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Abstract: Techniques based on plasmonic resonance can provide label-free, signal enhanced,
and real-time sensing means for bioparticles and bioprocesses at the molecular level. With the
development in nanofabrication and material science, plasmonics based on synthesized nanoparticles
and manufactured nano-patterns in thin films have been prosperously explored. In this short review,
resonance modes, materials, and hybrid functions by simultaneously using electrical conductivity
for plasmonic biosensing techniques are exclusively reviewed for designs containing nanovoids in
thin films. This type of plasmonic biosensors provide prominent potential to achieve integrated
lab-on-a-chip which is capable of transporting and detecting minute of multiple bio-analytes with
extremely high sensitivity, selectivity, multi-channel and dynamic monitoring for the next generation
of point-of-care devices.

Keywords: plasmonics; resonance modes; biosensing; plasmonic materials; hybrid function;
multi-channel sensing; spectroelectrochemistry

1. Introduction

Along with the fast development in nanofabrication techniques, nano-optics has been boosted
and applied in various research and industry areas. Plasmonics is one major branch of nano-optics.
Due to its ability to generate nanoscale hot spots which are close to the size of bioparticles, it has been
applied in biosensing broadly with enhanced sensitivity for refractive index (RI) changes and enhanced
light/matter interactions [1–5]. For example, prostate-specific antigen has been detected with a visual
limit of detection (LOD) as low as 0.0093 ng/mL [6]; with the mechanism that glucose oxidase can
control the growth of nanoparticles, an inverse sensitivity has been achieved as low as 4 × 10−20 M [7];
nanohole array has been used to detect exosomes with the LOD as approximately 670 × 10−18 M and
potential cancer diagnose without biopsy is possible based on this technique [8], and other applications
in bio-interfacial research [9], heavy ions in water [10], foodborne pathogen [11], and drug delivery [12]
have been carried out. Some of the plasmonic devices have already been developed into portable
manner toward point-of-care (PoC) applications [13–15].

Here in this short review, plasmonic biosensing techniques based on nanovoid-type designs are
discussed. In Section 2, propagating plasmonic resonance mode based on planar design is mentioned
briefly for the introduction on sensing methodologies based on RI changes. For various nanovoid
(array) designs, extraordinary transmission effect (EOT), Fabry-Perot (FP) like resonance, and Fano
resonance can be excited and used for specific biosensing purposes. In Section 3, plasmonic materials
used for biosensing techniques are discussed according to their working frequency range. In Section 4,
hybrid sensing techniques by applying the electric conductive function to plasmonic devices are
discussed. Plasmonics based on nanoparticles is as important as nanovoid-type plasmonic sensors.
These nanoparticles have been used to enhance fluorescence [16–18] and Raman spectroscopy [19–32],
and to generate heat to introduce convection flows for particle transportation [33]. Currently, hot
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electron is another hot topic focused on these nanoparticles for plasmonic photocatalytic studies [34,35].
There are comprehensive reviews of plasmonic nanoparticles can be used as reference resources [36–45].

2. Surface Plasmon Resonance

Surface plasmon resonance (SPR) phenomenon happens at the interface of a conductive material
and a dielectric medium. Under the resonance condition, the incident light is used to generate a
collective charge density wave propagating at this interface and this wave is called surface plasmon
polariton (SPP). This phenomenon was first observed by Wood in 1902 [46], and in 1941 Fano proposed
a theoretical explanation for Wood’s anomaly by considering a SP as a superficial wave [47]. In 1968
Kretschmann [48] and Otto [49] proposed using a prism coupler to generate SPR respectively, and the
first SPR sensor was invented by Liedberg, et al. for gas sensing and antibody-antigen binding events
until 1983 [50]. Initially, SPR sensors were mainly based on metal thin films. With the development in
nanofabrication techniques, nanostructures have been fabricated in metal thin films and geometric
factors have been introduced to control generation conditions of SPPs. In addition, different plasmonic
resonance modes and modes coupling have been proposed theoretically and explored experimentally
to enhance the nearfield to reduce LOD [51,52]. In this section, film-type sensor is discussed on the
purpose to introduce the generation of SPR, plasmonic biosensing mechanisms and interrogation
methodologies. Localized SPR (LSPR), EOT effect, FP-like and Fano resonance modes are discussed for
nanovoid-type plasmonic sensors.

2.1. Film-Type Plasmonic Sensors

2.1.1. SPP Generation

Optical thin noble metal films are most used in film-type plasmonic sensors. When Equation (1) is
satisfied, a SPP can be generated at the metal/dielectric interface and this type of SPP is also called
propagating SPP [50], which is demonstrated as Figure 1.

kspp,d(ω) = kd(
1

εm(ω)
+

1
εd(ω)

)
−1/2

(1)

where kd is the wave vector of the incident light in a dielectric medium, εm and εd is the dielectric
constant of the metal material and the dielectric medium respectively, and kspp,d is the wave vector of
the SPP which propagates at the interface of this metal and this dielectric medium.
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Figure 1. Demonstration of the layer geometry for propagating SPP generation. Adapted from [52],
with permission from 2015© The Royal Society of Chemistry.

