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Chapter

Principles and Applications
of Nanoplasmonics in Biological
and Chemical Sensing: A Review

Parsoua A. Sohi and Mojtaba Kahrizi

Abstract

Biosensing requires a highly sensitive real-time detection of the biomolecules.
These properties are granted by nanoplasmonic sensing techniques. SPR-based
optical sensors have evolved as a sensitive and versatile biosensing tool. A growing
number of SPR-based sensing applications in the solution of clinical problems are
reported in the recent years. This refers to the point that these sensors provide label-
free detection of the living cells and non-destructive analysis techniques. In this
study, we will review the mechanism of the detection in SPR biosensing, followed
by the methods used to develop sensors to detect gases and the chemical, biological,
and molecular interaction. The device sensitivity improvement based on plasmonic
effects is also addressed in this study, and accordingly, the size and material depen-
dence of the resonance frequency are discussed. The reviewed articles are catego-
rized into three groups, depending on the SPR excitation configuration. In the first
group of the sensors, the sensitivity of LSPR-based sensors in prism coupler config-
urations is reviewed. The second group, SPR excitation by optical fiber, slightly
improved the sensitivity of the detections. The unique capability of the third group,
photonic crystal fiber SPR sensors, in providing greatly improved sensitivity,
generated a vast field of researches and applications in biosensing devices.

Keywords: surface plasmon resonance, localized surface plasmon resonance,
nanoplasmonics, biosensors, extraordinary optical transmission, photonic crystals

1. Introduction

For the measurements of chemical and biological quantities in biomedical appli-
cations, a variety of methods were available and researched extensively in the last
30 years. In optical sensing, the first chemical sensors were based on the absorption
spectrum of species to be measured [1]. Other chemical and biosensors have been
developed since that time based on a diversity of optical techniques that involved
luminescence, phosphorescence, fluorescence, particle light scattering, Raman
scattering, ellipsometry, interferometry, and surface plasmon phenomena. For
sensing purposes, measurements of the refractive index and absorbance or fluores-
cence properties of analyte molecules or a chemo-optical transducing medium were
performed using those devices.

Among the different techniques developed, the potential of surface plasmon (SP)
sensors was clearly recognized due to their great sensitivity, their simple structure,
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and their capacity in terms of real-time analysis of biospecific interactions without
the use of labeled molecules. In fact, SP sensors have been the preferred devices used
in real-time analysis situations. They are based on surface plasmon resonance, or
collective electron oscillations, that may exist at a metal-dielectric interface. Light is
used for excitation of the SP waves, resulting in the transfer of energy into the SP
wave. As there is a strong concentration of the electromagnetic field in the dielectric,
the propagation constant of the SP wave depends strongly on variations of the optical
properties of the dielectric medium surrounding the metallic surface.

Light incident on a smooth metallic surface cannot excite surface plasmons due
to the transverse character of the optical wave and the longitudinal character of the
SP wave, preventing the coupling between the two. A coupling mechanism is thus
necessary, and it can be provided by surface rugosity [2], a grating structure [3], or
Kretschmann and Otto prism configurations [4, 5]. Based on this, we can classify
the sensors according to the following: (a) sensors using optical prism couplers [4],
(b) sensors using grating couplers [6], (c) sensors using optical fibers (SP resonance
active metal layer deposited around the fiber core) [7, 8], and (d) sensors using
integrated optical waveguides [9]. The sensor characteristics include (a) its sensi-
tivity (derivative of the monitored SP resonance parameter, such as the resonant
angle or the wavelength, with respect to the parameter to be determined, such as
the refractive index or the overlayer thickness), (b) its resolution (minimum
change in the parameter to be determined), and (c) its operating range (range of
values of the parameter to be determined). As an example, resolution in the range of
4 x 107 refractive index unit (RIU) can be generally achieved in sensors using
optical prism couplers, while sensors using grating couplers can demonstrate a
resolution in the range of 10~ ° RIU. Among existing sensing devices, SP sensors
using optical fibers presented the best prospect for miniaturization, but it is no
longer the case as can be seen below. For their part, sensors based on integrated
optical waveguides are promising in the development of multichannel sensing
devices, with however limitations on sensitivity performance due to the relatively
low concentration of the electromagnetic field achieved in the analyte.

