
sensors

Review

Surface Plasmon Resonance Sensors on Raman and
Fluorescence Spectroscopy

Jiangcai Wang 1,2,†, Weihua Lin 1,2,†, En Cao 1,2,†, Xuefeng Xu 1,†, Wenjie Liang 2 and
Xiaofang Zhang 1,*

1 Beijing Key Laboratory for Magneto-Photoelectrical Composite and Interface Science,
School of Mathematics and Physics, University of Science and Technology Beijing, Beijing 100083, China;
wjf2534002362@126.com (J.W.); 15501115088@163.com (W.L.); caoen@stu.sdnu.edu.cn (E.C.);
xuefengxu8@163.com (X.X.)

2 Beijing National Laboratory for Condensed Matter Physics, Institute of Physics, Chinese Academy of
Science, Beijing 100190, China; wjliang@iphy.ac.cn

* Correspondence: xfzhang926@ustb.edu.cn
† These authors contributed equally.

Received: 16 October 2017; Accepted: 20 November 2017; Published: 24 November 2017

Abstract: The performance of chemical reactions has been enhanced immensely with surface plasmon
resonance (SPR)-based sensors. In this review, the principle and application of SPR sensors are
introduced and summarized thoroughly. We introduce the mechanism of the SPR sensors and present
a thorough summary about the optical design, including the substrate and excitation modes of the
surface plasmons. Additionally, the applications based on SPR sensors are described by the Raman
and fluorescence spectroscopy in plasmon-driven surface catalytic reactions and the measurement of
refractive index sensing, especially.
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1. Introduction

Surface plasmon resonance (SPR) can significantly enhance the surface sensitivity and accurately
detect the whole process of the target molecules’ binding reaction. Based on these advantages,
it promptly promotes the advent of SPR sensors, which are powerful tools for real-time supervising of
interactions in biology and chemistry analysis [1–5].

Since the first development of SPR in the early 1980s by Nylander and Liedberg [6–8], SPR sensing
has received sustained attention from the scientific community due to its remarkable performance in
characterizing and probing molecular interactions.

To overcome the shortcoming that surface plasmons are difficult to excite, Otto et al. established
the configurations of the attenuated total reflection (ATR) method in 1968 [9–12]. Then, Wood found
abnormal diffraction spectra on metal diffraction gratings in 1902, and these abnormal diffraction
spectra, proven by Fano, were closely connected with the extinction of electromagnetic surface
waves [13,14]. In the 1990s, SPR technology and some optical instruments were combined by Knoll et al.
for the development of SPR sensors. Since then, the feasibility of SPR sensors has been broadly proven
all over the world [15–21].

At present, SPR sensors have made significant progress in terms of technology and applications,
and researchers are attempting to develop novel techniques and configurations of SPR sensing to
overcome the shortcoming of detecting lower molecular weight chemical and biological analysis under
extremely dilute conditions. There are several excellent review papers about this [12,14,16,19,22,23].
However, a specific and systematic introduction about the principle of SPR sensors is lacking, as well
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as the application, especially in the optical surface catalytic reactions and the measurement of refractive
index sensing.

Therefore, in this work we focus mainly on the principle and application of SPR sensors
combined with previous studies. In principle, how surface plasmons are generated and how they
lead to the enhancement of electromagnetic field are introduced in detail. The optical designs are
summarized thoroughly, including the type of substrate and the coupled model of the surface plasmon
excitation. Moreover, the applications based on SPR sensors are also described in detail, especially in
plasmon-driven surface catalytic reactions and the measurement of refractive index sensing, which are
revealed by Raman and fluorescence spectroscopy.

2. Principle of SPR Sensors

Surface plasmons (SPs) are regarded as the collective coherent oscillations of delocalized electrons,
which are stimulated by incident illumination at the interface between a metal and dielectric [24]. The
surface plasmon resonance (SPR), created by SPs, can strengthen the localized electromagnetic field
tremendously [25,26]. Additionally, SPR is very sensitive to the refractive index attached to the surface
of the metal film [27–29]. The resonance spectral response of the SPR will change when the conditions
of the medium are changed, which can reflect certain properties of the system.

Thus, based on the principles of SPR, SPR sensors are used to detect the molecular information
in the enhanced localized electromagnetic field, and are seen as thin-film optical refractometers by
measuring the variation of the refractive index on the surface of a metal film. SPR sensors have made
significant advances in high-sensitivity spectroscopy and spectral analysis fields.

2.1. Mechanisms

The enhanced mechanism of SPR sensors includes electromagnetic enhancement and chemical
enhancement. The former is caused by localized SPs, which can enhance the spectra over a large
frequency range, and the latter can selectively enhance Raman signals of molecules that are absorbed
on the metal surface [30–35].

As mentioned above, the localized SPs play a critical role on SPR sensors, and it can also be seen
from the frequency resonance process that the frequency of excited photons is analogous to SPs. In fact,
there are many factors that need to be considered when measuring samples. The detailed process is
shown in Figure 1.
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There is an evanescent field at the sensor surface that does not propagate as an electromagnetic
wave, but whose energy is spatially concentrated in the surrounding of oscillating charges which is
essential for the initial phase of SPR. When the p-polarized light strikes the interface of the metal film
and dielectric medium, the component of the electromagnetic field will penetrate through and create an
electromagnetic evanescent field, although photons are reflected directly from the interface (Figure 1).
The evanescent wave triggers the free electrons in the metal surface and contributes to the generation
of a surface plasmon which causes the enhancement of the electromagnetic field with an exponential
decay with the increase in the distance from the surface in the perpendicular direction [36]. Note, with
the help of the composite permittivity of the metal and dielectric, the SPs can exist, and according to
the Maxwell equation and the boundary condition of the electromagnetic field, the real permittivity of
the metal and dielectric medium must be opposite. The real permittivity of the metal must be negative
in the visible or near-infrared band, which shows the dispersion relation for the electromagnetic wave,
while the imaginary part of permittivity means the absorption of the electromagnetic wave [37,38].
The dispersion relation is described as:

βsp =
ω

c

√
εdεm

εd + εm
=

2π

λ

√
εdεm

εd + εm
(1)

where βsp is the propagation constant of the surface plasmon on the interface between the metal and
the dielectric; ω is the angular frequency; c is the speed of light and λ is the wavelength of incident
light in a vacuum; and εm and εd represent the permittivity of metal and dielectric, respectively [39].

The propagation constant of the electromagnetic wave is a measurement of the mutative amplitude
and phase (which affects the frequency of SPs) when the wave propagates in a given direction. Thus,
from the dispersion relation, the SPs must match with the angular frequency and wavelength of
incident light. Then, excited SPs are going to have the collective oscillation and greatly enhance the
near-field amplitude at the resonance wavelength. The SPs confined to the electromagnetic field carry
the corresponding energy and are rapidly converted into high-energy electromagnetic waves, leading
to an enormous localized electromagnetic enhancement [23].

2.2. Optical Design

SPR sensors are a technique used for detecting molecular information, consisting of SPR
technology and some optical modes. The different modes lead to different influences on the surface
sensitivity, such as the substrates and coupling mechanism.

2.2.1. Optical Sensors Based on the Excitation of Surface Plasmons

As we know, the design of optical modes is an important part of SPR sensor systems. The incident
laser must be accurately focused onto the interface between the metal and the dielectric, so it is very
necessary to choose appropriate coupling modes of SP wave excitation. Normally, a surface plasmon
wave can be excited by coupling at the interface between metal and dielectric when the wave vector of
the incident light is matched with the propagation constant of the surface plasmons. There are several
optical modes designed for surface plasmon waves, as shown in Figure 2.

Prism coupling mode, known as attenuated total reflection (ATR) mode, is the most commonly
used in triggering surface plasmons. Figure 2a shows the prism coupling of the two structures: the Otto
structure and the Kretschmann structure. In the Otto structure, there is a narrow air gap between the
prism and metal, and the full-reflection evanescent wave is used to adjust the wave vector matching
condition on the interface between the prism and the air when the incident light irradiates. The
SPs can be stimulated at the interface of the metal/dielectric when the following conditions are met.
The matching equation condition can be expressed as:

2π

λ
np sin(θ) = Re{βSP} (2)
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where λ and θ are the wavelength and angle of the incident light, respectively; np is the refractive index
of the prism; and βSP represents the propagation constant of the surface plasmon. In the Kretschmann
structure, the metal film is directly plated on the prism surface, and the thickness of the metal film is
not very thick to excite the SPs wave at the interface of the metal/dielectric. This method is simpler
than the Otto method, but may damage the prism [9,40].
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Figure 2. The modes of surface plasmon excitation. (a) Prism coupling; (b) grating coupling;
(c) waveguide coupling; (d) the near field excitation with the fiber optic probe; (e) the high intensity
aperture of the objective lens is used to focus the incident beam coupling. Adapted and reorganized
from [41].

Another mode of exciting SPs is grating coupling (Figure 2b): when the light is radiated onto
a metallic grating, the diffracted wave will be generated, which can directly couple to SPs if the
momentum of the diffracted wave is matched with the grating surface [42]. The matching condition
can be defined as:

2π

λ
nd sin(θ) + m

2λ

∧ = ±Re(βsp) (3)

where nd is the refractive index of the sensing material; m is an integer and denotes the diffraction
order; and ∧ represents the grating period of the metal surface.