The demonstrative dispersion curve of SPP (kspp = kspp,0) for a metal/free space (dielectric medium,
k0) interface is plotted as Figure 2a. At the same frequency, kspp is always larger than k0. From the free
space, simply shining a laser beam at this interface cannot excite a SPP. However, a prism made of glass
(kp > k0) can be used to match kspp with proper coupling methodologies. In Kretschmann (Figure 2b)
and Otto (Figure 2c) coupling methodologies, an evanescent wave from the total internal reflection
(TIR) at the metal/prism interface is used to generate SPP at the metal/free space interface. In addition,
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the evanescent wave of the SPP penetrates into both the metal layer and the dielectric medium with a
defined depth δm and δd, as shown in Figure 1. Take a gold/air interface, penetration depths are 328
nm and 28 nm into air and gold separately at 633 nm incident light [53]. These numbers demonstrate
that SPP is highly confined at the interface. Gratings also can be used to match the wave vector of a
SPP, as shown in Figure 2d. Later coupling techniques based on fibers/waveguides have also been
developed [54].
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Figure 2. (a) Dispersion curves for SPP along metal/free space interface (black curve), light in free space
(red curve) and prism material (pink dashed curve); (b) Kretschmann; (c) Otto and (d) grating coupling
method. Adapted from [55], with permission© 2017 American Chemical Society.

As shown in Equation (1), the dispersion of SPP depends on εd(ω). When a RI change happens to
the dielectric medium that close to the metal surface, which could be a bulk RI change or thin layers
added on the surface of the metal, kspp,d(ω) is modified to kspp,d′(ω) and the resonance condition/coupling
condition is altered. Varied interrogation methodologies can be used to monitor the resonance condition
and extract the RI changes of εd(ω).

2.1.2. Angular Interrogation

For an angular interrogation based on a prism coupler, the incident angle should satisfy Equation
(2) to generate a SPP and a minimal reflection can be observed at this coupling angle θr which is
larger than the critical angle of TIR. When there is a RI change happens next to the metal thin film, the
coupling angle θr is modified to θ′r. As shown in Figure 3a, an angular interrogation method is used
for bulk RI change from 1.32 to 1.37 at 850 nm and 630 nm incident light.

kp sin(θr) = kspp,d(ω) = kd(
1

εm(ω)
+

1
εd(ω)

)
−1/2

(2)
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In an angular interrogation setup, there are two strategies. One is that the incident laser beam is
collimated, and a rotation stage is involved to change the incident angle. The incident beam needs to
be guaranteed shining on the same spot during a rotation. In this scenario the mechanical vibration is
the major factor for the limited sensitivity. The other strategy is that the incident light has a range of
angles, and the portion corresponding to the coupling angle is used to generate a SPP and a dark bar
is resulted in the reflected angular spectrum. For this scenario, a camera is needed to align incident
angles with pixels and the mechanical vibration is deleted from the background noise.

2.1.3. Wavelength Interrogation

In wavelength interrogation, a range of incident wavelengths is used and the incident angle
is fixed. At the coupling wavelength, a minimal reflection is observed. As shown in Figure 3b,
interrogations using the incident angle at 51.65 degree and 56.12 degree are demonstrated separately
to show the shift of the coupling wavelength when the bulk RI changed from 1.320 to 1.325. Compared
to an angular interrogation, a wavelength interrogation is more complex in data analysis since a range
of refractive indices of the control system (the coupling component, metal thin film and dielectric
medium without analyte) is needed. Since no continuously stage rotation is needed in the progress of
the measurement, a wavelength interrogation is mechanical stable for sensing applications. Although
the mentioned difficulty, spectral SPR sensors has been used to determine the RI dispersion of a variety
of biomaterials [56].
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The main problem of angular and wavelength interrogation methods is associated with the natural
low detection limit of amplitude sensing schemes. This limit is conditioned by the level of noises in
measurements and LOD normally is estimated as 10−5 to 10−6 RI units (RIU) [58].

2.1.4. Phase Interrogation

To increase the detection sensitivity for biomolecules and their interactions at one spot, a phase
interrogation was also proposed at the very early stage. In 1976, F. Abeles clearly proposed to use phase
interrogation for SPR sensing [59]. To excite SPPs, only p-polarized (TM) incident light can be used for
film-type plasmonics, and a dramatic phase shift occurs at the resonance. Interferometry can be used
to generate interference pattern if a proper reference beam is selected. However, this methodology
only works for film-type SPR when biomolecules are uniformly immobilized on the device surface in a
large area which is not practical for biosensing. Another scheme to use this phase-shift character is
polarimetry based on an elliposometer. An incident beam containing both s- (TE) and p-polarized
components is used, and the ratio between the reflectance of p- and s-polarization is shown as in
Equation (3),

rp

rs
= tan Ψei∆ =

∣∣∣rp
∣∣∣
|rs|

ei∆, ∆ = δp − δs (3)

where rp and rs are the complex reflectance for p- and s-polarized components, and ∆ is the phase

difference (shift) between p- and s-polarized components. When measure tan Ψ =
|rp|
|rs |

against incident
angle or wavelength, a minimal value can be obtained at the resonance condition which is the same
as an angular or a wavelength interrogation mentioned previously. For phase interrogation, ei∆ is
retracted from the ellipsometry measurement. Compared to angular or wavelength interrogation,
signal/noise ratio can be efficiently increased and improved phase treatments can be applied to obtain
the phase shift information. One drawback would be a rotation analyzer or other expensive phase
modulation component is needed for the measurement.