Recently, however, the event of ordered periodic nanostructures as well as of
photonic crystal configurations has opened a wealth of new opportunities. Although
nanoparticles are not new, new tools for their engineering in complex architectures
at nanoscale have helped to discover and understand new and exciting phenomena,
important not only for fundamental studies but also for device and system. Due to
the renewed interest generated by the new fabrication tools (self-assembly
methods, electron-beam lithographic methods, nanoimprint methods) and the
extraordinary properties exhibited by ordered structures, a new term,
“plasmonics,” has been coined to describe the study of metallic and metallodi-
electric nanostructures and plasmon. The promise of highly integrated optical
devices with structural elements smaller than the light wavelength made many to
refer to it as the “next big thing” in nanotechnology.

2. Principle of operation

Surface plasmon is a charge density wave that exists at the interface between a
metal and a dielectric. Surface plasmon polaritons (SPP) is collective oscillation of
SPs, which is induced by an electromagnetic wave. This is the interesting optical
property of noble metals, as these materials provide the best evidence of SPPs due
to possession of high density of electrons free to move. SPs are optically excited at
resonance condition. The resonance condition is referred to the condition where the
momentum and energy of an incident photon matches that of a SP. Light energy can
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Figure 1.
SPR electromagnetic wave propagates parallel to the metal-dielectric interface. The evanescent field of SPPs is
decaying in either side of the interface.

then be coupled to a SP wave which results in a strong absorption at a certain
wavelength and angle of incidence. Accordingly there are two types of resonance
measurement techniques: angular interrogations (measuring absorption as a func-
tion of incident angle) and wavelength interrogations (measuring absorption as a
function of incident wavelength) [10, 11].

Surface plasmon resonance (SPR) can be seen as the electromagnetic surface
waves that are the solution of Maxwell equation. According to the solution of
Maxwell equation, SPR occurs at the interface of a material with a positive dielectric
constant with that of a negative dielectric constant (such as noble metals). The
waves propagate in the x-y plane along the metal-dielectric interface, and their
lateral extensions evanescently decay into both sides of the interface (decay in the
z-direction). The penetration length of the evanescent waves is longer for the
dielectric medium compared to the metallic side (Figure 1).

S-polarized light (TE polarization) is referred to the polarization state that the
electric field is parallel to the surface of the interface. P-polarized (TM polarized)
light is the light that the electric field lays on the plane of the incident (the perpen-
dicular plane to the surface of the interface and contains the wavevector of the
excitation source). To excite the SPP modes, it is required to have the components
of the electric field acting along the metal-dielectric interface. Hence, the oblique
incident of the P-polarized light, which has the nonzero perpendicular electric
vector component on the z-axis, is required.

P-polarized light with a particular wavelength and incident angle induces SPR
once the wavevector value of the SP wave is identical to that of the incident light.
The dispersion relation of the SPPs can be derived from the solution of wave
equation for a P-polarized electromagnetic incident light governed by Maxwell
equations subjected to the continuity of the tangential and normal field component
as the boundary conditions. The wavevector of the SPP (Kspp) is determined by the

following relation:
Kspp = = [0 (1)
c \ ey +é&y

where o is the frequency of excitation source, c is velocity of the light, and ¢,,
and ¢, are dielectric constants of the metal and dielectric material, respectively [12].
As the real part of the Kspp for noble metals always falls below the wavevector of the
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incident light (K, = Zsin6), to match the wave vectors, specific excitation config-
uration is required. The prism coupling is a simple and standard technique to induce
SPR. The underlying principle of this is to bring down the wavevector of the
incident light by passing through a high refractive index prism with

Nprism > Ndielectric iN @ specific incident angle (0). The wavevector matching at
resonance condition for the prism coupler configuration is defined by

K, = Kspp (2)

2z ) 2 [ ene
Tnpﬂsm sinf = 7 Re { ﬁ} (3)

where 4 is the wavelength of the incident light [10]. Equation (3) states that as
the refractive index of the dielectric is altered, the propagation constant of the SP
mode is altered. This results in changing the coupling conditions between the
incident light and SP modes.