Furthermore, waveguide coupling is used to couple to a surface plasmon wave. In waveguide
coupling, the evanescent wave can couple the light field energy of the guide mode to the surface
plasmons in the guiding layer (Figure 2c), and the stimulated surface plasmon polariton (SPP) wave
can propagate and be excited at the outer boundary of the metal surface. The coupling condition is:

βmode = Re
{

βsp
}

(4)

where βmode represents the propagation constant of the waveguide mode.
The above are the most common three coupling models, and there is another excitation mode

based on the fiber optic SPR sensor [43], which uses the core of the optical fiber to replace the prism
used in Kretschmann and named “near field excitation with the fiber optic probe” in Figure 2d. In the
fiber optic SPR probe, the metal layer is coated on the unclad core of the fiber and the sample kept
around the metal layer is sensed. There are some types of geometry regarding the fiber optic SPR
sensor [44–46]. For example, two fibers with different core diameters were connected by thermal fusion
splicing to leak the transmitted power into the cladding layer of the small core diameter fiber so that
the leaked light may induce an evanescent wave required for the excitation of surface plasmons [47].
In strongly-focused beam coupling, the microscopic objective lens with a high numerical aperture
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is near the metal substrate through the oil layer. The incident light passes the microscopic objective
lens and focuses on the dielectric substrate/metal interface to achieve SPP wave excitation [7,48]
(Figure 2e).

In these optical mode coupling processes, the energy of the incident light will transform into SPs
and spread on the surface of the metal. The light wave exciting the SPs has a change in phase, due to
the change in light intensity [39].

2.2.2. Substrates

Noble metal, such as Au and Ag, servedas a suitable candidate for better optical response and
electric field enhancement in the visible and near-infrared light bands. Additionally, the size and
morphology of the metal also play a significant role on regulating the enhancement of SPR sensing
signals. The noble metallic nanoparticles are often used to improve the performance of sensing. There
are several nanomaterials applied in SPR sensors, as displayed in Figure 3.
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Actually, there are two main forms, named “substrates” and “amplification tags”, also called
“plasmonic nanoparticles”, which are widely applied in SPR sensors, as shown in Figure 3. The
different plasmonic nanoparticles contribute differently to the enhancement of SPR sensing.

Over the past few decades, the Au/Ag nanoparticles were widely applied in the enhancement
of SPR sensors, but there are some shortcomings, such as the high cost, and instability which leads
to easy oxidation in air [50–52]. Thus, the researchers have to explore other plasmonic nanoparticles
to enhance the signal of SPR sensing. Magnetic nanoparticles (MNPs) have been employed for
amplifying the signal of SPR sensors [53–55]. The MNPs can be controlled by external magnetic fields,
and develop into an “aggregate” layer which has a strong refractive index contrast on the metallic
film of the sensor. This layer will reveal a remarkable SPR signal when measuring samples [56].
Compared to conventional plasmonic nanoparticles, the MNPs are lower cost and have higher
sensitivity. Additionally, graphene-modified SPR sensors have also attracted much attention, which
coat a graphene layer on the metal (Ag or Ag) thin films. This leads to the significant enhancement of
the excited electric field due to the superconductivity of graphene, which greatly promotes the charge
transfer to the metal thin films. It can also effectively prevent oxidation of silver when coating graphene
layers on Ag thin film [57–61]. Hence, the MNPs and graphene-modified SPR sensors are currently
the most popular SPR sensors. In addition, molecular-imprinted polymers (MIPs) [62] aggregated
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by the imprint molecule (target molecule) based on synthetic polymers, is a promising candidate to
be applied in SPR sensors due to their outstanding stability and relatively low cost. More important
reasons are that the higher affinity and stronger selectivity are reflected by binding sites of creation
that have access to the antibody-antigen system during imprinting. Based on the advantage that they
can combine selectively with the target, MIPs have been applied extensively in many study aspects,
such as biological synthesis and catalysis, and immunology [63,64]. However, there are still some
challenges to be considered, such as the compatibility of MIPs’ binding sites with water’s homogeneity
and the synthesis of MIPs with specificity to protein [65]. These are the new trends of further study for
MIPs. Latex nanoparticles, liposome nanoparticles, and various metal nanostructures are also used
extensively, with a detailed introduction in [66–68].

3. Types of SPR Sensors

Usually, SPR sensors have two types, including localized surface plasmon resonance (LSPR)
sensors and propagating surface plasmon polariton (PSPP) sensors [69].

The former is that LSPs are limited in a nanoparticle, where the size is analogous to the
wavelength of light used to excite the plasmons is even smaller, or is confined to the gap between metal
nanoparticles and which can produce larger electromagnetic fields than the nanoparticles. The LSPs
restricted to the surface of metal nanoparticles are density oscillations of charge when the laser excites
the surface of the Au or Ag nanostructures (Figure 4a) [70], and they can generate electronic oscillations
whose form is an exponential attenuation in the vertical direction (Figure 1). Consequently, this leads
to the strong localized electromagnetic field and the significant extinction at the plasmon resonant
frequency, even breaking the diffraction limit of light when the energy of the electromagnetic field
is aggregated to a scale that is much smaller than the wavelength of the incident light [71–73]. It is
noteworthy that the enhanced electromagnetic field will greatly promote surface catalytic reactions,
and the plasmon resonant frequency can be acquired from the extinction peaks (LSPR peaks) which
rely highly on the refractive index of the environment.
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In the other, propagating surface plasmon polaritons (PSPPs) based on the surface plasmon
polaritons (SPPs), are typically excited by the coupling between SPs and photons on the metal film, and
the wave of SPPs can propagate hundreds of micrometers along the interface of the metal-dielectric
in the electromagnetic field region [74]. This has a unique advantage in that the incident laser can
avoid direct exposure of the measured sample, which avoids interference and damage of the strong
background noise and high energy laser on the measured sample (Figure 4b).
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4. Applications

Numerous SPR sensors have been developed for detection and characterization of molecular
interactions in chemistry and biology, such as environmental protection, food safety, and medical
care [75–82]. Here, we will provide a review of sensor-based SPR in surface catalytic reactions [83–85],
especially in localized surface plasmon resonance, and the measurement of the refractive index.
The performance is revealed by Raman and fluorescence spectroscopy.

Raman spectroscopy is a spectroscopic technique to detect the vibration, rotation, and other
low-frequency modes of some specific molecules or functional groups in a system [86]. Essentially,
when the molecule is irradiated by the incident laser in the visible, near-infrared, or near-ultraviolet
ranges, the laser will interact with vibration of the molecule and scattering will occur, resulting in the
energy of the laser photons being shifted up or down. Hence, Raman spectroscopy is dependent on the
principle of inelastic scattering and we can clearly speculate the information of measuring molecules
by the shift in energy. In fact, spontaneous Raman scattering is typically very weak, so, in practical
applications, we must be supported with some tools or means which divide the Raman spectrum into
many types, including surface-enhanced Raman, resonance Raman, tip-enhanced Raman spectroscopy
and so on [83,87–91].

Additionally, there is no real transition of the energy level because the laser does not excite the
molecule. The Raman Effect is based on the interaction between the electron cloud of a sample and the
external electrical field of the monochromatic light [92]. This phenomenon should be distinguished
completely from fluorescence spectroscopy in that photons emitted by the molecule from the excited
electronic state returns to the ground state under different incident laser events.

Fluorescence spectroscopy is primarily concerned with the electronic and vibrational states.
In fluorescence, the molecule must be excited by the incident laser, firstly, and reach an excited
electronic state by absorbing photons. Then it will emit photons at different frequencies from the
excited state to the ground state, as molecules return to different vibrational levels of the ground
state [93]. Therefore, we can obtain the different vibrational structure of the molecule by analyzing the
different frequencies of light emitted in fluorescent spectroscopy.

In a word, Raman spectroscopy and fluorescence spectroscopy can detect precisely the information
of the molecular structure and can test, in real-time, the changes of the system by enhancing the
surface sensitivity.

4.1. Plasmon-Driven Surface Catalytic Reactions

Several discoveries have been demonstrated that local surface plasmon resonance (LSPR) can
harvest electromagnetic energy and significantly promote surface catalytic reactions because it provides
extremely strongly-confined electromagnetic energy and hot electrons [94,95].

When the ‘hot’ electrons scatter into the excited state, the ‘plasmon-driven reaction’ will occur
by decreasing the activation energy [91,96,97]. Surface-catalyzed reactions have been investigated
since 2010 [5,98], and plasmon-driven irreversible chemical reactions were also demonstrated in
an aqueous environment [85,99]. These studies focus mainly on the application of local surface
plasmons and are revealed by surface-enhanced Raman scattering (SERS) spectroscopy. SERS is a
surface-sensitive technique that enhances Raman scattering of molecules adsorbed on rough metal
surfaces or nanostructures [100–102], which can contribute to explicitly observing the Raman imaging
in spectral analysis [103,104]. Thus, it reveals the significant enhancement in the sensitivity of
Raman spectroscopy.

Based on the principle of LSPR and SERS technology, the plasmon-driven reactions can overcome
the limitation of the low Raman scattering cross-section by optical diffraction, and detect molecular
information by SERS spectroscopy. The following data shows some Raman peaks are selectively
enhanced, theoretically analyzed by Sun et al. [5,101,102].

SERS of 4-aminothiophenol (PATP) absorbed on a metal surface have been discussed and
measured in extensive studies [105–113], and there are three strongly-enhanced Raman peaks
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(1143 cm−1, 1390 cm−1, and 1432 cm−1) that were once described as a chemical mechanism by
Osawa in 1994 [114]. However, such an enhanced phenomenon was not convincingly recognized
until 2009, in when experimental SERS spectra of PATP was shown to be analogous to simulated
spectra. In 2010, p,p′-dimercaptoazobenzene (DMAB) was theoretically predicted and experimentally
shown to be produced from PATP on the surface-catalyzed reaction, assisted by local SPs (Figure 5).
Figure 5 reveals the concrete process of DMAB generated from PATP. We can clearly see that there are
only two sharp Raman peaks in the normal Raman scattering spectrum of PATP (1084.5 cm−1 and
1589.5 cm−1) (Figure 5a). However, this remarkable scene took place when PATP iwass measured
on Ag nanoparticles, where three peaks were significantly enhanced at 1143 cm−1, 1390 cm−1, and
1432 cm−1 (Figure 5b). This scene is evidenced perfectly in Figure 5c, describing the simulated Raman
spectroscopy of DMAB. Based on this phenomenon, and molecular structures of PATP and DMAB
(Figure 5), the assumption that PATP is dimerized to DMAB by a surface-catalyzed reaction can
be established.
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Figure 5. (a) Experimental of normal spectra of PATP; (b) the experimental of SERS spectra of PATP
in a Ag sol; and (c) the stimulated Raman spectrum of DMAB. The chemical structures of PATP and
DNAB are shown on the right side. Reprinted with the permission from [5]. Copyright 2010 American
Chemical Society.