In Figure 4a, the reflected electric vector Er at the initial resonance condition and the one E′r after a
∆n happened next to the metal thin film for an altered resonance condition are presented. Figure 4b
compares the reflection intensity and the phase shift against incident angle. A much steeper change
around the resonance angle can be observed for the phase curve. This work demonstrates that the LOT
of a phase interrogation on the RI change could reach 10−8 and even 10−9 RIU [60]. Later, novel phase
interrogation methodologies have been proposed to further increase the detection sensitivity [61,62]
and have been applied in prominent biosensing devices [63,64].
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To increase the sensitivity for a RI change introduced by tiny amounts of biomolecules attached on
the surface of a SPR sensor, multi-layer designs have also been proposed for propagation SPP to make
the resonance curve narrower and deeper [65]. A major design is to add another dielectric waveguide
layer on top of the metal thin film and plasmon waveguide resonance (PWR) can be generated. This
approach was first proposed by Salamon et al. in 1997 [66]. With both p- and s-polarized incident
light, properties of attached biomolecules can be characterized [67,68]. The exceptional narrow line
widths of PWR spectra yield enhanced sensitivities which is approximately 20 times better when
compared to the conventional SPR sensors on bulk RI changes [69]. Besides this major improvement in
sensitivity, the dielectric waveguide coating also provides protection for the metal layer and brings an
extra surface immobilization function for various molecules [70]. Interrogation methods mentioned
above is based on the RI change introduced by the surface immobilized molecules, hence they are not
selective. The selectivity can be introduced by coating a thin layer of specific binding molecules. Along
with the interest to improve the sensitivity, introducing selectivity by surface modifications for specific
biomolecular interactions and binding events is also under focus for film-type SPR sensors [71].

Film-type SPR sensors have disadvantages in using complex and bulky coupling systems and
limited sensitivity due to the poor mechanical and thermal stability. Another major limitation is
the narrow range of tunability in the resonance frequency. Determined mainly by the dispersion
characteristics of the metal layer and the dielectric bulk medium, there exists a thickness of the metal
layer that provides the highest sensitivity. To guarantee a high sensitivity, the resonance frequency only
can be tuned in a really narrow range. Practically, a metal thin film with an exact designed thickness
cannot be fabricated is the reason that the experimentally determined sensitivity of a film-type SPR
sensor is not as good as the theoretical expectation. Based on this extremely narrow tunable range of
resonance frequencies, light-matter interactions cannot be used to include intrinsic selectivity naturally
into the sensing mechanisms.

2.2. Nanovoid-Type Plasmonics

By fabricating nanostructures in conductive thin films, nanoscale geometric factors and/or lattice
factors have been introduced to SPPs generation conditions [4,72]. The major advantages of these
nanostructures are: (1) they can generate locally enhanced hot spots confined in 3D with a similar size
as biological particles which is possible for single biomolecule studies; (2) they has the capability to
tune the resonance frequency for a specific light-matter interaction, e.g., Raman spectroscopy, infrared
vibrational spectroscopy, or fluorescence; (3) besides various types of resonance modes can be used,
modes coupling also can be manipulated to generate much narrower peaks/dips in spectra which can
be applied in the detection of minute RI change for a further increased sensitivity [73]; (4) an incident
laser beam can be used directly to excite plasmonic resonance without using an external coupling
element which reduces the complexity of the entire system. Among versatile designs of nanovoid
structures, nanohole [74,75], double nanohole [76] and bowtie aperture structures [77,78] are a few of
the most theoretically and experimentally examined ones.

2.2.1. Localized Surface Plasmon Resonance

LSPR mode is mainly used for plasmonics based on nanoparticles. Compared to protruding
isolated nanoparticles which generate heat accumulation, nanovoid designs can avoid this issue
since the heat dissipates through the rest large area of conductive films. This is beneficial for some
biomolecule studies which need to avoid heating effects. For LSPR, the analytical result of the electrical
dipole moment for nanoparticles can be used for the nanovoid by exchanging positions of the dielectric
constant of the metal nanoparticle and the one of the surrounding medium [53].

Various geometries have been applied to generate LSPR. Single circular nanoholes in optical thin
gold films exhibit a distinct tunability in LSPR frequency as the size of the hole changes [79] or as the
thickness of the metal film changes [80]. LSPR based on single elongated nanoholes have also been
examined and compared to nanodisks [81].
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To enhance the light-matter interaction, a double nanohole plasmonic design has been used to
enhance fluorescence intensity by Regmi et al. [82]. As shown in Figure 5a, LSPR generates nanoscale
hot spots at the tips of the double nanohole. With an incident laser beam polarized parallel to the
apex region, the locally enhanced nearfield can enhance the fluorescence. Dye molecules near these
tips have enhanced fluorescence, and molecules in the double nanohole void are also excited by the
incident light without any enhancement, but molecules on top of the gold surface cannot be excited. As
shown in Figure 5b, the fluorescence correlation spectroscopy measurements for polarization parallel
(red color) and perpendicular to the apex region (blue color), and the fluorescence measurement using
a confocal microscope (green color) are plotted to demonstrate the enhancement of fluorescence by
using a double nanohole at LSPR. In addition, in Figure 5c, the brightness of fluorescence for these
three cases are compared at different incident powers. For clearness, the count was doubled for the
perpendicular polarization case and was multiplied by 10 for the confocal measurement. With a double
nanohole, the enhancement of fluorescence can be as high as 100-fold.

Materials 2019, 12, x FOR PEER REVIEW 7 of 24 

 

excited. As shown in Figure 5b, the fluorescence correlation spectroscopy measurements for 
polarization parallel (red color) and perpendicular to the apex region (blue color), and the 
fluorescence measurement using a confocal microscope (green color) are plotted to demonstrate the 
enhancement of fluorescence by using a double nanohole at LSPR. In addition, in Figure 5c, the 
brightness of fluorescence for these three cases are compared at different incident powers. For 
clearness, the count was doubled for the perpendicular polarization case and was multiplied by 10 
for the confocal measurement. With a double nanohole, the enhancement of fluorescence can be as 
high as 100-fold. 

