-line plasmonic photodetector (in cross-section) used

in the simulations is depicted in Fig. 15.2a. The gold strip on top of the detector is

designed as a fragment of a SPP waveguide with sidewalls acting as reflectors,

resulting in a Fabry–Perot cavity. The resonant properties of this cavity depend

greatly on the dielectric environment and the geometry of the resonator. We

assumed that the GaAs photodetector is freestanding.

The relative absorption spectrum of the detector is obtained by monitoring the

power flow in and out of the GaAs semiconductor volume and comparing it to

the reference detector without the gold strip. In Fig. 15.2b the calculated relative

absorption spectrum is presented for different widths of the Au strip. Clearly, strong

resonance peaks are observed at l between 700 and 1,000 nm, corresponding to the

excitation of a SPP cavity mode. SPPs, excited with TM-polarized light at the edges

of the gold strip and propagating on the Au-SiO2-GaAs interface interfere and
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create a standing wave pattern. The electrical field intensity distribution of the SPP

mode is visualized for an Au width of 400 nm in Fig. 15.2 for off-resonant

(l ¼ 833 nm) (Fig. 15.2c) and resonant (l ¼ 908 nm) (Fig. 15.2d) excitation

wavelengths. The modal profile exhibits four spots of high electric field intensity

which corresponds to the establishment of a standing wave pattern with an order

number j ¼ 3. Lower- and higher-order modes can also exist in the same cavity.

At the resonant excitation wavelength electric fields of the cavity mode are greatly

amplified which leads to enhanced light absorption through transfer of the SPP

cavity mode energy to the photodetector. It is evident from the picture that most of

the mode energy is confined within the SiO2 spacer layer.

As is clear from Fig. 15.2b, the strength of the resonance and its wavelength

depend on the geometry of the cavity: width and thickness of the gold strip, on the

efficiency of excitation of the SPP and on the strength of the coupling between the

Fig. 15.2 (a) Geometry of the plasmonic detector, used in the simulation. (b) Relative absorption

spectrum of the surface plasmon enhanced detector for different widths of the Au strip. (c, d)

Electrical field intensity distribution of the surface plasmon polariton (SPP) cavity mode for the

off-resonant and resonant excitation wavelengths correspondingly. Note the large difference in

electric field enhancement (adapted from [4])
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cavity mode and the semiconductor. A wide-range tunability of the resonance can

be attained by changing the cavity geometry.

This has been confirmed experimentally [4], as shown in Fig. 15.3, which shows

the experimentally obtained photosignal enhancement for different Au strip widths.

In the experiment, light from a 300 WXe lamp is passed through a monochromator,

and is subsequently linearly polarized, modulated with an optical chopper, and

focused on the sample with a lens. A device covered with and without the Au

nanostrip is measured simultaneously and their signals are divided to obtain the

absorption enhancement. Photosignal enhancements of up to a factor of 3 have been

obtained for resonance wavelengths near the GaAs bandgap. For shorter

wavelengths, the resonance is strongly damped, as the GaAs absorption strongly

increases above the GaAs bandgap.

As for eventual applications, freestanding GaAs wires might not be so appropri-

ate; we also fabricated these GaAs/Au plasmonic detectors on top of an insulating

substrate. This has been achieved by oxidizing an underlying (Al0.88,Ga0.12) As

layer with a high Al content, resulting in a transparent AlGaAs oxide, with a

refractive index of about 1.65. This is shown in Fig. 15.4a, b, showing the

plasmonic and the reference detector.

For this device, clear photosignal resonance signals have been obtained below

the GaAs bandgap energy, as illustrated in Fig. 15.4c.