According to these analysis results, we know that SERS, based on LSPR, improves the sensitivity
by making some unexpected Raman peaks undergo very large selective enhancement in the
plasmon-driven reaction. Likewise, this effect also occurs in plasmon-exciton coupling reactions,
revealed by transmission and photoluminescence (PL) spectra, as shown in Figure 6.

The monolayer MoS2, which has the novel optical property of high transparency and catalytic
capabilities, is a promising candidate for inducing surface catalytic reactions when combined with
Ag nanostructures [115,116]. We can obviously observe that there is an unexpected change in the
transmission spectra for the plasmon-exciton couplings of monolayer MoS2/Ag nanoparticle (NP)
hybrids (Figure 6a). In other words, the plasmon-exciton couplings of monolayer MoS2/Ag NP hybrids
has better absorption than only monolayer MoS2 and Ag NPs, even more than twice the absorption
rate. Similarly, the photoluminescence (PL) spectrum of MoS2/Ag NP hybrids is also significantly
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enhanced due to local surface plasmon resonance (Figure 6b). The emergence of these phenomena
mainly the result of plasmon-exciton coupling reactions.

As we know, an exciton is a combination state of an electron and an electron hole, which exists
in insulators, semiconductors, and in some liquids. The exciton can be generated when a photon is
absorbed by a semiconductor (here, MoS2), and excites the surface plasmon hot electrons from the
valence band into the conduction band quickly. In the conduction band, the electron is effectively
attracted to the localized hole by the repulsive Coulomb forces that are produced by large numbers of
electrons surrounding the hole and excited electron. In this process, ultrafast plasmonic hot electrons
efficiently fill the holes from electron-hole excitons. It transfers thermal energy to the surface of MoS2,
and the additional high-energy electrons (hot carriers) on the surface of MoS2 and the plasmonic
electromagnetic energy can efficiently co-drive surface catalytic reactions. These are the specific
processes that can effectively create surface catalytic reactions by the coupling between the plasmon
and exciton.

The plasmon-driven surface catalytic reactions based on LSPR can also be applied in other
chemical reactions of dependent factors [117–119], such as temperature-dependent sensors and
pH-dependent sensors. Additionally, the remote excitation of surface plasmon-enhanced Raman
scattering (RE-SERS) has also been introduced into plasmonic catalysis in which propagating SPPs
behaved as carriers for catalysis and sensing, and a further detailed introduction is described
in [120–122].
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Figure 6. (a) The transmission spectra of Ag NPs (1.5 nm), monolayer MoS2 and MoS2/Ag NPs hybrids
on quartz substrates; (b) the photoluminescence (PL) spectrum of MoS2 enhanced by local surface
plasmon resonance. Adapted from ref. [123] with the permission from Elsevier.

4.2. Measurement of Refractive Index Sensing

As mentioned above, SPR sensors are thin-film optical refractometers which measure the shifts of
the LSPR peak wavelength. Usually, LSPR peaks are obtained by spectral extinction measurements
on the film and spectral scattering measurements on single nanoparticles [124]. Figure 7 shows the
difference of these two measurements, revealed by the spectra of three nanoparticle shapes.
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Figure 7. Comparison of the ensemble extinction and single-particle scattering spectra of three particle
types; (a) gold nanorods; (b) nanorod ensemble extinction; (c) the extinction and scattering spectra
of single-particle; (d) Gold nanostars; (e) nanostar ensemble extinction; (f) nanostar single-particle
scattering spectrum; (g) gold bipyramids; (h) bipyramid ensemble extinction; and (i) bipyramid
single-particle scattering spectrum. Reprinted with the permission from [124]. Copyright 2010
American Chemical Society.

Clearly, for small gold nanorods, there are two strong peaks in the ensemble extinction of
nanoparticles, but the scattering of the single nonoparticle is too weak to be observed (Figure 7b,c).
This means absorption dominates the extinction. For gold nanostars, we can clearly see the peaks
of the extinction greatly depends on the fine structure of molecules. Individual nanostars have
strong scattering spectra with multiple divided peaks which correspond to resonances of the arms of
the nanostars, and the ensemble extinction just has the broad peaks which overlap the small peaks
(Figure 7e,f). Thus, it is obvious to distinguish the measurement between ensemble and single-particles
by the scattering spectrum [125,126]. For gold bipyramids, due to the spheres and the molecule of
the bipyramids, the ensemble extinction has two peaks. However, when the scattering spectrum of a
single particle is considered, there will only be one sharp and strong peak, which is different from the
spectral wavelength of the ensemble extinction [127–129] (Figure 7h,i).

According to the analysis above, the measuring methods need to be suitably selected when the
LSPR peak wavelength of the sample is not determined. After the LSPR peaks are measured on Au
nanoparticles, the refractive index that clearly reflects the optical properties of the tested sample can
be obviously observed by the wavelength of LSPR peak shift. This phenomenon is also equally well
revealed by Ag nanoparticles and Pd nanoparticles.

Undoubtedly, most of the previous studies are accustomed to the use of gold nanoparticles instead
of silver in SPR sensors. The reason not only due to the advantages of gold but, more importantly,
silver has a significant drawback in that it is high oxidized in air. To overcome this shortcoming,
solution phase triangular silver nanoplates (TSNP) appeared which have been applied in altering
the surface chemistry, as well as the tunable localized surface plasmon refractive index sensors with
the potential of highly-responsive bio-sensing [130]. Unlike the previously-studied solution of silver
nanoplates, the stabilizing polymer can be ignored during preparation and has a narrow geometric
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distribution, and the TSNP sols contribute to the sample fabrication for sensitivity analysis and have a
highly-consistent response to the interaction with the electromagnetic field. Here, LSPR bulk refractive
index sensitivities were clearly observed with LSPR peaks throughout the UV-NIR wavelength region
and various aspect ratios (Figure 8).
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Figure 8. (a) Tunability of the LSPR peaks of the TSNP sols within the visible and NIR; (b) plot
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dependence of the linear refractive index sensitivity on the aspect ratio. Adapted with the permission
from ref. [130]. Copyright 2010 American Chemical Society.

The LSPR extinction spectra of TSNP were measured under different edge lengths (Figure 8a),
which show the strong resonance at different LSPR wavelengths and obviously display the redshift
within the range of 500–1150 nm, especially. The ensembles’ peaks wavelength at the aspect ratios
from two to 13 are comprehensively studied (Figure 8b), showing the same trend in redshift as the
aspect ratio increases and has an approximated linear relationship. To further evaluate the potential
application of TSNP sols for various refractive indices of the surroundings, especially the specific
relationship of LSPR peaks varying with the refractive index around the nanoplates, the bulk refractive
index of TSNP is changed in different sucrose concentrations. In the case of various aspect ratios
and other unchanged parameters, the specific relationship between the sensitivity of LSPR peaks
and the change of the refractive index are demonstrated. Figure 8c shows the extinction spectra of
TSNP under different aspect ratios, which are calculated by the discrete dipole approximation (DDA),
which is a numerical method of solving Maxwell’s equations for absorption, extinction, and scattering
cross-sections of a single nanoparticle [62], and the LSPR peaks are also obviously found to redshift
with the increasing aspect ratio. Meanwhile, the refractive index sensitivity shows the linear fit with
the increase of the aspect ratio up to 800 nm (Figure 8d). These phenomena are in agreement with
the experimental results and prove the tight dependency of LSPR peaks and medium refractive index
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changes. Additionally, these also highlight that TSNP sols are shown to be ighly-sensitive local surface
plasmon refractive index sensors.

A new plasmon resonance effect of a single silver nanocube was also observed, in which appeared
two distinct peaks when the silver nanocube was located on the glass substrate in dark-field microscopy.
Compared with the LSPR scattering peaks and the refractive index sensitivity of single nanocubes in
different dielectric environments, the new plasmon resonance effect have a higher figure of merit for
chemical sensing applications and exceptional sensing capabilities. These results also demonstrate,
powerfully, the close dependency of the LSPR peak on the refractive index. A more detailed description
can be found in [131].