 
(a) 

  
(b) (c) 

Figure 5. (a) Sketch of a double nanohole under an incident light polarized along with the two tips. 
(b) Fluorescence correlation spectroscopies for with double nanohole using incident light polarized 
parallel (red color) and perpendicular (blue color) to the apex region, and with a confocal microscope 
(green color). Dotted data is the measurement result and the solid curve is the corresponding fitting 
result for each case. (c) Comparison in brightness of fluorescence among these three cases at different 
incident power. Adapted from [82], with permission © 2015 Springer Nature Publishing A.G. 

2.2.2. Magnetic Dipole 

As shown in the previous section, an electric dipole can be generated in nanovoids which is a 
symmetric plasmon mode. When two nanoparticles or nanovoids brought close enough, plasmons 
hybridization occurs to generate two resonances: one is symmetric that the electric dipolar moments 
are parallel, and the other one is antisymmetric that the electric dipolar moments are antiparallel. In 
the second mode, a loop-like current is generated and it can be treated as a magnetic dipolar 
moment. Currently, most of the research on magnetic dipole is mainly on standing nanostructures 
[83–85], and for modes coupling to generate Fano resonance to have narrow spectra features for RI 
sensing [86].  

2.2.3. Toroidal Dipole 

Most biomolecules are chiral, and chirality can be crucially important, e.g., for a drug molecule. 
Plasmonic planar chiral metamaterials has been researched to generate chiral electromagnetic (EM) 
fields to probe chiral molecular structure [87]. As shown in Figure 6a, the reflection spectra from the 
back-face illumination, the front-face illumination, and its optical rotatory dispersion (ORD) are 
plotted for the left-handed and right-handed gammadions respectively. Demonstration of both 
illumination schemes and the sketch of the plasmonic design are also shown. In Figure 6b,c, the 

Figure 5. (a) Sketch of a double nanohole under an incident light polarized along with the two tips.
(b) Fluorescence correlation spectroscopies for with double nanohole using incident light polarized
parallel (red color) and perpendicular (blue color) to the apex region, and with a confocal microscope
(green color). Dotted data is the measurement result and the solid curve is the corresponding fitting
result for each case. (c) Comparison in brightness of fluorescence among these three cases at different
incident power. Adapted from [82], with permission© 2015 Springer Nature Publishing A.G.

2.2.2. Magnetic Dipole

As shown in the previous section, an electric dipole can be generated in nanovoids which is a
symmetric plasmon mode. When two nanoparticles or nanovoids brought close enough, plasmons
hybridization occurs to generate two resonances: one is symmetric that the electric dipolar moments
are parallel, and the other one is antisymmetric that the electric dipolar moments are antiparallel. In
the second mode, a loop-like current is generated and it can be treated as a magnetic dipolar moment.
Currently, most of the research on magnetic dipole is mainly on standing nanostructures [83–85], and
for modes coupling to generate Fano resonance to have narrow spectra features for RI sensing [86].
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2.2.3. Toroidal Dipole

Most biomolecules are chiral, and chirality can be crucially important, e.g., for a drug molecule.
Plasmonic planar chiral metamaterials has been researched to generate chiral electromagnetic (EM)
fields to probe chiral molecular structure [87]. As shown in Figure 6a, the reflection spectra from the
back-face illumination, the front-face illumination, and its optical rotatory dispersion (ORD) are plotted
for the left-handed and right-handed gammadions respectively. Demonstration of both illumination
schemes and the sketch of the plasmonic design are also shown. In Figure 6b,c, the measured reflectivity
using left-handed and right-handed structures are plotted respectively for 3 types of proteins. These
proteins do not show clearly difference from buffer solution when using left-handed structure, while
clearly shifts are observed with right-handed structure for natural BSA. Comparing between the
natural and denatured BSA protein, it is clearly that this design is sensitive to the second structural
information of proteins. The measured differences in the effective refractive indices of chiral samples
exposed to left- and right-handed chiral fields generated by these plasmonic nanostructures are found
to be up to 106 times greater than those observed in optical polarimetry measurements.

Materials 2019, 12, x FOR PEER REVIEW 8 of 24 

 

measured reflectivity using left-handed and right-handed structures are plotted respectively for 3 
types of proteins. These proteins do not show clearly difference from buffer solution when using 
left-handed structure, while clearly shifts are observed with right-handed structure for natural BSA. 
Comparing between the natural and denatured BSA protein, it is clearly that this design is sensitive 
to the second structural information of proteins. The measured differences in the effective refractive 
indices of chiral samples exposed to left- and right-handed chiral fields generated by these 
plasmonic nanostructures are found to be up to 106 times greater than those observed in optical 
polarimetry measurements. 

 
(a) 

  
(b) (c) 

Figure 6. (a) Reflectance of left-handed and right-handed structure from back face and front face 
illuminations, and the ORD is plotted for front face illumination. Red bar represents the laser source, 
and green bar represents the second harmonic generation (SHG). Reflectivity of 3 types of proteins 
are plotted for (b) left-handed structure and (c) right-handed structure. Adapted from [87], with 
permission © 2016 American Chemical Society. 

2.2.4. Extraordinary Optical Transmission 

When single nanoholes fabricated with an array pattern, EOT phenomenon can be observed 
easily. The first observation of EOT effect was in 1998 by Ebbesen et al. [88]. They found that 
sub-micron cylindrical cavities in metallic films displayed highly unusual zero-order transmission 
spectra at wavelength larger than the array period. Since then theoretical and experimental research 
have been continuously done on understanding this phenomenon [89] from aspects, e.g., the shape 
of the nanohole [90] and the width of the nanohole [91]. 