Fig. 15.3 Experimental

photodetector enhancement

for different widths of the

Au strip (inset: comparison

of the experimental (blue)
and simulated (black)
resonance wavelength)

(adapted from [4])
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Biocompatibility

To turn the plasmon-enhanced photodetector, described here into a device that can

be operated as a biosensor, some design considerations have to be taken into

account. One of the main requirements for the biosensors is biocompatibility,

which means an ability to work under physiological conditions. The design

described above has several disadvantages if to be used for biological sensing:

first, exposure of the GaAs semiconducting layer to liquids may lead to the problem

of chemical instability; second, charges in the liquid can influence the conductivity

of the semiconductor detector. The reference detector should be passivated with a

material, transparent in the wavelength range of interest, and the region where

liquid and detector interact can be limited by definition of a microfluidic channel.
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Fig. 15.4 (a) SEM picture of the plasmonic and reference detector fabricated on an insulating

substrate. (b) Zoom of the combined Au strip and GaAs photodetector. (c) Optical enhancement

spectrum of the plasmonic device for two different widths of the gold strip
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For biological sensing applications it would be desirable to have all the surface

of the detector covered with metal, which will on the one hand, protect it from the

influence of the environment, solve the electrical instability problem by screening

the charges in the liquid and on the other hand, facilitate biofunctionalization.

Extending the gold layer all over the detector area seems to be a promising

approach, as gold can be easily functionalized. However SPPs are excited mainly

on the edges of the gold strip, so the full metal coverage of the detector will

dramatically reduce the efficiency of surface plasmon excitation by screening the

electromagnetic fields.

A way to achieve a SPP excitation in case when the detector is fully covered with

gold is the incorporation of a single corrugation in the form of a nanosized groove

on the top of the smooth gold coverage of the detector.

A schematic view of the device concept, used in simulations is presented in

Fig.15.5. In Fig. 15.5a, a cross-section of the fully gold-covered plasmonic detector

with a nano-groove incorporated on top is shown.

Fig. 15.5 (a) Cross-section view of a nano-groove plasmonic detector. (b) Simulated relative

absorption spectra of the detector in the case of full-metal coverage (curve 1), and when a nano-

groove is incorporated on the surface (curve 2). (c) Electrical field intensity distribution of the SPP
cavity mode at the resonant excitation wavelength
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Simulated relative absorption spectra, shown on Fig. 15.5b, confirm that in case

when GaAs detector is fully covered with gold layer, efficiency of SPP cavity mode

excitation, seen as a small bump on the spectrum (curve 1) is reduced to a great

extent. However, if a nanosized groove is incorporated on the otherwise smooth

gold surface, efficient surface plasmon excitation and absorption enhancement may

be achieved (curve 2).

An excitation through the nano-groove can provide efficient coupling to a

SiO2–gold interface SPP mode if the groove profile and gold film thickness are

suitably related. In Fig. 15.6 dependence of the relative absorption enhancement on

the groove parameters—width (W) and depth (H)—is investigated. A GaAs photo-

detector without the gold layer is taken as a reference in the following calculations.

The simulation results show, that a variation of the groove depth (H) affects the
SPP excitation efficiency to a great extent. At a small depth (H ¼ 10 nm), excita-

tion efficiency is very low, resembling the case when no groove is present at the

Fig. 15.6 Calculated relative absorption spectra of the nano-groove surface plasmon enhanced

detector for a different groove widths and depths. (a) Groove depth is varied in the range 10–28 nm

at a constant width of W ¼ 25 nm. (b) Groove width is varied from 25 to 80 nm; depth is

H ¼ 25 nm. (c) Photodetector width is varied in the range 300–500 nm
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surface. As the depth increases, the plasmon excitation efficiency grows up to a

certain depth value and resonant peak shifts to the infrared region. The groove depth

ofH ¼ 25 nm was found to provide the most efficient coupling of incident radiation

to a SPP mode of the order j ¼ 4 with a corresponding resonant peak at 865 nm

(Fig. 15.6a). The second peak, observed at a lower wavelength is related to the

excitation of a higher-order cavity mode (j ¼ 5). Groove width variation influences

the relative absorption spectra to a less extent, causing the change in relative

absorption maximum value and slightly shifting the resonance wavelength.

The relative absorption magnitude rises as the groove width increases up to an

approximately 40 nm, and drops down again if the groove becomes wider

(Fig. 15.6b). Low sensitivity of the surface plasmon excitation efficiency to the

groove width gives practical advantages, as very narrow grooves are more difficult

to manufacture and small variations in groove width will affect the final device

performance to a much less extent.