Additionally, Pd nanospheres (Pd NSs) have been applied in a high-sensitivity LSPR sensor
recently, which exhibits much higher susceptibility of the LSPR peaks to medium refractive index
changes than commonly-used plasmonic sensing materials, such as Au and Ag [132]. The specific
sensitivity of the response to refractive index changes are shown in Figure 9. Here, the measurement
of Au/Pd NSs in a core–shell structure and morphological information are shown in Figure 9D, and
are used as a substrate and compared with Au NSs and Ag NSs in different solvent mixtures (0, 10, 20,
30, 40, and 50 vol% glycerol aqueous solutions). There is such a phenomenon that all the LSPR peaks
of the nanospheres will produce a redshift with an increase in the glycerol concentration, especially for
Au/Pd NSs, which shift obviously (Figure 9A). That is to say, Au/Pd NSs have a higher sensitivity
for the refractive index change of the surrounding medium and this conclusion is perfectly validated
in Figure 9B,C, which was revealed experimentally and calculated by the dependence of the LSPR
peak shifts on the refractive index changes. This study also powerfully demonstrates that the Pd
nanoparticles will be a potential candidate for “the third plasmonic sensing material” to be used in
ultrahigh-sensitivity LSPR sensors.
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Figure 9. (A) Extinction spectra in different solvent mixtures, which are supported by the substrate
of the Au NSs (a), Ag NSs (b), and Au/Pd NSs (c); (B) experimentally-obtained dependence of the
LSPR peak shifts on RI changes for Au NSs (a), Ag NSs (b), and Au/Pd NSs (c); (C) the calculated
dependence of the LSPR peak shifts on RI changes for AuNSs (a), AgNSs (b), and PdNSs (c) under the
same conditions as (B); and (D) the morphology of Au/Pd NSs are obtained by high-angle annular
dark-field scanning transmission electron microscopy (HAADF-STEM). Adapted with the permission
from ref. [132]. Copyright 2010 American Chemical Society.
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From the above we can see that the refractive index of the surrounding medium has a linear
relationship with the LSPR peaks. Similarly, the plasmonic nanoparticles will lead to the redshifts of
the LSPR peaks with an increase of the refractive index of the surrounding medium in the plasmon
extinction band. In order to clearly introduce the relationship of the refractive index and wavelength
of the LSPR peak, we explore the formula step-by-step. First, ε1, which is the dielectric function of
medium, needs to be introduced in the Drude model:

ε1 = 1−
ω2

p

ω2 + γ2 (5)

where ωp is the frequency of plasmon and γ is the damping parameter of the bulk metal. Due to
γ << ωp the visible and near-infrared light bands can be described as:

ε1 = 1−
ωp

2

ω2 (6)

Combined with the resonance condition (ε1 = −2εm) and Equation (3), we can obtain the LSPR
peak frequency (ωmax):

ωmax =
ωp√

2εm + 1
(7)

Then, according to the conversion, including frequency and wavelength (λ = 2πc
ω ), the dielectric

constant, and the refractive index (εm = n2), the above can be finally expressed as:

λmax = λp
√

2nm2 + 1 (8)

where λmax is the wavelength of the LSPR peak and λp is the plasmon wavelength of the bulk metal;
nm is the refractive index of metal film surface.

From Equation (8), we can obviously see that the refractive index depends closely on the
wavelength of the LSPR peak and can be detected and calculated in time. There is no doubt that the
measurement of the refractive index based on SRP sensors will significantly improve understanding of
the study, especially in biosensor sensing [23]. It has been demonstrated that the sensitivity of the SPR
sensors is closely related to the refractive index, and a detailed introduction is revealed in [23,124].

5. Summary

In this overview, the mechanism and excitation modes of surface plasmons attached to SPR
sensors are introduced in detail. Based on the principle of SPR, SPR sensors with localized surface
plasmons and propagating surface plasmon polaritons can excite strong surface plasmons to induce
surface chemical reactions and measure variations in the refractive index on the surface of a metal
film by testing spectroscopy. To be specific, surface plasmons limited between nanoparticles can
create electromagnetic energy and hot electrons, significantly promoting surface catalytic reactions and
change the wavelength of the extinction peak, which greatly affects the refractive index. Our review
can provide an understanding of the physical mechanism system of SPR sensors and applications in
optical surface catalytic fields for ultrasensitive spectral analysis technology.

Acknowledgments: This work was supported by the National Natural Science Foundation of China
(grant nos. 11374353, 91436102, 11474141, and 21601013), Beijing Municipal Science and Technology Project
(no. Z17111000220000), and the National Basic Research Program of China (2016YFA02008000).

Author Contributions: J.W. and W.H. participated in the design of the study, drafted the manuscript, and wrote
the paper; X.Z. organized the information of the manuscript, and performed the statistical analyses; E.C. and X.X.
collected field data; and W.L. coordinated the study, helped draft the manuscript, and contributed analysis tools
designed for the study. All authors gave final approval for publication.

Conflicts of Interest: The authors declare no conflict of interest.



Sensors 2017, 17, 2719 14 of 19

References

1. Homola, J.; Yee, S.S.; Gauglitz, G. Surface plasmon resonance sensors: Reviews. Sens. Actuators B Chem. 1999,
54, 3–15. [CrossRef]

2. Hoa, X.D.; Kirk, A.G.; Tabrizian, M. Towards integrated and sensitive surface plasmon resonance biosensors:
A review of recent progress. Biosens. Bioelectron. 2007, 23, 151–160. [CrossRef] [PubMed]

3. Shalabney, A.; Abdulhalim, I. Sensitivity-enhancement methods for surface plasmon sensors. Laser Photonics
Rev. 2011, 5, 571–606. [CrossRef]

4. Bedford, E.E.; Spadavecchia, J.; Pradier, C.M.; Gu, F.X. Surface plasmon resonance biosensors incorporating
gold nanoparticles. Macromol. Biosci. 2012, 12, 724–739. [CrossRef] [PubMed]

5. Fang, Y.; Li, Y.; Xu, H.; Sun, M. Ascertaining p,p′-dimercaptoazobenzene produced from p-aminothiophenol
by selective catalytic coupling reaction on silver nanoparticles. Langmuir 2010, 26, 7737–7746. [CrossRef]
[PubMed]

6. Liedberg, B.; Nylander, C.; Lunström, I. Surface plasmon resonance for gas detection and biosensing.
Sens. Actuators 1983, 4, 299–304. [CrossRef]

7. Nylander, C.; Liedberg, B.; Lind, T. Gas detection by means of surface plasmon resonance. Sens. Actuators
1982, 3, 79–88. [CrossRef]

8. Liedberg, B.; Claes, N.; Lundstrom, I. Biosensing with surface plasmon resonance-how it all started.
Biosens. Bioelectron. 1995, 10, i–ix. [CrossRef]

9. Kretschmann, E.; Raether, H. Radiative Decay of Non Radiatve Surface Plasmons Excited by Light.
Z. Natureforsch. 1968, 23, 2135–2136.

10. Pitarke, J.M.; Silkin, V.M.; Chulkov, E.V.; Echenique, P.M. Theory of surface plasmons and surface-plasmon
polaritons. Rep. Prog. Phys. 2006, 7, 1. [CrossRef]

11. Ishimaru, A.; Jaruwatanadilok, S.; Kuga, Y. Generalized surface plasmon resonance sensors using
metamaterials and negative index materials. Prog. Electromagn. Res. 2005, 51, 139–152. [CrossRef]

12. Chinowsky, T.M.; Soelberg, S.D.; Baker, P.; Swanson, N.R.; Kauffman, P.; Mactutis, A.; Grow, M.S.; Atmar, R.;
Yee, S.S.; Furlong, C.E. Portable 24-analyte surface plasmon resonance instruments for rapid, versatile
biodetection. Biosens. Bioelectron. 2007, 22, 2268–2275. [CrossRef] [PubMed]

13. Wood, R.W. On a remarkable case of uneven distribution of light in a diffraction grating spectrum.
Philos. Mag. Ser. 1902, 4, 396–402. [CrossRef]

14. Fano, U. The Theory of Anomalous Diffraction Gratings and of Quasi-Stationary Waves on Metallic Surfaces
(Sommerfeld’s Waves). J. Opt. Soc. Am. 1941, 31, 213–222. [CrossRef]

15. Nakamura, H.; Karube, I. Current research activity in biosensors. Anal. Bioanal. Chem. 2003, 377, 446–468.
[CrossRef] [PubMed]

16. Ince, R.; Narayanaswamy, R. Analysis of the performance of interferometry, surface plasmon resonance and
luminescence as biosensors and chemosensors. Anal. Chim. Acta 2006, 569, 1–20. [CrossRef]

17. Bally, M.; Halter, M.; Vörös, J.; Grandin, H.M. Optical microarray biosensing techniques. Surf. Interface Anal.
2006, 38, 1442–1458. [CrossRef]

18. Rich, R.L.; Myszka, D.G. Survey of the year 2005 commercial optical biosensor literature. J. Mol. Recognit.
2006, 19, 478–534. [CrossRef] [PubMed]

19. Homola, J. Present and future of surface plasmon resonance biosensors. Anal. Bioanal. Chem. 2003, 377,
528–539. [CrossRef] [PubMed]

20. Boozer, C.; Kim, G.; Cong, S.; Guan, H.; Londergan, T. Looking towards label-free biomolecular interaction
analysis in a high-throughput format: A review of new surface plasmon resonance technologies. Curr. Opin.
Biotechnol. 2006, 17, 400–405. [CrossRef] [PubMed]

21. Phillips, K.S.; Cheng, Q. Recent advances in surface plasmon resonance based techniques for bioanalysis.
Anal. Bioanal. Chem. 2007, 387, 1831–1840. [CrossRef] [PubMed]

22. Singh, P. SPR Biosensors: Historical Perspectives and Current Challenges. Sens. Actuators B Chem. 2016, 229,
110–130. [CrossRef]

23. Homola, J. Surface Plasmon Resonance Sensors for Detection of Chemical and Biological Species. Chem. Rev.
2008, 108, 462–493. [CrossRef] [PubMed]