Figure 6. (a) Reflectance of left-handed and right-handed structure from back face and front face
illuminations, and the ORD is plotted for front face illumination. Red bar represents the laser source,
and green bar represents the second harmonic generation (SHG). Reflectivity of 3 types of proteins are
plotted for (b) left-handed structure and (c) right-handed structure. Adapted from [87], with permission
© 2016 American Chemical Society.
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2.2.4. Extraordinary Optical Transmission

When single nanoholes fabricated with an array pattern, EOT phenomenon can be observed easily.
The first observation of EOT effect was in 1998 by Ebbesen et al. [88]. They found that sub-micron
cylindrical cavities in metallic films displayed highly unusual zero-order transmission spectra at
wavelength larger than the array period. Since then theoretical and experimental research have
been continuously done on understanding this phenomenon [89] from aspects, e.g., the shape of the
nanohole [90] and the width of the nanohole [91].

For an array of nanoholes, EOT frequency has also been tuned to a fluorescence emission
wavelength of the measured Cy-5 molecules to enhance the sensitivity recently by Baburin et al.,
as shown in Figure 7. Nanoholes with 175 nm diameter are fabricated in 100 nm Ag film with
varied periods. In addition, the period which has an EOT peak corresponding to the emission
frequency of Cy-5 is selected. Hence the nanohole array is used as an optical filter and the LOD is
improved. This application proves the benefit of tuning resonance frequency for a specific light-matter
interaction process [92]. For a single nanohole, the EOT effect has also been theoretically described and
experimentally achieved [93,94]. With increased mechanical and thermal stabilities, EOT effect from a
single nanohole has the potential to be applied in single biomolecule studies.
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Figure 7. (a) Schematic diagram of the sensor, (b) SEM image of the nanohole array based on a 100 nm
Ag thin film. Adapted from [92], with permission© 2018 Optical Society of America.

2.2.5. Fabry-Perot Modes

FP like resonance as a guided mode can be generated in a metallic cavity and has a behavior which
is well described by the FP formalism. The double nanohole [95], bowtie aperture [96], nanogroove [97]
and coaxial nanoring aperture [98] have been explored for FP like resonance. The zeroth-order of
FP like resonance has been applied for surface enhanced infrared absorption spectroscopy [99]. As
shown in Figure 8, a nanogap with 10 nm (a) and 7 nm (b) width are compared. These nanogaps are
originally filled with Al2O3 as no etching samples. The nanogaps are then etched with H3PO4, and the
transmission spectra are measured after 4 minutes. Since the local RI is reduced by removing the high
RI Al2O3 away, the resonance is observed shifted toward larger wavenumber and the transmission
is higher for both nanogaps. Then 5 nm of silk is spin coated on. Dips in transmission spectra are
observed due to absorption of silk proteins. A fitting is used to obtain the transmission profile which
represents the case without absorption and the fitted resonance frequency is shifted towards the
original location. Simulation results are provided for 10 nm wide nanogap for no etching, after etching
and silk coating situations, as shown in Figure 8c. The absorption is calculated based on data from
(a) and (b) for two nanogap designs, and absorption peaks matching the two infrared vibrational
absorption peaks, amide I and II, of silk protein are observed for both designs. The schematic nanogap
design is shown in Figure 8e. A 104 to 105 times enhancement on the absorption measurement is
shown in Figure 8f.
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Figure 8. Transmission spectra for no etching, after etching and silk coated conditions for (a) 10 nm and
(b) 7 nm wide nanogap respectively. (c) Simulated transmission spectra using 10 nm wide nanogaps
under three conditions are plotted for comparison. (d) Absorption of 5 nm silk by using 10 nm and 7 nm
wide nanogap. (e) Schematic presentation of nanogap-based coaxial zero-mode resonator. (f) Fitting
curve is used in transmission spectra to demonstrate the absorption intensity. Adapted from [99], with
permission© 2018 American Chemical Society.

2.2.6. Fano Resonance

Fano resonance is not the same as Lorentz type of resonance with a symmetric profile. It has an
asymmetric profile with a narrow bandwidth. For plasmonics to achieve a Fano resonance, an effective
approach is to employ the hybridization of different plasmonic modes [100,101]. Fano resonance has
been studied based on multi-bowtie apertures [102] and nanocavity combined with waveguide [103].

Fano resonance based on an array of nanoholes has been applied in biosensing with phase
interrogation methodology [104]. The Fano resonance is generated by coupling between the surface
plasmon mode generated from the grating effect of the nanohole array and the LSPR mode of the single
holes. The Fano resonance profile is plotted for both intensity (yellow color) and phase (green color)
against incident wavelength, as shown in Figure 9a. In Figure 9b, the optical path difference (OPD) is
compared by using a transparent substrate (grey color) and a nanohole array fabricated in Au thin film
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(orange color) for RI change detection. This change is introduced by changing the thickness of SiO2

layer. A thin SiO2 layer could represent the situation of a molecular thin film deposited on the surface
of the sensor. OPD contrast curves for plasmonic device (left top plot) and a transparent substrate (left
bottom plot) are plotted separately. With this plasmonic sensor, the sensitivity for RI detection is as
high as 9000 nm/RIU.
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contrast comparison between this plasmonic sensor (orange color) and a transparent substrate (grey
color) for different thickness of SiO2 cover layer. Zoomed in range for thin SiO2 is plotted separately for
this plasmonic sensor (left top plot) and a transparent substrate (left bottom plot). Adapted from [104],
with permission© 2018 Springer Nature Publishing AG.