The resonance peak wavelength position can be tuned, as for an Au-strip

plasmonic photodetector, by varying the size of the plasmon cavity. In Fig. 15.5c

the relative absorption spectra are presented as the width of the GaAs photodetector

was varied from 300 to 500 nm. As a result of the plasmon cavity length change, a

blue-shift of the resonant wavelength is observed together with the decrease of the

peak magnitude due to stronger material damping.

Sensitivity

To evaluate the biosensing capabilities of the described device, the dependence of the

response to a change of environmental refractive index above the detector was studied

numerically. The nano-groovewidthwas chosen to beW ¼ 50 nm, depthH ¼ 25 nm,

and refractive index above the detector was varied in the range from n ¼ 1 to n ¼ 1.4

to see the general trendsof the device response.Variations of the refractive indexdue to

antibody–antigen interactions in an aqueous environment on the functionalized sensor

surface usually lie in the range from1.3 to1.4 refractive index units.Thecorresponding

relative absorption spectra are presented in Fig. 15.7a. The resonance peaks

corresponding to the quadrupolar (j ¼ 4, l ¼ 870 nm) and higher-order (j ¼ 5,

l ¼ 680 nm) mode excitation are red-shifted as refractive index of the medium

above the detector changes from 1 to 1.4. The relative absorption magnitude varies

insignificantly for the quadrupolar resonance peak, however a two times stronger

absorption enhancement is achieved for the higher-order mode. The sensitivity of the

detector to the refractive index change was estimated to be around ~100 nm/RIU.

The same calculation was repeated with a totally gold-covered photodetector

taken as a reference (Fig. 15.7b). Such an approach highlights the role of the nano-

groove in the SPP cavity mode excitation. A drop in the magnitude of relative

absorption as refractive index increases may be explained, first by the increase in

the absorption efficiency of the reference detector due to the lower index contrast

and, most importantly by a reduction of the efficiency of coupling between the

surface plasmon mode and the active semiconductor volume.
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The previously defined “figure of merit” (FOM) will be used to characterize the

sensitivity of the proposed sensors. The estimated sensitivity values are

summarized in the table below. The obtained sensitivity values are 2–4 times

lower than those, found in literature for nanoparticle LSPR sensors [6, 7]. Ways

to increase the refractive index sensitivity need to be found for a device to have

biosensing capabilities.

lpeak, n ¼ 1.0 (nm) Sensitivity (nm/RIU) FWHM (nm/meV) FOM

870 ~100 ~80/130 1.2

Advanced Device Design: Nano-Slit Plasmonic Detector

Since in 1998 Ebbesen has reported on an enhanced light transmission through a

thin metal film with subwavelength holes [8], a lot of research has been conducted

on the optical properties of nano-structured metallic thin films. It has been shown in

Lindberg et al. [9] that the enhanced transmission through a subwavelength slit in a

metal film can be understood in terms of interfering waveguide modes that propa-

gate in the slit. The position of the transmission resonance depends strongly on the

refractive index of the material in the slit that makes sensing applications possible.

An attempt to excite the SPP cavity resonance of the above described device

with the help of the enhanced transmission through the slit in the gold layer was

made. The high sensitivity of the enhanced transmission to the refractive index

change in the slit, reported in Lindberg et al. [9], may increase the sensing potential

of the device. The slit in this case can be treated as a MIM waveguide supporting

a propagating TM mode. The lowest order TM mode in the planar metallic

waveguide, unlike the TE mode, has no cutoff frequency and exhibits a

Fig. 15.7 Calculated relative absorption spectra illustrating sensitivity of the nano-groove surface

plasmon enhanced detector (W ¼ 50 nm, H ¼ 25 nm) to refractive index change. (a) GaAs

photodetector without metal coverage is used as a reference. (b) Gold-covered photodetector

taken as reference
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surface-wave-like behavior. The aim of the following set of calculations, presented

on Fig. 15.8 is to investigate the dependence of SPP cavity resonance of the

plasmon enhanced photodetector device on the thickness of the gold layer (R),
while keeping groove parameters W and t constant—t is the thickness of the

remaining gold layer in the groove, see Fig. 15.5a.