24. Sau, T.K.; Rogach, A.L.; Jackel, F.; Klar, T.A.; Feldmann, J. Properties and applications of colloidal nonspherical
noble metal nanoparticles. Adv. Mater. 2010, 22, 1805–1825. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/S0925-4005(98)00321-9
http://dx.doi.org/10.1016/j.bios.2007.07.001
http://www.ncbi.nlm.nih.gov/pubmed/17716889
http://dx.doi.org/10.1002/lpor.201000009
http://dx.doi.org/10.1002/mabi.201100435
http://www.ncbi.nlm.nih.gov/pubmed/22416018
http://dx.doi.org/10.1021/la904479q
http://www.ncbi.nlm.nih.gov/pubmed/20455558
http://dx.doi.org/10.1016/0250-6874(83)85036-7
http://dx.doi.org/10.1016/0250-6874(82)80008-5
http://dx.doi.org/10.1016/0956-5663(95)96965-2
http://dx.doi.org/10.1088/0034-4885/70/1/R01
http://dx.doi.org/10.2528/PIER04020603
http://dx.doi.org/10.1016/j.bios.2006.11.026
http://www.ncbi.nlm.nih.gov/pubmed/17223032
http://dx.doi.org/10.1080/14786440209462857
http://dx.doi.org/10.1364/JOSA.31.000213
http://dx.doi.org/10.1007/s00216-003-1947-5
http://www.ncbi.nlm.nih.gov/pubmed/12811457
http://dx.doi.org/10.1016/j.aca.2006.03.058
http://dx.doi.org/10.1002/sia.2375
http://dx.doi.org/10.1002/jmr.808
http://www.ncbi.nlm.nih.gov/pubmed/17125150
http://dx.doi.org/10.1007/s00216-003-2101-0
http://www.ncbi.nlm.nih.gov/pubmed/12879189
http://dx.doi.org/10.1016/j.copbio.2006.06.012
http://www.ncbi.nlm.nih.gov/pubmed/16837183
http://dx.doi.org/10.1007/s00216-006-1052-7
http://www.ncbi.nlm.nih.gov/pubmed/17203259
http://dx.doi.org/10.1016/j.snb.2016.01.118
http://dx.doi.org/10.1021/cr068107d
http://www.ncbi.nlm.nih.gov/pubmed/18229953
http://dx.doi.org/10.1002/adma.200902557
http://www.ncbi.nlm.nih.gov/pubmed/20512954


Sensors 2017, 17, 2719 15 of 19

25. Ho, H.P.; Lam, W.W. Application of differential phase measurement technique to surface plasmon resonance
sensors. Sens. Actuators B Chem. 2003, 96, 554–559. [CrossRef]

26. Ho, H.P.; Law, W.C.; Wu, S.Y.; Liu, X.H.; Wong, S.P.; Lin, C.; Kong, S.K. Phase-sensitive surface plasmon
resonance biosensor using the photoelastic modulation technique. Sens. Actuators B Chem. 2006, 114, 80–84.
[CrossRef]

27. Brandenburg, A.; Gombert, A. Grating couplers as chemical sensors: A new optical configuration.
Sens. Actuators B Chem. 1993, 17, 35–40. [CrossRef]

28. Lukosz, W.; Clerc, D.; Nellen, P.M. Input and output grating couplers as integrated optical biosensors.
Sens. Actuators A Phys. 1990, 25, 181–184. [CrossRef]

29. Heideman, R.G.; Lambeck, P.V. Remote opto-chemical sensing with extreme sensitivity: Design, fabrication
and performance of a pigtailed integrate optical phase-modulated Mach-Zehnder interferometer system.
Sens. Actuators B 1999, 61, 100–127. [CrossRef]

30. Akimov, A.V.; Mukherjee, A.; Yu, C.L.; Chang, D.E.; Zibrov, A.S.; Hemmer, P.R.; Park, H.; Lukin, M.D.
Generation of single optical plasmons in metallic nanowires coupled to quantum dots. Nature 2007, 450,
402–406. [CrossRef] [PubMed]

31. Nicholas, F.; Hyesog, L.; Cheng, S.; Xiang, Z. Sub-Diffraction-Limited Optical Imaging with a Silver Superlens.
Sci. Rep. 2005, 308, 534–537.

32. Liu, Z.; Lee, H.; Xiong, Y.; Sun, C.; Zhang, X. Far-field optical hyperlens magnifying sub-diffraction-limited
objects. Science 2007, 315, 1686. [CrossRef] [PubMed]

33. Wessel, J. Surface-enhanced optical microscop. J. Opt. Soc. Am. B 1985, 2, 1538–1541. [CrossRef]
34. Xu, H.; Bjerneld, E.J.; Käll, M.; Börjesson, L. Spectroscopy of Single Hemoglobin Molecules by Surface

Enhanced Raman Scattering. Phys. Rev. Lett. 1999, 83, 4357–4360. [CrossRef]
35. Sun, M.; Xu, H. Direct visualization of the chemical mechanism in SERRS of 4-aminothiophenol/metal

complexes and metal/4-aminothiophenol/metal junctions. ChemPhysChem 2009, 10, 392–399. [CrossRef]
[PubMed]

36. Principles of SPR. Available online: http://www.xantec.com/contact.html (accessed on 16 October 2017).
37. Gonzalez-Diaz, J.B.; Garcia-Martin, A.; Garcia-Martin, J.M.; Cebollada, A.; Armelles, G.; Sepulveda, B.;

Alaverdyan, Y.; Kall, M. Plasmonic Au/Co/Au nanosandwiches with enhanced magneto-optical activity.
Small 2008, 4, 202–205. [CrossRef] [PubMed]

38. Guan, X.D.; Mori, T.; Suzuki, M.; Shin, S.; Hiroki, F.; Migaku, T. Evidence of localized surface plasmon
enhanced magneto-optical effect in nanodisk array. Appl. Phys. Lett. 2010, 96, 081915.

39. Homola, J. Surface Plasmon Resonance Based Biosensors. Prog. Electromagn. Res. Symp. 2007, 1054.
40. Lee, H.; Xiong, Y.; Fang, N.; Srituravanich, W.; Durant, S.; Ambati, M.; Sun, C.; Zhang, X. Realization of

optical superlens imaging below the diffraction limit. New J. Phys. 2005, 7, 255. [CrossRef]
41. Vukusic, P.S.; Bryan-Brown, G.P.; Sambles, J.R. Surface plasmon resonance on gratings as a novel means for

gas sensing. Sens. Actuators B Chem. 1992, 8, 155–160. [CrossRef]
42. Gupta, B.D.; Verma, R.; Srivastava, S.K. Fiber Optic Sensors Based on Plasmonics; World Scientific: Singapore,

2015; ISBN 978-981-4619-54-7.
43. Bevenot, X.; Trouillet, A.; Veillas, C.; Gagnaire, H.; Clement, M. Surface plasmon resonance hydrogen sensor

using an optical fiber. Meas. Sci. Technol. 2002, 13, 118–124. [CrossRef]
44. Zheng, J.; Liang, D. Application of fiber optic surface plasmon resonance sensor for measuring liquid

refractive index. J. Intell. Mater. Syst. Struct. 2006, 17, 787–791. [CrossRef]
45. Peng, W.; Banerji, S.; Kim, Y.C.; Booksh, K.S. Investigation of dual-channel fiber-optic surface plasmon

resonance sensing for biological applications. Opt. Lett. 2005, 30, 2988–2990. [CrossRef] [PubMed]
46. Iga, M.; Seki, A.; Watanabe, K. Hetero-core structured fiber optic surface plasmon resonance sensor with

silver film. Sens. Actuators B 2004, 101, 368–372. [CrossRef]
47. Gordon, J.G.; Ernst, S. Surface plasmons as a probe of the electrochemical interface. Surf. Sci. 1980, 101,

499–506. [CrossRef]
48. Wang, Z.L. A review on research progress in surface plasmons. Prog. Phys. 2009, 29, 287–324.
49. Shuwen, Z.; Dominique, B.; Ho, P.H.; Ken, T.Y. Nanomaterials enhanced surface plasmon resonance for

biological and chemical sensing applications. Chem. Soc. Rev. 2014, 43, 3426–3452.
50. Norman, A.L.; Evagelos, K.A.; Wendelin, J.S. Graphene-stabilized copper nanoparticles as an air-stable

substitute for silver and gold in low-cost ink-jet printable electronics. Nanotechnology 2008, 19, 445201.

http://dx.doi.org/10.1016/S0925-4005(03)00638-5
http://dx.doi.org/10.1016/j.snb.2005.04.007
http://dx.doi.org/10.1016/0925-4005(93)85181-9
http://dx.doi.org/10.1016/0924-4247(90)87028-H
http://dx.doi.org/10.1016/S0925-4005(99)00283-X
http://dx.doi.org/10.1038/nature06230
http://www.ncbi.nlm.nih.gov/pubmed/18004381
http://dx.doi.org/10.1126/science.1137368
http://www.ncbi.nlm.nih.gov/pubmed/17379801
http://dx.doi.org/10.1364/JOSAB.2.001538
http://dx.doi.org/10.1103/PhysRevLett.83.4357
http://dx.doi.org/10.1002/cphc.200800596
http://www.ncbi.nlm.nih.gov/pubmed/19072822
http://www.xantec.com/contact.html
http://dx.doi.org/10.1002/smll.200700594
http://www.ncbi.nlm.nih.gov/pubmed/18196506
http://dx.doi.org/10.1088/1367-2630/7/1/255
http://dx.doi.org/10.1016/0925-4005(92)80173-U
http://dx.doi.org/10.1088/0957-0233/13/1/315
http://dx.doi.org/10.1177/1045389X06057524
http://dx.doi.org/10.1364/OL.30.002988
http://www.ncbi.nlm.nih.gov/pubmed/16315697
http://dx.doi.org/10.1016/j.snb.2004.04.007
http://dx.doi.org/10.1016/0039-6028(80)90644-5


Sensors 2017, 17, 2719 16 of 19

51. Li, L.; Chen, M.; Huang, G.; Yang, N.; Zhang, L.; Wang, H.; Liu, Y.; Wang, W.; Gao, J. A green method to
prepare Pd–Ag nanoparticles supported on reduced graphene oxide and their electrochemical catalysis of
methanol and ethanol oxidation. J. Power Sources 2014, 263, 13–21. [CrossRef]