The interrogation methodologies for nanovoid type of plasmonic devices are mainly on wavelength
interrogation, while other interrogation methods mentioned previously are all can be used to suit a
sensing condition.

3. Materials for Plasmonics

As demonstrated in Section 2, the dispersion of the conductive material is the essence to generate
plasmonic resonance, and it is also the limitation of the resonance frequency tuning range that a
plasmonic device can provide. Natural conductive materials, e.g., metal and graphene, and synthesized
materials, e.g., semiconductors and metamaterials, can be used to generate resonance located at
different frequency regimes. In this section, materials used for plasmonics are discussed to demonstrate
the necessity to select proper materials when a specific range of frequencies is required for biosensing.

3.1. Metal

3.1.1. Near Infrared to Long-Wavelength Portion of Visible

Metals are the most used materials for plasmonics [105–107]. At the early stage of the development,
research was focused on Ag and Au because of the favorable bulk dielectric properties of these metals.

When the frequency is lower than near infrared (NIR) regime, noble metal can be treated as
ideal conductor. Light can be perfectly reflected, and EM wave cannot propagate. In the NIR and
visible regime, EM wave penetrates into the metal and loss is increased. SPPs can be generated in
this frequency regime [108]. In the ultra violet (UV) regime, metals are transparent, but high energy
photons can generate photoelectrons which causes loss [109]. Au and Ag have strong absorption
due to the electron bandgap transition. Although Ag has a better dispersion curve in the visible
range for plasmonics, it needs protection layers to prevent chemical and mechanical damages which
limits its application in biosensing. Due to the chemical and mechanical stability, Au has been more
used for plasmonic sensors. In this frequency range, surface plasmonic enhanced infrared vibrational
spectroscopy and Raman scattering can be used for biosensing [110,111].
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3.1.2. UV to Short-Wavelength Portion of Visible

Motivated by intriguing prospects of combining plasmonic activity with interesting intrinsic
targeted materials properties, the plasmonics by using novel metals have received more attention.
Currently, research on UV range plasmonics is under focus [112].

Al represents an interesting material both from a fundamental and an applications point of view.
It is an abundant and cheap material compared to noble metals. Due to its low price, Al is studied
relatively more than the other possible UV plasmonic metals. A reasonably strong interband transition
in Al is localized in a narrow energy range around 1.5 eV. Below and above this energy, Al is very much
Drude-like. Currently, more research on Al-based plasmonics is focused on optical devices operated in
the UV regime, e.g., for optical and plasmonic integrated circuits [113] and color filters [114,115]. In
this range of frequencies, surface plasmon enhanced Raman scattering, absorption, fluorescence can be
used for biosensing. Al material is not only used for UV plasmonics, but also used for absorbance
enhancement in long-wavelength portion of visible regime plasmonics [116,117]. The application of
plasmonics based on Al material in biosensing can be expected to increase steeply since related design
and fabrication technologies are getting mature [118].

Currently plasmonics based on these UV plasmonic metal materials is in the developing stage. For
example, Mg [119–121], Ga [122,123], Rh or a few metals combination designs [124] are mainly based on
nanoparticle form which are made from chemical synthesis methods. Synthesized nanoparticles have
disadvantages in low uniformity, repeatability, and difficulty in manipulation of single nanoparticles
for sensing. However, the study of plasmonics using these nanoparticles provides insights for the
future nanovoid-type plasmonic devices based on these materials in aspects of geometry design, modes
coupling, etc.

3.2. Other Materials

Plasmonic biosensors working in infrared regime based on graphene is one the hottest topic
recently [125–127]. It has been applied as a gas sensor [128] and used for vibrational spectroscopy [129].
Graphene has also been used to combine with other metal materials [130,131]. By adding graphene
on top of a thin layer of Au, the sensitivity was improved to 10−18 M for single-stranded DNA using
phase interrogation [132]. Graphene has also been deposited on top of a nanohole array to enhance the
Raman signal 2x105 times [133].

Semiconductor materials and graphene combined with semiconductor are other research directions
to control the plasmonic resonance in the mid-infrared regime [134–136].

Plasmonics based on magnetic materials is another topic could be interesting for biosensing
applications. Nanohole array fabricated in magnetic thin film has been explored for magneto-optical
activity introduced by a SPP [137]. Theoretical work on nanohole arrays in Au-Co-Au multi-layer
design has been examined for improved sensitivity for RI change [138].

Currently, both novel natural materials and metamaterials are under research for plasmonics [139].
In Table 1, plasmonic sensors based on different materials are listed. Tunable range of the resonance
frequency and the sensing mechanism for various analytes are shown to demonstrate the capabilities
of current nanovoid-type plasmonic biosensors. Based on specific light-matter interaction mechanisms,
materials for the plasmonic biosensor should be selected properly to match the working frequency
range to the interaction frequency.
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Table 1. Plasmonic biosensors based on different materials.