A variation of the gold layer thickness R significantly influences the spectra. As R
increases to 85 nm, amaximum in relative absorption is observed at l ¼ 740 nm that

corresponds to the excitation of quadrupolar SPP cavity mode through coupling with

the guided mode of MIM slit waveguide. The intensity distribution of the electrical

field in the slit shows that strong resonances occur at a certain thickness R when an

odd number of the quarters of wavelengths of the TM slit waveguide mode fits into

the slit. The wavelength of the slit guided mode is estimated from the intensity

distributions to be l � 340 nm. If R is increased to 260 nm, so that three quarters of

the wavelength fit into the slit (Fig. 15.8d), the resonance peak is observed at the

same wavelength of l ¼ 740 nm but is almost two times weaker. This can be

explained by the strong attenuation of the propagating mode in the slit waveguide

in the visible spectral region.

Fig. 15.8 Calculated relative absorption spectra of nano-slit photodetector with W ¼ 20 nm,

t ¼ 5 nm. (a) Thickness of the gold layer R is varied from 30 to 85 nm. (b) R is varied from 85 to

180 nm. (c, d) Electrical field intensity distribution of the SPP cavity mode at the resonant

excitation wavelength l ¼ 740 nm for R ¼ 85 nm and R ¼ 260 nm
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The refractive index sensitivity of this device is studied in Fig. 15.9. Calculations

have been performed for two values of the gold layer thickness, R ¼ 85 nm

(Fig. 15.8a) and R ¼ 180 nm (Fig. 15.8b). The slit parameters were chosen to be

W ¼ 20 nm, t ¼ 5 nm. The estimated sensitivity values for the main quadrupolar

resonance peak are summarized in the table below.

Gold layer thickness (nm) lpeak, n ¼ 1.0 (nm) Sensitivity (nm/RIU) FWHM (nm/meV) FOM

R ¼ 85 740 ~62 ~50/111 1.18

R ¼ 180 795 ~235 ~55/110 3.85

Besides the quadrupolar resonance at l ¼ 740 nm, a strong resonance peak

corresponding to the excitation of the higher mode of the order j ¼ 5 is observed in

the spectrum (l ¼ 670 nm) when R ¼ 180 nm. The higher-order mode resonance

peak is significantly influenced by the change of refractive index in the slit: as index

value rises to 1.4 peak completely vanishes. By comparing the signals from the

reference and plasmon-enhanced detectors, conclusion can be made that the drop of

the peak intensity is due to the change of the refractive index in the slit and

therefore, change of the guided mode propagation conditions, as the signal of the

reference detector, not covered with gold, stays nearly the same for this

wavelengths range.

The obtained FOM values from the nano-slit sensor with R ¼ 180 nm are

comparable with those found in literature for LSPR nanoparticle sensors, making

such a device concept a promising candidate for further research. However more

deep investigation of the nature of the observed effects and their dependency on

geometrical parameters of the nano-slit and the photodetector are needed before

proceeding to the practical implementation of the device.

Fig. 15.9 Calculated relative absorption spectra illustrating sensitivity of the nano-slit surface

plasmon enhanced detector (W ¼ 20 nm, t ¼ 5 nm) to the refractive index change. (a) Thickness

of the gold layer R ¼ 85 nm. (b) Thickness of the gold layer R ¼ 180 nm
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Electrical Generation and Detection of Surface Plasmon

Polaritons in Deep-Subwavelength Surface Plasmon Waveguides

SPPs, charge density oscillations at metal-dielectric interfaces, have proven to

provide excellent means to probe biochemical events due to their strong local field

enhancement near metal surfaces or nanostructures. Multiple detection schemes

based on surface plasmon resonance (SPR) have already been developed and

commercialized [10] to experimentally characterize molecular binding events. It

has also been shown that circuits consisting of plasmon waveguides can provide a

deep-subwavelength sensing platform. Nevertheless, all these applications how-

ever make use of large external light sources and detectors. By combining SPP

waveguides and waveguide circuits with integrated electrical SPP sources and

detectors, we can integrate plasmonics with today’s electronic devices. Doing so,

we pave the way for numerous applications, going from integrated plasmonic

circuits to arrays of small-scale, fully-integrated plasmonic biosensors.