52. Ahn, Y.; Jeong, Y.; Lee, Y. Improved thermal oxidation stability of solution-processable silver nanowire
transparent electrode by reduced graphene oxide. ACS Appl. Mater. Interfaces 2012, 4, 6410–6414. [CrossRef]
[PubMed]

53. Lee, K.S.; Lee, M.; Byun, K.M.; Lee, I.S. Surface plasmon resonance biosensing based on target-responsive
mobility switch of magnetic nanoparticles under magnetic fields. J. Mater. Chem. 2011, 21, 5156. [CrossRef]

54. Wang, J.; Zhu, Z.; Munir, A.; Zhou, H.S. Fe3O4 nanoparticles-enhanced SPR sensing for ultrasensitive
sandwich bio-assay. Talanta 2011, 84, 783–788. [CrossRef] [PubMed]

55. Wang, L.; Sun, Y.; Wang, J.; Wang, J.; Yu, A.; Zhang, H.; Song, D. Preparation of surface plasmon resonance
biosensor based on magnetic core/shell Fe3O4/SiO2 and Fe3O4/Ag/SiO2 nanoparticles. Colloids Surf.
B Biointerfaces 2011, 84, 484–490. [CrossRef] [PubMed]

56. Wang, J.; Munir, A.; Zhu, Z.; Zhou, H.S. Magnetic Nanoparticle Enhanced Surface Plasmon Resonance
Sensing and Application for the Ultrasensitive Detection of Magnetic Nanoparticle-Enriched Small Molecules.
Anal. Chem. 2010, 82, 6782–6789.

57. Wu, L.; Chu, H.S.; Koh, W.S.; Li, E.P. Highly sensitive graphene biosensors based on surface plasmon
resonance. Opt. Express 2010, 18, 14395. [CrossRef] [PubMed]

58. Wang, L.; Zhu, C.; Han, L.; Jin, L.; Zhou, M.; Dong, S. Label-free, regenerative and sensitive surface plasmon
resonance and electrochemical aptasensors based on graphene. Chem. Commun. 2011, 47, 7794–7796.
[CrossRef] [PubMed]

59. Zhang, H.; Sun, Y.; Gao, S.; Zhang, J.; Zhang, H.; Song, D. A novel graphene oxide-based surface plasmon
resonance biosensor for immunoassay. Small 2013, 9, 2537–2540. [CrossRef] [PubMed]

60. Seung, H.C.; Young, L.K.; Kyung, M.B. Graphene-on-silver substrates for sensitive surface plasmon resonance
imaging biosensors. Opt. Express 2011, 19, 458–466.

61. Singh, V.V.; Gupta, G.; Batra, A.; Nigam, A.K.; Boopathi, M.; Gutch, P.K.; Tripathi, B.K.; Srivastava, A.;
Samuel, M.; Agarwal, G.S.; et al. Greener Electrochemical Synthesis of High Quality Graphene Nanosheets
Directly from Pencil and Its SPR Sensing Application. Adv. Funct. Mater. 2012, 22, 2352–2362. [CrossRef]

62. Karsten, H.; Klaus, M. Molecularly Imprinted Polymers and Their Use in Biomimetic Sensors. Chem. Rev.
2000, 100, 2495–2504.

63. Uysal, A.; Demirel, G.; Turan, E.; Caykara, T. Hemoglobin recognition of molecularly imprinted hydrogels
prepared at different pHs. Anal. Chim. Acta 2008, 625, 110–115. [CrossRef] [PubMed]

64. Whitcombe, M.J.; Chianella, I.; Larcombe, L.; Piletsky, S.A.; Noble, J.; Porter, R.; Horgan, A. The rational
development of molecularly imprinted polymer-based sensors for protein detection. Chem. Soc. Rev. 2011,
40, 1547–1571. [CrossRef] [PubMed]

65. Sellergren, B.; Hall, A.J. Molecularly Imprinted Polymers. In Supramolecular Chemistry; John Wiley & Sons,
Ltd.: Hoboken, NJ, USA, 2012.

66. Sipova, H.; Homola, J. Surface plasmon resonance sensing of nucleic acids: A review. Anal. Chim. Acta 2013,
773, 9–23. [CrossRef] [PubMed]

67. Wu, Y.; Ho, P.H.; Rebecca, K.Y.; Siu, K.K. Surfac-enhanced Raman scattering biosensor for DNA detection on
nanoparticle island substrates. Appl. Opt. 2009, 48, 4329–4337.

68. Chen, H.; Liu, F.; Koh, K.; Lee, J.; Ye, Z.; Yin, T.; Sun, L. Sensitive detection of tuberculosis using
nanoparticle-enhanced surface plasmon resonance. Microchim. Acta 2013, 180, 431–436. [CrossRef]

69. Matthew, E.S.; Christopher, R.A.; Lucas, B.T.; Joana, M.; Stephen, K.G.; Jahn, A.R.; Ralph, G.N.
Nanostructured PlasmonicSensors. Chem. Rev. 2008, 108, 494–521.

70. Zhang, Z.; Xu, P.; Yang, X.; Liang, W.; Sun, M. Surface plasmon-driven photocatalysis in ambient, aqueous
and high-vacuum monitored by SERS and TERS. J. Photochem. Photobiol. C Photochem. Rev. 2016, 27, 100–112.
[CrossRef]

71. Rycenga, M.; Cobley, C.M.; Zeng, J.; Li, W.; Moran, C.H.; Zhang, Q.; Qin, D.; Xia, Y. Controlling the
synthesis and assembly of silver nanostructures for plasmonic applications. Chem. Rev. 2011, 111, 3669–3712.
[CrossRef] [PubMed]

72. Liu, X.; Swihart, M.T. Heavily-doped colloidal semiconductor and metal oxide nanocrystals: An emerging
new class of plasmonic nanomaterials. Chem. Soc. Rev. 2014, 43, 3908–3920. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.jpowsour.2014.04.021
http://dx.doi.org/10.1021/am301913w
http://www.ncbi.nlm.nih.gov/pubmed/23206541
http://dx.doi.org/10.1039/c0jm03770b
http://dx.doi.org/10.1016/j.talanta.2011.02.020
http://www.ncbi.nlm.nih.gov/pubmed/21482283
http://dx.doi.org/10.1016/j.colsurfb.2011.02.003
http://www.ncbi.nlm.nih.gov/pubmed/21353500
http://dx.doi.org/10.1364/OE.18.014395
http://www.ncbi.nlm.nih.gov/pubmed/20639924
http://dx.doi.org/10.1039/c1cc11373a
http://www.ncbi.nlm.nih.gov/pubmed/21633745
http://dx.doi.org/10.1002/smll.201202958
http://www.ncbi.nlm.nih.gov/pubmed/23436747
http://dx.doi.org/10.1002/adfm.201102525
http://dx.doi.org/10.1016/j.aca.2008.07.010
http://www.ncbi.nlm.nih.gov/pubmed/18721547
http://dx.doi.org/10.1039/C0CS00049C
http://www.ncbi.nlm.nih.gov/pubmed/21132204
http://dx.doi.org/10.1016/j.aca.2012.12.040
http://www.ncbi.nlm.nih.gov/pubmed/23561902
http://dx.doi.org/10.1007/s00604-013-0943-5
http://dx.doi.org/10.1016/j.jphotochemrev.2016.04.001
http://dx.doi.org/10.1021/cr100275d
http://www.ncbi.nlm.nih.gov/pubmed/21395318
http://dx.doi.org/10.1039/C3CS60417A
http://www.ncbi.nlm.nih.gov/pubmed/24566528


Sensors 2017, 17, 2719 17 of 19

73. Zhou, S.; Pi, X.; Ni, Z.; Ding, Y.; Jiang, Y.; Jin, C.; Delerue, C.; Yang, D.; Nozaki, T. Comparative study on the
localized surface plasmon resonance of boron- and phosphorus-doped silicon nanocrystals. ACS Nano 2015,
9, 378–386. [CrossRef] [PubMed]

74. Zeng, S.; Yu, X.; Law, W.C.; Zhang, Y.; Hu, R.; Dinh, X.Q.; Ho, H.P.; Yong, K.T. Size dependence of Au
NP-enhanced surface plasmon resonance based on differential phase measurement. Sens. Actuators B Chem.
2013, 176, 1128–1133. [CrossRef]

75. Lazcka, O.; Del Campo, F.J.; Munoz, F.X. Pathogen detection: A perspective of traditional methods and
biosensors. Biosens. Bioelectron. 2007, 22, 1205–1217. [CrossRef] [PubMed]

76. Leonard, P.; Hearty, S.; Brennan, J.; Dunne, L.; Quinn, J.; Chakraborty, T.; O’Kennedy, R. Advances in
biosensors for detection of pathogens in food and water. Enzyme Microb. Technol. 2003, 32, 3–13. [CrossRef]

77. Baeumner, A.J. Biosensors for environmental pollutants and food contaminants. Anal. Bioanal. Chem. 2003,
377, 434–445. [CrossRef] [PubMed]

78. Kabashin, A.V.; Evans, P.; Pastkovsky, S.; Hendren, W.; Wurtz, G.A.; Atkinson, R.; Pollard, R.; Podolskiy, V.A.;
Zayats, A.V. Plasmonic nanorod metamaterials for biosensing. Nat. Mater. 2009, 8, 867–871. [CrossRef]
[PubMed]

79. Nagase, N.; Terao, K.; Miyanishi, N.; Tamai, K.; Uchiyama, N.; Suzuki, T.; Takao, H.; Shimokawa, F.;
Oohira, F. Signal enhancement of protein binding by electrodeposited gold nanostructures for applications
in Kretschmann-type SPR sensors. Analyst 2012, 137, 5034–5040. [CrossRef] [PubMed]