Figure 2 demonstrates the SPR experimental setup using Kretschmann prism
coupling [13, 14], which provides proper synchronization between Kgpp and Kj.
Figure 2b shows the dispersion relation for SP in matter. It is seen that by using the
prism, it is possible to couple the wavevectors of the SP with that of the incident
light.

There are other SPR excitation configurations reported in the literature such as
Otto prism coupler [15], waveguide and fiber-optic coupler [16], and diffraction
grating [6]. The principal of the waveguide (and fiber-optics) coupler is close to
what was explained for prism coupler, except in this configuration it is not possible
to interrogate the incident angle (Figure 3a). In diffraction grating configuration,
the incident electromagnetic radiation is directed toward a medium whose surface
has a spatial periodicity (A) similar to the wavelength of the radiation. The incident
beam is diffracted in different orders producing propagating evanescent modes at
the interface. The evanescent modes have wavevectors parallel to the interface
similar to the incident radiation but with integer “quanta” of the grating wavevector
added or subtracted from it. These modes couple to SP, which run along the
interface between the grating and the ambient medium. The diffraction grating is
the only configuration that generates the SP in the same side of the metallic layer as
the incident light. The only drawback of this configuration is having more than one
peak in the resonance spectrum as there are several orders of diffractions in the
reflected beam [17].
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Figure 2.
(a) Prism coupling, Kretschmann configuration, and (b) dispersion relation of incident light coupling SP.
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(a) Waveguide coupler and (b) diffraction grating.

In the last many years, numerous researches have involved coupling photons to
surface plasmons to study the effect of various materials, structure, and configura-
tions on resonance spectrum. Potential applications extend to new light sources,
solar cells, holography, Raman spectroscopy, microscopy, and sensors. In the fol-
lowing sections, the recent advances of SPR sensing applications are explored.

3. Applications in biological and chemical sensing

Numerous useful strategies of protein labeling have been developed for bio-
physical characterization of proteins including their structure, folding, and interac-
tion with other proteins [18]. Molecular labels, such as biotin, reporter enzymes,
fluorophores, and radioactive isotopes, attach covalently to target protein and
nucleotides to facilitate identifying and quantifying of labeled target [19]. As the
use of the molecular labels may modify the structural configuration and the binding
properties of the molecules of interest, a variety of label-free methods have been
developed. Among the various sensing methodologies, the SPR-based system is a
reliable type of label-free technique for monitoring biomolecular interactions par-
ticularly in thermodynamic and kinetic analyses [18-21]. Biosensing application of
SPR was first reported in 1983 [22, 23]. As it was mentioned in Section 2, SPR
sensors are sensitive to changes in refractive index of the bulk solution in the
vicinity of their active surface. Although several techniques are proposed to
improve the sensitivity of SPR measurements [5, 24], the sensitivity to monolayers
or molecular binding is obtained by the confinement of the plasmonic field in the
nanostructured noble metals, which is known as LSPR. The smaller decay length
associated with LSPR than that of SPR makes it more sensitive to local refractive
index surrounding the nanostructures. Figure 4a illustrates the sensitivity of the
LSPR spectrum of the functionalized gold nanostructures (shown in Figure 4b)
toward adsorption of amyloid p-derived diffusible ligands (ADDL).

The impact of the shape and size of the nanostructured noble metals on the
device sensitivity is demonstrated by many research groups. Analytical studies
revealed that the sharp-tipped structures are reinforcing higher refractive index
sensitivity due to the higher electromagnetic fields produced on their sharp edges.
Reportedly, particles with sharp tips produce much higher refractive index sensi-
tivities that would be predicted from their aspect ratios alone [12, 26-28].

Several geometries have been widely explored in recent years for developing
LSPR sensors. Ekinci et al. [29] compared the extinctions spectra of Au, Al, and Ag
nanoparticles of the same size. Well-defined ordered nanoparticle arrays were
fabricated on quartz substrates. The diameter of the structures varied between 20
and 140 nm. Al nanoparticles with 40 nm diameters exhibit strong and sharp
plasmon resonances in the near- and deep-UV ranges. Peaks in visible range were
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Figure 4.