Materials Design Bio-Analyte Resonance Mode Experimental RI Sensing Enhanced Light-Matter
Interactions

Metal

Au

Thin-film: 50 nm (2007) [13] Rocin Propagating SPP: 635 nm Angular Interrogation;
LOD: ~3.3 × 10−6 RIU N/A

Nanohole array: hole diameter – 200 nm; array
period – 450 nm; thickness of Au – 200 nm (2014) [8]

Exosome (50–100 nm);
Selectivity: polyethylene glycol
(PEG) +monoclonal antibodies

EOT effect: long-wavelength
portion in visible regime

Wavelength Interrogation;
LOD: ~670 aM N/A

Coaxial nanoring aperture array: depth – 50 nm;
inner ring diameter – 170 nm; outer ring diameter –

290 nm; array period – 720 nm; thickness of
Au – 250 nm (2018) [72]

poly(allylamine)hydrochloride
(PAH, 65 kDa);

poly(styrenesulfonate)
(PSS, 75 kDa)

Modes coupling of dipolar
moments from nanohole and
nanodisk; long-wavelength

portion in visible regime

Wavelength Interrogation;
LOD: ~1.4 × 10−4 RIU

(estimated)
N/A

Nanohole array: hole diameter – 200 nm; array period
– 600 nm; thickness of Au – 120 nm (2018) [104] A/G ~ 50 kDa; IgG ~ 150 kDa EOT effect: long-wavelength

portion in visible regime

Phase interrogation;
LOD: ~4.5 × 10−6 RIU

(estimated)
N/A

Coaxial nanoring aperture array: ring aperture – 7
nm; inner diameter – 710 nm; array period – 720 nm;

thickness of Au – 80 nm (2018) [99]

Silk protein:
absorbance peaks – 1650 and

1546 cm−1

Zeroth-order FP resonance:
near infrared regime N/A IR absorption enhancement:

104
∼ 105

Ag Nanohole array: hole diameter – 175 nm; array
period – 450 nm; thickness of Au – 100 nm (2019) [92]

Cy-5 dye molecules;
Excitation wavelength: 628 nm

EOT effect: long-wavelength
portion in visible regime N/A

LOD:
Attogram ~ single molecule

counting sensors

Al Nano bowtie aperture: outline - 450 nm; gap – 30 nm;
thickness of Al – 170 nm (2012) [78]

Alexa Fluor
647 molecules; Excitation

wavelength: 632.8 nm

Modes coupling of dipolar
moments from two arms of the
bowtie aperture; visible to near

infrared regimes

N/A Fluorescence enhancement:
~ 12 fold

Graphene

Graphene on 50 nm Au (2015) [132] 24-mer ssDNA (7.3 kDa) Propagating SPP: 785 nm Phase interrogation;
LOD: ~10−9 RIU N/A

Ribbon array on gold substrate:
80 nm width
(2016) [129]

polyethylene oxide (PED) Graphene plasmonic resonance:
mid-infrared N/A

Infrared absorption
enhancement:

~ 20 fold
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4. Hybridization with Electric Conductivity

Due to natural properties of materials used for plasmonic sensors, i.e., electrical conductivity,
nanovoid-type plasmonic sensors can hybridize this function for active plasmonics, dielectrophoresis,
multi-channel sensing, and electrochemistry which can be beneficial to achieve lab-on-a-chip.

4.1. Active Plasmonics

Nanovoid-type plasmonic sensors can have the resonance frequency modified by tuning
parameters of the designed geometry before the nanofabrication procedure and this tuning is not
dynamic after the sensor is manufactured. An active plasmonic sensor can be beneficial for a biosensing
technique to tune the resonance frequency closer to the specific light-matter interaction frequency to
enhance detection signal [55].

Electrical tuning is one of the major methods to have an active plasmonic sensor. With a
fixed design, the resonance condition(s) of the sensor can be fine-tuned under an external electrical
modulation. There are a few ways to achieve this type of active plasmonic sensors. For example, a
layer of liquid crystals (LC) is added on top of a plasmonic nanohole array and by applying an electric
field on these crystals the transmission is modified [140]. As shown in Figure 10a, when an electrical
modulation is applied between this nanohole array and the upper electrode, the alignment of LC is
modified. In Figure 10b, simulated enhanced E-fields are demonstrated for two cases. An image of
a nanosquare array fabricated in Al thin film is shown in Figure 10c. When no = ne, the orthogonal
modes excited by two linear polarized incident light in a single nanosquare have the same intensity.
The light transmits through the nanoholes under these two modes with the same velocity. When
no , ne, with the same incident wavelength the vertical polarization still excites the vertical resonance
mode, while the horizontal polarization cannot excite the horizontal resonance due to the modified RI.
When an electrical modulation is applied, the alignment of the LC can be controlled. As a result, the
resonance frequencies for these two modes and the appeared color of the whole array are altered, as
shown in Figure 10d. This methodology has been proposed for color filter purpose, but the potential to
apply this technique in biosensing is obvious.

Research has also been done on electrically tunable imbedded indium tin oxide (ITO) layer to
modulate the phase and amplitude of the reflected light respectively which depends on the angle
of incidence at the targeted wavelength [141]. This technique can be used for infrared absorption
spectroscopy for biosensing. Another possible method is to use graphene as the plasmonic material
and apply an electric voltage to alter the carrier density for resonance frequency tuning [129]. Currently,
most of active plasmonic devices are targeting optoelectronic applications. Active plasmonic techniques
have a huge potential to be used for biosensing to dynamically tune the sensitivity and target different
bioparticles or bioprocesses detections.
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4.2. Particles Transportation