In this section we focus on demonstrating efficient electrical transduction

between plasmonic and electrical signals, by integrating light-emitting-diodes

(LED) and metal-semiconductor-metal (MSM) photodetectors directly in

deep-subwavelength MIM plasmon waveguides [11, 12], resulting in a scheme

which is scalable down to the nanoscale, allowing a fully operational plasmonic

circuit on a very small footprint. Plasmonic MIM waveguides offer the prospect of

combining a high spatial field confinement together with micrometer range propa-

gation lengths [13, 14]. Metal-based waveguides provide the unique opportunity to

send electrical and optical signals through the same guides. Here we exploit this

feature by employing the metal slabs for direct electrical contacting of a semicon-

ductor LED and an MSM photodetector structure. We have fabricated such

integrated structures on top of GaAs substrates, containing either a p-i-n-diode

with three quantum wells (LED) or an undoped GaAs layer (for the MSM detector).

The waveguides were fabricated using standard deposition techniques, electron

beam lithography, and Xe ion milling. More details regarding the fabrication

procedures can be found in Neutens et al. [11, 12].

Figure 15.9 shows both the integration of a detector and a LED in two different

devices. Figure 15.9a shows the schematic operation of an integrated detector: Light

is focused on a subwavelength slit of the top metal layer of the MIM waveguide.

Through the excitation of a local mode in the slit, the waveguide modes of the MIM

waveguide can be efficiently excited. Subsequently the propagating MIM mode is

captured in a subwavelength slit in the bottom metal layer of the MIM waveguide,

where the light is absorbed in the GaAs through the excitation of electron–hole pairs.

These carriers are collected by the electrodes, which are formed by etching a slit in

the bottom metal layer. Figure 15.9b shows an SEM picture of the processed device,

with the excitation slit on the left and the detection slit on the right side indicated by

the triangles. Figure 15.9c shows the schematic operation of an integrated LED: by

contacting the semiconductor locally below a subwavelength slit in the bottommetal

layer and electrically driving the p-i-n diode, excitons are formed in the three
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quantumwells, giving rise to relatively broad-band light emission. The emitted light

can directly couple with the subwavelength slit and couple to propagating modes in

the MIM waveguide. In order to detect this, a second slit has been etched in the top

metal film, which allows coupling of the plasmons to the far-field, where they can be

spectrally analyzed and imaged by a CCD camera. Figure 15.9d shows an SEM

picture of a processed device.

The operation principle has been modeled using numerical simulations using the

RF module of Comsol Multiphysics. For the detector, a plane wave is incident on

the slit in the top metal layer of the MIM waveguide. Figure 15.10a shows that for

the light polarization oriented perpendicular to the slit (x-direction), efficient

coupling between the incident light and MIM waveguide modes is achieved. The

observed standing waves in the MIM waveguide originate from reflections at

the injection and detection slits. Similarly, we modeled the LED by a point dipole

at the position of the quantum wells in the GaAs substrate. Figure 15.10b shows the

electric field profile when we put a point dipole with its polarization perpendicular

to the slit axis. Also here, an efficient coupling between the dipole and the MIM

waveguide modes is observed.

A first indication of surface plasmon propagation in plasmon waveguides is

given by the polarization dependence of the measured signals. For the coupled

MIM waveguide/detector device, we have mapped the photocurrent of the device as

function of the position of the laser spot for two different polarizations (see

Fig. 15.11a). It is clear that efficient coupling has only been achieved for the

polarization perpendicular to the slit (TM), as expected for plasmonic waveguides.

Similarly, we have analyzed the light coupled to the far-field in the LED/waveguide

devices. From Fig. 15.11b it is obvious that the light polarization lies perpendicular

to the slit axis.

Fig. 15.10 (a) Schematic representation of the MSM detector integrated in a MIM plasmonic

waveguide. (b) SEM picture of the final device. (c) Schematic representation of the LED

integrated in a MIM plasmonic waveguide. (d) SEM picture of the final device (adapted from

[11, 12])
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As surface plasmons decay exponentially along the length of the waveguide due

to ohmic losses, this should be manifested in the different devices. Therefore we

varied the distance between the injection and detection slits, for both the detector

and LED based devices. Figure 15.12a, b indeed shows that the obtained results are

consistent with this picture. The obtained plasmon propagation lengths correspond

to the simulated results.