(a) UV-VIS spectrum of ADDLSs on gold and (b) nanohole/nanoring array prepared with 530 nm polystyrene
(PSo microspheres) and 20 nm Au layer. The inset shows enlarged image of a vegion where PS spheres were not
completely removed. Au nanoparticles are around and on the top of the spheres [25].

observed for Ag and Au nanoparticles. Increasing the diameter of the nanoparticles
for tested materials resulted in a red shift in the peak position.

Considering the feasibility of fabrication, nanoring and nanodisk structures have
gained great interest for their biological and chemical sensing properties. Larsson
et al. [30] compared the LSPR resonance sensitivity of gold nanorings and
nanodisks to refractive index changes of bulk and thin dielectric films with different
thicknesses. The sensitivity of nanoring structures was found significantly higher
than that of nanodisks with similar diameters in the near-infrared spectrum. Tuning
of the LSPR peak wavelength between approximately 1000-1300 nm was obtained
by changing the diameter of the nanorings. It is also reported that the extinction
spectrum [31] of the nanoring structure is affected by the angle of incidence. By
varying the incidence angle from normal to oblique, several higher-energy plasmon
resonances appear in the extinction spectrum of the nanoring structures [32].

The mechanism of the enhancement of plasmon resonance in a ring array is
analytically studied by Wang et al. [33]. They successfully studied the sensitivity of
the device based on the dimension and periodicity of the nanorings. According to
their results, increasing the thickness of the nanorings introduces a blue shift in
resonance peak wavelength. For the thicknesses above 40 nm, the second resonant
peak appears near the short wavelength (below 600 nm). Regarding the periodicity,
as the period decreases, a red shift was observed in the position of resonance peak.
Sensing characteristics of the optimum sensor was experimentally tested for refrac-
tive indices in the range of 1.33-1.4 (obtained from different ratios of glycerol water
mixtures). The results also showed a linear relationship of the peak position and
refractive index of the medium.

Although biological sensing applications of nanostructure-based LSPR have been
reported in several laboratory level studies, commercialized implementation of this
technique still requires large improvement regarding reproducibility of the struc-
tures in terms of size and shape of nanoparticles. Reproducible structures such as
patterned thin films either with perforations or protrusions show a similar
plasmonic response [34].

Parsons et al. [35] compared the plasmonic response of nanoparticle and
nanohole arrays. They have shown that the spectral response depends on inter-hole
separation, while there seems to be little effect of the interparticle spacing. This
conclusion is referred to the coupling mechanism of the SPP mode that the thin
metal film supports. It was also shown that the resonant spectrum of the thin film
perforated with nanohole arrays is qualitatively similar to a particle of approxi-
mately the same dimensions and quantitatively shows weaker local field
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enhancements. Conclusively, in general, LSPR of nanoparticles is more suitable for
applications which rely on large local enhancements of electric field, such as surface
enhanced Raman scattering.

Another form of SPR-based sensors involves extraordinary light transmission
(EOT). Periodic structures consisting of a thin metallic film perforated with an
array of nanoscale holes exhibit EOT provided that the hole size is in the
subwavelength range. This porous structure can convert light into SPs by providing
the necessary momentum conservation for the coupling process. EOT is determined
when the transmission spectrum contains a set of peaks with enhanced transmis-
sion, although the individual holes are so small that they do not allow propagation of
light. Multiple EOT peaks are correlated with excitation of various SPP modes.
These peaks are generated by excitation of LSP modes which occurs in the inner

Structure Study* Sensitivity Range Medium/ Comment Ref
(nm/RIU)  of A RI

Au nanoring Experimental 880 NIR  1.33-1.4 LSPR. Effect of size is studied [30]
Double split Analytical 1200 NIR  1.33-1.38 LSPR. Effect of ring [43]
Au nanoring configuration is studied
Au nanowell Experimental 1200-1600  Vis- 1-1.6 LSPR. Tuned based on [44]

NIR geometrical parameters
Authin film  Analytical 2000 Vis  1.333and LSPR. In this study protrusive [10]
with cubic 1.357 thin films showed higher
nanoholes sensitivity
Au thin film  Experimental 300 Vis  1.333-1.35 LSPR. Dielectric spacer layer [45]
with circular between plasmonic film and
nanoholes substrate improved the

sensitivity
Au thin film  Experimental 200 Vis- 1-1.5 LSPR. The resonance peak  [46]
with circular NIR was tuned from 650 to
nanoholes 850 nm by varying the
interhole separation
Au Experimental 57 Uv- 1-1.658 LSPR. Nonuniform [47]
nanoparticle Vis structures. Particles with
mean diameters of 18 + 2 nm