A nanohole array has been explored to combine with a microfluidic system to transport
biomolecules [142]. However, for a nanosize hot spot, bioparticles from a low concentration solution
still need long waiting times to get close to the nanoscale sensing area to be detected. To solve this
issue, dielectrophoresis (DEP) technique has already been combined with plasmonic devices. A sensor
consists of a Au thin film as the top electrode and a Au thin film fabricated with nanohole arrays as the
bottom electrode, and it uses DEP to transport biomolecules [143]. In Figure 11a, a nanohole (200 nm in
diameter) array in 100 nm thick Au film is used as the lower electrode and the upper Au electrode has
a thickness of 20 nm. For plasmonic sensing, EOT effect is applied. In Figure 11b, DEP is demonstrated
for the cases without (top figure) and with an electrical potential (bottom figure). The DEP effect on
transporting BSA proteins is demonstrated in Figure 11c and different concentrations are tested. In the
first 500 s, no electrical potential is applied and no protein is detected. Then DEP effect is activated,
and proteins in different concentrations are all detected in a really short time. This result demonstrates
an efficient protein transportation using DEP with this design. These two Au layers are also applied as
reflection surfaces to form a FP resonance cavity. As shown in Figure 11d, the transmission profile
is shown with a dash-dot line with two EOT peaks, and FP resonances can be observed as the blue
curve. A zoomed in range of the transmission peak on the long wavelength side of the transmission
spectrum is shown in Figure 11e. With the combination of using a micro FP cavity and the EOT effect
of a nanohole array, LOD of this design is approximately 0.14 pM by assuming the noise level is 0.05
nm for the wavelength spectrum.
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If a metal thin film fabricated with nanohole arrays is lifted as a membrane suspended in a 
liquid medium, nanoholes can be used as tunnels for bioparticles to go through. When a particle 
goes through a tunnel, both the optical and electrical responses of the sensor are modified by this 
bioparticle occupying the nanovoid. A single bowtie aperture has been explored to transport DNA 
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Figure 11. (a) Schematic representation of the plasmonic sensing device. (b) Conceptual representation
of DEP on particle transportation. (c) DEP effect on transporting BSA proteins in different concentration
solutions. (d) Transmission spectrum for the nanohole array with two peaks from the EOT effect (green
dash-dot curve) and FP resonances within the transmission profile (blue solid curve). (e) Zoomed in
curve for the transmission peak in the long wavelength range. Adapted from [143], with permission©
2018 Elsevier B.V.

4.3. Multi-Channel Sensing

If a metal thin film fabricated with nanohole arrays is lifted as a membrane suspended in a liquid
medium, nanoholes can be used as tunnels for bioparticles to go through. When a particle goes
through a tunnel, both the optical and electrical responses of the sensor are modified by this bioparticle
occupying the nanovoid. A single bowtie aperture has been explored to transport DNA through, and
both optical and electrical signals were examined for its transportation through the hole [144]. As
shown in Figure 12a, when a DNA molecule goes through the feed gap of this bowtie aperture, both
the optical transmission and electrical current signals has a dip. For the optical signal, the presence
of the DNA molecule modified the local RI and hence the resonance frequency is shifted away. In
addition, for the electrical signal, the DNA blocks the ion current which causes a drop in the current
signal. Figure 12b shows a TEM image of the bowtie aperture fabricated in a 100 nm Au thin film.
The across width of the bowtie is 160 nm and the side length is 100 nm. The feed gap is 20 nm. In
Figure 12c, the simulated nearfield enhancement is demonstrated over the bowtie aperture. Optical
and electrical signals can be used simultaneously to make a sensing technique more comprehensive.
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4.4. Spectroelectrochemistry

As early as the film-type plasmonics, electrochemistry technique was combined with SPR sensing
technologies for redox protein studies to avoid the electrical background and further enhance the
signal/noise ratio for surface enhanced Raman spectroscopy [145,146]. With the development of
plasmonics based on nanostructures, electrochemistry has been coupled to LSPR from nanohole arrays
to detect neurotransmitters [147] and DNA-based structure-switching [148]. In this work, nanohole
arrays in 100 nm thick Au films with 150 nm diameter and different periods were tested. Three-electrode
system was used for the electrochemical experiment. As shown in Figure 13, a redox tag represented in
blue color can adsorbed on the sensor surface (A) or attached to a DNA molecule (B). In the first case,
the redox tag can have electrochemical reaction. As shown in the bottom Figure 13C, the transmission
for this case can be monitored to retract the information of the redox state of the tag. The reduced and
oxidized states of the tag have different refractive indices, so the resonance frequency swings back and
forth during the redox reaction which appears as an oscillation in the transmission when a fix incident
wavelength is used. For the second case, the redox tag is attached to DNA molecule which causes
the distance between the redox tag and the sensor surface increased, so the electrochemical reaction
is hindered.
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As mentioned previously in Section 2, plasmonic sensors based on nanovoid geometries can
generate various resonance modes, e.g., toroidal dipole that can be used to detect structural information
for biomolecules. These sensors have huge potential to be combined with electrochemistry for redox
protein studies to reveal their structural properties dynamically in the process of the redox action.

5. Conclusions

Plasmonics, based on materials science and nanostructures, have provided a new playground
for researchers to generate desired resonance modes and modes coupling with enhanced nearfield at
target frequency which can be used to enhance specific light-matter interactions to further understand
the properties of biomolecules and bioprocesses. With its intrinsic electrical property, hybrid functions
of active plasmonics, multi-channel sensing, particle transportation and electrochemical study can be
added to its nano-optical features for nanovoid-type plasmonic biosensors to be integrated on one chip



Materials 2019, 12, 1411 18 of 24

with high sensitivity, selectivity, simultaneous multiplicity and real time monitoring. In addition, these
labs-on-a-chip have huge potential to be used as commercial health instruments for PoC purposes in
the near future [149,150].
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