80. Gobi, K.V.; Iwasaka, H.; Miura, N. Self-assembled PEG monolayer based SPR immunosensor for label-free
detection of insulin. Biosens. Bioelectron. 2007, 22, 1382–1389. [CrossRef] [PubMed]

81. Trevino, J.; Calle, A.; Rodriguez-Frade, J.M.; Mellado, M.; Lechuga, L.M. Surface plasmon resonance
immunoassay analysis of pituitary hormones in urine and serum samples. Clin. Chim. Acta 2009, 403, 56–62.
[CrossRef] [PubMed]

82. Ramanaviciene, A.; German, N.; Kausaite-Minkstimiene, A.; Voronovic, J.; Kirlyte, J.; Ramanavicius, A.
Comparative study of surface plasmon resonance, electrochemical and electroassisted chemiluminescence
methods based immunosensor for the determination of antibodies against human growth hormone.
Biosens. Bioelectron. 2012, 36, 48–55. [CrossRef] [PubMed]

83. Fang, Y.; Sun, M. Nanoplasmonic waveguides: Towards applications in integrated nanophotonic circuits.
Light Sci. Appl. 2015, 4, e294. [CrossRef]

84. Ding, Q.; Chen, M.; Fang, Y.; Zhang, Z.; Sun, M. Plasmon-Driven Diazo Coupling Reactions of p-Nitroaniline
via −NH2 or −NO2 in Atmosphere Environment. J. Phys. Chem. C 2017, 121, 5225–5231. [CrossRef]

85. Lin, W.; Cao, Y.; Wang, P.; Sun, M. Unified Treatment for Plasmon-Exciton Co-driven Reduction and
Oxidation Reactions. Langmuir 2017, 33, 12102–12107. [CrossRef] [PubMed]

86. Gardiner, D.J. Practical Raman Spectroscopy; Springer: Berlin/Heidelberg, Germany, 1989;
ISBN 978-0-387-50254-0.

87. Sun, M.; Zhang, Z.; Zheng, H.; Xu, H. In-situ plasmon-driven chemical reactions revealed by high vacuum
tip-enhanced Raman spectroscopy. Sci. Rep. 2012, 2, 647. [PubMed]

88. Dai, Z.; Xiao, X.; Wu, W.; Zhang, Y.; Liao, L.; Guo, S.; Ying, J.; Shan, C.; Sun, M.; Jiang, C. Plasmon-driven
reaction controlled by the number of graphene layers and localized surface plasmon distribution during
optical excitation. Light Sci. Appl. 2015, 4, e342. [CrossRef]

89. Sun, M.; Zhang, Z.; Chen, L.; Xu, H. Tip-Enhanced Resonance Couplings Revealed by High Vacuum
Tip-Enhanced Raman Spectroscopy. Adv. Opt. Mater. 2013, 1, 449–455. [CrossRef]

90. Sun, M.; Zhang, Z.; Chen, L.; Sheng, S.; Xu, H. Plasmonic Gradient Effects on High Vacuum Tip-Enhanced
Raman Spectroscopy. Adv. Opt. Mater. 2014, 2, 74–80. [CrossRef]

91. Ding, Q.; Shi, Y.; Chen, M.; Li, H.; Yang, X.; Qu, Y.; Liang, W.; Sun, M. Ultrafast Dynamics of Plasmon-Exciton
Interaction of Ag Nanowire-Graphene Hybrids for Surface Catalytic Reactions. Sci. Rep. 2016, 6, 32724.
[CrossRef] [PubMed]

92. Hammes, G. Spectroscopy for the Biological Sciences; Wiley: Hoboken, NJ, USA, 2005; ISBN 9780471733546.
93. Lakowicz, J.R.; Masters, B.R. Principle of Fluorescence Spectroscopy. J. Biomed. Opt. 2008, 13, 029901.

[CrossRef]

http://dx.doi.org/10.1021/nn505416r
http://www.ncbi.nlm.nih.gov/pubmed/25551330
http://dx.doi.org/10.1016/j.snb.2012.09.073
http://dx.doi.org/10.1016/j.bios.2006.06.036
http://www.ncbi.nlm.nih.gov/pubmed/16934970
http://dx.doi.org/10.1016/S0141-0229(02)00232-6
http://dx.doi.org/10.1007/s00216-003-2158-9
http://www.ncbi.nlm.nih.gov/pubmed/12920503
http://dx.doi.org/10.1038/nmat2546
http://www.ncbi.nlm.nih.gov/pubmed/19820701
http://dx.doi.org/10.1039/c2an35574d
http://www.ncbi.nlm.nih.gov/pubmed/23000888
http://dx.doi.org/10.1016/j.bios.2006.06.012
http://www.ncbi.nlm.nih.gov/pubmed/16870423
http://dx.doi.org/10.1016/j.cca.2009.01.015
http://www.ncbi.nlm.nih.gov/pubmed/19361471
http://dx.doi.org/10.1016/j.bios.2012.03.036
http://www.ncbi.nlm.nih.gov/pubmed/22541890
http://dx.doi.org/10.1038/lsa.2015.67
http://dx.doi.org/10.1021/acs.jpcc.6b12589
http://dx.doi.org/10.1021/acs.langmuir.7b03144
http://www.ncbi.nlm.nih.gov/pubmed/29048897
http://www.ncbi.nlm.nih.gov/pubmed/22970339
http://dx.doi.org/10.1038/lsa.2015.115
http://dx.doi.org/10.1002/adom.201200074
http://dx.doi.org/10.1002/adom.201300296
http://dx.doi.org/10.1038/srep32724
http://www.ncbi.nlm.nih.gov/pubmed/27601199
http://dx.doi.org/10.1117/1.2904580


Sensors 2017, 17, 2719 18 of 19

94. Silva, A.G.; Rodrigues, T.S.; Correia, V.G.; Alves, T.V.; Alves, R.S.; Ando, R.A.; Ornellas, F.R.; Wang, J.;
Andrade, L.H.; Camargo, P.H. Plasmonic Nanorattles as Next-Generation Catalysts for Surface Plasmon
Resonance-Mediated Oxidations Promoted by Activated Oxygen. Angew. Chem. Int. Ed. 2016, 55, 7111–7115.
[CrossRef] [PubMed]

95. Tan, Y.; Liu, P.; Chen, L.; Cong, W.; Ito, Y.; Han, J.; Guo, X.; Tang, Z.; Fujita, T.; Hirata, A.; Chen, M.W.
Monolayer MoS2 films supported by 3D nanoporous metals for high-efficiency electrocatalytic hydrogen
production. Adv. Mater. 2014, 26, 8023–8028. [CrossRef] [PubMed]

96. Sun, M.; Xu, H. A novel application of plasmonics: Plasmon-driven surface-catalyzed reactions. Small 2012,
8, 2777–2786. [CrossRef] [PubMed]

97. Zhang, Z.; Deckert-Gaudig, T.; Singh, P.; Deckert, V. Single molecule level plasmonic catalysis—A dilution
study of p-nitrothiophenol on gold dimers. Chem. Commun. 2015, 51, 3069–3072. [CrossRef] [PubMed]

98. Huang, Y.; Zhu, H.; Liu, G.; Wu, D.; Ren, B.; Tian, Z. When the Signal Is Not from the Original Molecule
to Be Detected: Chemical Transformation of para-Aminothiophenol on Ag during the SERS Measurement.
J. Am. Chem. Soc. 2010, 132, 9244–9246. [CrossRef] [PubMed]

99. Cui, L.; Wang, P.; Fang, Y.; Li, Y.; Sun, M. A plasmon-driven selective surface catalytic reaction revealed by
surface-enhanced Raman scattering in an electrochemical environment. Sci. Rep. 2015, 5, 11920. [CrossRef]
[PubMed]

100. Katrin, K.; Yang, W.; Harald, K.; Lev, T.P.; Irving, I.; Dasari, R.R.; Michael, S.F. Single Molecule Detection
Using Surface-Ehanced Raman Scattering (SERS). Phys. Rev. Lett. 1997, 78, 1667–1670.

101. Wang, D.; Zhu, W.; Best, M.D.; Camden, J.P.; Crozier, K.B. Directional Raman scattering from single molecules
in the feed gaps of optical antennas. Nano Lett. 2013, 13, 2194–2198. [CrossRef] [PubMed]

102. Lim, D.K.; Jeon, K.S.; Kim, H.M.; Nam, J.M.; Suh, Y.D. Nanogap-engineerable Raman-active nanodumbbells
for single-molecule detection. Nat. Mater. 2010, 9, 60–67. [CrossRef] [PubMed]

103. Otto, A.; Mrozek, I.; Grabhorn, H.; Akemann, W. Surface-enhanced Raman scattering. J. Phys. Condens. Matter
1992, 4, 1143–1212. [CrossRef]

104. Xia, L.; Chen, M.; Zhao, X.; Zhang, Z.; Xia, J.; Xu, H.; Sun, M. Visualized method of chemical enhancement
mechanism on SERS and TERS. J. Raman Spectrosc. 2014, 45, 533–540. [CrossRef]

105. Canpean, V.; Iosin, M.; Astilean, S. Disentangling SERS signals from two molecular species: A new evidence
for the production of p,p′-dimercaptoazobenzene by catalytic coupling reaction of p-aminothiophenol on
metallic nanostructures. Chem. Phys. Lett. 2010, 500, 277–282. [CrossRef]

106. Huang, Y.; Fang, Y.; Yang, Z.; Sun, M. Can p,p′-Dimercaptoazobisbenzene Be Produced
fromp-Aminothiophenol by Surface Photochemistry Reaction in the Junctions of a Ag Nanoparticle-
Molecule-Ag (or Au) Film? J. Phys. Chem. C 2010, 114, 18263–18269. [CrossRef]