Au nanoring Experimental — UVv- ADDL LSPR [25]

Vis  fibrinogen

AT5G0701

Quantum Experimental — NIR  1.46,1.51, LSPR, refractive indices refer [48]
dots of 1.63 to CCl4, TCE, and CS2
copper
sulfate
Au colloidal ~ Experimental 70 Vis 1.32-1.5  LSPR, 30 nm diameter of the [49]
nanoparticles particles
Au thin film  Experimental 481 Vis- 1.33-1.36 EOT, holes of 200 nm [50]
with NIR diameter with 500 nm
nanoholes periodicity
Au nanorods Experimental 650 NIR 1.34-1.7 LSPR, tunable with size of the [51]

particles

*In most reported researches, analytically studied sensors show higher sensitivities than that of the experimental studies.

Table 1.
Characteristics of several reported SPR-based biological/chemical sensors.
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surface of hole arrays and SPP modes at the surface of the thin film, in the upper
and lower rims of the holes [36].

The transmission of electromagnetic waves through a subwavelength hole was
investigated by Bethe [37] for the first time. The transmission will occur at specific
frequencies imposed by geometrical parameters of the structure, polarization, angle
of incident light, and permittivity of the surrounding media. These findings found
many applications owing to the simplicity with which their spectral properties can
be tuned on.

In several studies [38-41] it was shown that the peak positions are determined
by the periodicity of the holes. The periodicity is usually comparable to the wave-
length of the incident light. By modifying the film thickness and diameter of the
holes, one can control the shape of the peaks in terms of the width and intensity. It
was due to these facts that many researchers believe that SPP is responsible for EOT
and developed models to explain the phenomena.

The simple structure (perforated thin films) of EOT-based devices is widely
studied for potential applications, from optical switches and photolithography
masks to sensing applications. Despite this simple structure, the quality of the noble
metal film in terms of surface roughness, grain size, and purity is equally important
for EOT device application. A single crystalline thin film with atomically smooth
surface is required in order to maximize the propagation length of SPP. A smooth
surface results in elimination of scattering and loss of the incident light. This
improves the transmission spectrum of the device, though it is very challenging to
synthesize or grow uniform single crystalline films over a large area [42].

Table 1 summarizes the reported characteristics of few SPR-, LSPR-, and EOT-
supported sensors. As it can be seen, the geometry of the metal film plays an
important role in plasmon frequency. As an example, gold has plasmon frequency
in the deep ultraviolet; however geometric factors create the possibility to tune the
resonance peak wavelength range. The sensitivity (S) of the sensors utilizing the
wavelength interrogation is defined as

nm oA
S <_> _ Ohres "
RIU ony (4)

where 6/, is the offset of the resonance peak and én, is the change in the
refractive index of the dielectric medium.

4. SPR sensitivity improvements using photonic crystal fiber

As mentioned in previous sections, the conventional prism-based Kretschmann
setup is widely used for SPR sensors. However, this configuration is bulky due to
the required optical measurement components. Furthermore, this configuration is
not adequate for remote sensing [7]. The remarked limitations of conventional SPR
configurations led to the use of optical fiber instead of the prism. Chemical sensing
application of optical fiber configuration was proposed by Jorgenson et al. [52, 53]
for the first time, and since then the advantages of various configurations of optical
fiber based SPR sensors have drawn a lot of attention. Sensing properties of numer-
ous microstructure optical fiber (MOF)-based SPR have been reported in the last
two decades. The sensing properties of some of these sensors are summarized in
Table 2.