This illustrates that we have clearly demonstrated local electrical generation and

detection of guided SPPs. The use of such components can be exploited to construct

nanoscale SPR-based resonance devices, which can be produced in large arrays, for

highly parallelized sensing schemes without the need for external optical

components.

Fig. 15.11 (a) Simulated electric field profile of a plasmonic waveguide coupled to MSM

detector. (b) Simulated electric field profile of a LED coupled to a MIM waveguide

Fig. 15.12 (a) Spatial map of the photocurrent as function of the laser spot position for a

polarization parallel (top) and perpendicular to the slit (bottom). The positions of the injection

and detection slit are indicated. (b) CCD image of the light emitted through two slits in the top

metal layer of the MIM waveguide that is integrated on top of an LED. The polarization of the

analyzer was set either parallel to the slit (top) and perpendicular to the slit (bottom)
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Chapter 16

Future Directions: Nanoplasmonic

Sensing Tomorrow

Alexandre Dmitriev

Abstract Nanoplasmonic sensors have made an impressive progress from the

conceptual idea to the working devices just in about one decade. It is apparent

now that the promises of this technology—high sensitivity, compactness, readily

available multiplexing capabilities—can be realized and implemented in a large

number of areas, both in research settings and in prototype or even consumer

devices. The research interest to the field is also strong—just recently a series of

articles appeared that overviewed the current development of the research in

nanoplasmonic sensors [1–4]. So, where do we go from here?

It is evident that the functional surface chemistry increasingly becomes the central

point in the development of nanoplasmonic sensors that aim at point-of-care

diagnostics. Overcoming a dominant background of non-specific interactions

seems to be of a paramount importance for the field. Equally important is such

proper design of the “linking” chemistry when nanoplasmonic sensing is employed

as a quantification tool in molecular biology. As such work would be concentrated

in the biophysics and biochemistry labs, the design of proper micro- and nanofludics

systems for nanoplasmonics sensors will come hand-in-hand to add to the sensiti-

vity, selectivity, and robustness of these sensing platforms. New conceptual designs

are emerging to contribute to further simplification of nanoplasmonic sensors—like

the recent advances in paper substrates for nanoplasmonic sensing [5] or in colori-

metric detection in nanoplasmonic biosensing with the aid of extra sharp plasmon

(Fano) resonances engineering [6, 7]. In line with the latter, the next level of

sophistication will be reached by the routine combination of the extreme sensitivity

with precise spatial localization of the sensing areas in various nanoplasmonic

sensing geometries. The examples of the recent advances are the selective
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decoration with analyte-capturing chemistry of nanostars [8, 9], nanocrescents [10],

nanotriangles [11], and others. Proper design of plasmonic nanostructures in combi-

nation with surface chemistry can also yield substantially increased and “localized”

sensitivity [12–15]. The interplay of several nanoplasmonic resonances in one

geometry is promised to produce nanoplasmonic sensors with the capability to

resolve the three-dimensional analyte structure [16]. It is also very apparent that

nanoplasmonic detectors increasingly find applications beyond biological and

chemical sensing. Materials science will greatly benefit from broader implemen-

tation of various nanoplasmonic sensing schemes.

Interestingly, as the most advanced and commercially successful plasmonic

sensing platforms are those utilizing propagating surface plasmon polaritons in

thin noble metal films, there is a trend to combine the both [17]. For example, this is

realized in plasmonic nanowires. It is certainly beneficial to further extend the

probing volume of the sensor, as with surface plasmon resonance (SPR) technol-

ogy, yet keeping extreme electromagnetic field enhancement that is characteristic

for nanoplasmonic sensors.

On the side of fundamental properties of nanoplasmonic sensors, it is important

that reliable predictive models emerge that unambiguously link structure with

optical and sensing properties of nanoplasmonic sensing platforms. On more

practical side, scalable fabrication techniques are expected to further develop that

are able to deliver large arrays of nanoplasmonic structures. Simultaneously,

industrial-scale nanofabrication that aims at multiplexed array format is required

to further reduce the price-per-chip in nanoplasmonics-based sensing.

All in all, in the coming years we will most probably see an incremental

development of nanoplasmonic sensors for various purposes and applications.

Nonetheless, exciting fundamental research opportunities are still present in the

area of sensors design principles and function.
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