107. Sun, M.; Huang, Y.; Xia, L.; Chen, X.; Xu, H. The pH-Controlled Plasmon-Assisted Surface Photocatalysis
Reaction of 4-Aminothiophenol to p,p′-Dimercaptoazobenzene on Au, Ag, and Cu Colloids. J. Phys. Chem. C
2011, 115, 9629–9636. [CrossRef]

108. Zong, S.; Wang, Z.; Yang, J.; Cui, Y. Intracellular pH sensing using p-aminothiophenol functionalized gold
nanorods with low cytotoxicity. Anal. Chem. 2011, 83, 4178–4183. [CrossRef] [PubMed]

109. Gabudean, A.M.; Biro, D.; Astilean, S. Localized surface plasmon resonance (LSPR) and surface-enhanced
Raman scattering (SERS) studies of 4-aminothiophenol adsorption on gold nanorods. J. Mol. Struct. 2011,
993, 420–424. [CrossRef]

110. Kim, K.; Lee, H.B.; Shin, D.; Ryoo, H.; Lee, J.W.; Shin, K.S. Surface-enhanced Raman scattering of
4-aminobenzenethiol on silver: Confirmation of the origin of b2-type bands. J. Raman Spectrosc. 2011,
42, 2112–2118. [CrossRef]

111. Kim, K.; Shin, D.; Lee, H.B.; Shin, K.S. Surface-enhanced Raman scattering of 4-aminobenzenethiol on gold:
The concept of threshold energy in charge transfer enhancement. Chem. Commun. 2011, 47, 2020–2022.
[CrossRef] [PubMed]

112. Park, W.H.; Kim, Z.H. Charge transfer enhancement in the SERS of a single molecule. Nano Lett. 2010, 10,
4040–4048. [CrossRef] [PubMed]

113. Zhang, Y.; Liu, S.; Wang, L.; Qin, X.; Tian, J.; Lu, W.; Chang, G.; Sun, X. One-pot green synthesis of Ag
nanoparticles-graphene nanocomposites and their applications in SERS, H2O2, and glucose sensing. RSC Adv.
2012, 2, 538–545. [CrossRef]

http://dx.doi.org/10.1002/anie.201601740
http://www.ncbi.nlm.nih.gov/pubmed/27159199
http://dx.doi.org/10.1002/adma.201403808
http://www.ncbi.nlm.nih.gov/pubmed/25363090
http://dx.doi.org/10.1002/smll.201200572
http://www.ncbi.nlm.nih.gov/pubmed/22777813
http://dx.doi.org/10.1039/C4CC09008J
http://www.ncbi.nlm.nih.gov/pubmed/25599345
http://dx.doi.org/10.1021/ja101107z
http://www.ncbi.nlm.nih.gov/pubmed/20527877
http://dx.doi.org/10.1038/srep11920
http://www.ncbi.nlm.nih.gov/pubmed/26145715
http://dx.doi.org/10.1021/nl400698w
http://www.ncbi.nlm.nih.gov/pubmed/23550513
http://dx.doi.org/10.1038/nmat2596
http://www.ncbi.nlm.nih.gov/pubmed/20010829
http://dx.doi.org/10.1088/0953-8984/4/5/001
http://dx.doi.org/10.1002/jrs.4504
http://dx.doi.org/10.1016/j.cplett.2010.10.006
http://dx.doi.org/10.1021/jp107305z
http://dx.doi.org/10.1021/jp201002v
http://dx.doi.org/10.1021/ac200467z
http://www.ncbi.nlm.nih.gov/pubmed/21513305
http://dx.doi.org/10.1016/j.molstruc.2010.11.045
http://dx.doi.org/10.1002/jrs.2972
http://dx.doi.org/10.1039/c0cc04925e
http://www.ncbi.nlm.nih.gov/pubmed/21218216
http://dx.doi.org/10.1021/nl102026p
http://www.ncbi.nlm.nih.gov/pubmed/20857978
http://dx.doi.org/10.1039/C1RA00641J


Sensors 2017, 17, 2719 19 of 19

114. Osawa, M.; Naokl, M.; Yosil, K.; Isamu, U. Charge Transfer Resoance Raman Process in Surface-Ehanced
Raman Scattering from p-Aminothiphenol Adsorbed on Silver: Herzberg-Teller Contribution. J. Phys. Chem.
1994, 98, 12702–12707. [CrossRef]

115. Yu, Z.; Yan, Z.; Qing, J.; Jing, J.; Hong, Y.; Jian, S.; Teng, G.; Dong, M.; Yu, C.; Xiu, S.; et al. Contrilled Growth
of High-Quality Monolayer WS2 Layer on Sapphire and Imaging Its Grain Boundary. ACS Nano 2013, 7,
8963–8971.

116. Wang, Q.H.; Kalantar-Zadeh, K.; Kis, A.; Coleman, J.N.; Strano, M.S. Electronics and optoelectronics of
two-dimensional transition metal dichalcogenides. Nat. Nanotechnol. 2012, 7, 699–712. [CrossRef] [PubMed]

117. Kang, L.; Chu, J.; Zhao, H.; Xu, P.; Sun, M. Recent progress in the applications of graphene in
surface-enhanced Raman scattering and plasmon-induced catalytic reactions. J. Mater. Chem. C 2015,
3, 9024–9037. [CrossRef]

118. Markus, N.; Heikki, T. Gold Nanoparticles Protected with pH and Temperature-Sensitive Diblock
Copolymers. Langmuir 2007, 23, 5352–5357.

119. Nathan, H.M.; Jan, W.W.; VIktor, M.; John, A.R.; Jeffrey, S.M.; Ralph, G.N. Optical Transduction of Chemical
Forces. Nano Lett. 2007, 7, 733–737.

120. Barron, L.D.; Buckingham, A.D. Rayleigh and Raman scattering from optically active molecules. Mol. Phys.
1971, 20, 1111–1119. [CrossRef]

121. Sun, M.; Zhang, Z.; Wang, P.; Li, Q.; Ma, F.; Xu, H. Remotely excited Raman optical activity using chiral
plasmon propagation in Ag nanowires. Light Sci. Appl. 2013, 2, e112. [CrossRef]

122. Huang, Y.; Fang, Y.; Zhang, Z.; Zhu, L.; Sun, M. Nanowire-supported plasmonic waveguide for remote
excitation of surface-enhanced Raman scattering. Light Sci. Appl. 2014, 3, e199. [CrossRef]

123. Yang, X.; Yu, H.; Guo, X.; Ding, Q.; Pullerits, T.; Wang, R.; Zhang, G.; Liang, W.; Sun, M. Plasmon-exciton
coupling of monolayer MoS2-Ag nanoparticles hybrids for surface catalytic reaction. Mater. Today Energy
2017, 5, 72–78. [CrossRef]

124. Kathryn, M.M.; Jason, H.H. Localized Surface Plasmon Resonance Sensors. Chem. Rev. 2011, 111, 3828–3857.
125. Colleen, L.N.; Hongwei, L.; Jason, H.H. Optical properties of Star-Shaped Gold Nanoparticles. Nano Lett.

2006, 6, 683–688.
126. Feng, H.; Colleen, L.N.; Jason, H.H.; Peter, N. Plasmon Resonances of a Gold Nanostar. Nano Lett. 2007, 7,

729–732.
127. Greg, J.N.; Stella, M.M.; Adam, C.C.; Adreas, D.; Fredrik, H.; Adam, W.; Ashutosh, C. Label-Free Plasmonic

Detection of Biomolecular Binding by a Single Gold Nanorod. Anal. Chem. 2008, 80, 984–989.
128. Kathryn, M.M.; Colleen, L.N.; Seunghyun, L.; Jason, H.H.; Hongwei, L.; Betty, C.R. A Label-Free

Immunoassay Based Upon Localized Surface Plasmon Resonance of Gold Nanorods. ACS Nano 2008,
4, 687–692.

129. Seunghyun, L.; Kathryn, M.M.; Jason, H.H. Improved Localized Surface Plasmon Resonance Immunoassay
with Gold Bipyramid Substrates. Anal. Chem. 2009, 81, 4450–4455.

130. Denise, E.C.; Damian, A.; Matthew, G.; Deirdre, M.; Ledwith, Y.K.; Gun’ko, J.M.; Werner, J.B.; Margaret, E.B.
Versatile Solution Phase Triangular Silver Nanoplates for Highly Sensitive Plasmon Resonance Sensing.
ACS Nano 2010, 4, 55–64.

131. Leif, J.S.; Shih, C.; George, C.S.; Richard, P.V. Localized Surface Plasmon Resonance Spectroscopy of Single
Silver Nanocubes. Nano Lett. 2005, 5, 2034–2038.

132. Kosuke, S.; Hironobu, T.; Ayane, Y.; Joe, O.; Takamasa, S.; Takashi, H.; Sayaka, Y. Refractive Index
Susceptibility of the Plasmonic Palladium Nanoparticle: Potential as the Third Plasmonic Sensing Material.
ACS Nano 2015, 9, 1895–1904.

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1021/j100099a038
http://dx.doi.org/10.1038/nnano.2012.193
http://www.ncbi.nlm.nih.gov/pubmed/23132225
http://dx.doi.org/10.1039/C5TC01759A
http://dx.doi.org/10.1080/00268977100101091
http://dx.doi.org/10.1038/lsa.2013.68
http://dx.doi.org/10.1038/lsa.2014.80
http://dx.doi.org/10.1016/j.mtener.2017.05.005
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Principle of SPR Sensors 
	Mechanisms 
	Optical Design 
	Optical Sensors Based on the Excitation of Surface Plasmons 
	Substrates 


	Types of SPR Sensors 
	Applications 
	Plasmon-Driven Surface Catalytic Reactions 
	Measurement of Refractive Index Sensing 

	Summary 