Further improvement in terms of sensitivity and resolution is obtained by pho-
tonic crystal fiber-based SPR (PCF SPR). PCFs are similar to conventional optical
fiber, but with periodic air holes inside the cladding region. The diameter of the air
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Structure Study Sensitivity Range Medium/ Comment Ref
(nm/RIU)  of A RI

Single Experimental 3200 Vis 1.33—  The sensor is able to detect index [57]
mode, Au- 1.3385 changesaslow as 4 x 10~° under
coated core moderate fiber deformations
Tapered Experimental 400 Vis-  1.35-1.42  The sensor provides qualitative  [58]
fiber, Au- NIR and quantitative biochemical
coated detection
Biconical Experimental 2100 Vis 1.326— — [59]
tapered, 1375
Au-coated
Uncladded Experimental 1700 Vis- 1.333- Red shift was observed in [60]
fiber, Au- NIR 1.35 resonance wavelength of the
coated patterned Au layer

Table 2.

Characteristics of several reported fiber-optic SPR-based sensovs.

a) b) c)

Analyte Au coating Analyte PML  Au coating Analyte Au coating

Figure 5.
Schematics of PCF-SPR sensors. (a) Analyte-filled cladding holes [54], (b) externally coated PCF [55], and
(¢) D-shaped PCF SPR sensor [56].

Structure Study Sensitivity Range Medium/ Comment Ref
(nm/RIU)  of A RI

Gold-coated  Experimental 46,000 Vis-  1.33-1.42 This is the maximum [54]

D-shaped and analytical NIR sensitivity. The average

PCF sensitivity of 9800 nm/RIU is

reported

Silver- Analytical 3700 Vis  1.33-1.37 This sensitivity is found for R [61]

graphene, D- of 1.36

shaped PCF

Two parallel  Analytical 13,500 NIR  1.27-1.33 13,500 is the maximum [62]

Au-coated sensitivity for RI of 1.32

D-shaped

PCFs

PCF Analytical 23,000 Vis-  1.32-1.40 23,000 is the maximum [63]

externally NIR sensitivity for RI of 1.32

coated with

TiO5-Au
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Structure Study Sensitivity Range Medium/ Comment Ref
(nm/RIU) of A RI

PCF with Analytical 2000 Vis  1.33-1.34 The effect of geometrical [64]
Au- parameters is studied.
metalized Sensitivity is inversely
microfluidic proportional to gold layer
slots thickness
PCF with Analytical 2400 Vis  1.33-1.34 The effect of geometrical [65]
Au-coated parameters is studied
multichannel
Analyte Analytical 2280 NIR 1.46- Several peaks were observed  [66]
filled with 1.485 in the resonance spectrum
Au-coated
core PCF

Table 3.

Characteristics of several reported PCF SPR sensors.

holes and the separation gap between them defines the light propagation character-
istics of PCFs. These sensors own other advantages including small size and flexible
structural design over conventional optical fiber and prism coupler SPR sensors. To
date, numerous PCF SPR sensors have been demonstrated with different configu-
rations. The schematics of some configurations are shown in Figure 5. Figure 5a
shows the configuration in which the metal layer and the analyte are filled inside the
cladding holes. External coatings and D shape PCF are shown in Figure 5b and ¢
respectively.

The performance of recently reported PCF-based SPR sensors are compared in
Table 3. Most of the reported sensors are based on theoretical and analytical studies.
This is due to the fact that fabrication of these sensors requires a complex process.

5. Conclusion

In this review, the basic principles of SPR and various configurations of SPR
excitation are reviewed. Since nanostructures of noble metals have tunable optical
properties, they can be applied in nanoplasmonics-based devices and sensors.
Nanoplasmonics has proven to be useful in sensing applications, especially for
biological uses. Compared to SPR-based sensors, LSPR-based sensors exhibit unique
properties, including higher sensitivities and figure of merits (FOM).

The researchers’ aim to reduce the size of SPR- and LSPR-based sensors led to
development of fiber-optic SPR-based sensors. The highest sensitivity reported in
the literature allocates to PCF SPR sensors. They have shown their capability in
providing high sensitivity as high as 46,000 nm/RIU [54] with respect to small RI
changes. However, the majority of reported PCF SPR sensors are based on analytical
studies (as it is shown in Table 3, most of the researches are only carried out with
numerical simulations). This is due to complications of the fabrication process of
the PCF SPR sensor. The complication mostly refers to interior metallic coating
(into the core or cladding holes). Large interest in PCF SPR sensors among
researchers increases the importance of the fabrication technique improvements.
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