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Abstract: Plasmonic nanostructure biosensors based on metal are a powerful tool in the biosensing
field. Surface plasmon resonance (SPR) can be classified into localized surface plasmon resonance
(LSPR) and propagating surface plasmon polariton (PSPP), based on the transmission mode. Initially,
the physical principles of LSPR and PSPP are elaborated. In what follows, the recent development
of the biosensors related to SPR principle is summarized. For clarity, they are categorized into
three groups according to the sensing principle: (i) inherent resonance-based biosensors, which are
sensitive to the refractive index changes of the surroundings; (ii) plasmon nanoruler biosensors in
which the distances of the nanostructure can be changed by biomolecules at the nanoscale; and
(iii) surface-enhanced Raman scattering biosensors in which the nanostructure serves as an amplifier
for Raman scattering signals. Moreover, the advanced application of single-molecule detection is
discussed in terms of metal nanoparticle and nanopore structures. The review concludes by providing
perspectives on the future development of plasmonic nanostructure biosensors.

Keywords: plasmonic nanostructure biosensors; surface plasmon resonance; plasmon nanoruler;
surface-enhanced Raman scattering

1. Introduction

In the past few decades, noble metals have shown unique optical properties at the
visible and near infrared region. The applications of nanotechnology are becoming more
and more extensive, such as ultrasensitive molecule detection [1], quantum optics [2],
photovoltaics [3], and optoelectronics [4]. Plasmonics, an emerging field, is currently
undergoing rapid development. In fact, plasmonic sensing was recognized as one of the
top ten emerging technologies by Scientific American in 2018 [5]. Plasmonic nanostructure
sensors, based on metal, find extensive utilization in various fields, including biological
analysis, disease diagnosis, environmental monitoring, and food safety. In the biosensing
field, these sensors are known for their highly sensitive, rapid, real-time, and label-free
operation [6-11] in comparison with fluorescence analysis [12,13] and electrochemical
analysis [14,15]. In the last twenty years, there has been a steady increase in the number of
publications focusing on plasmonic nanostructure biosensors as shown in Figure 1. The
objective of this study is to improve the understanding of the emerging field of research
and to clarify the important characteristics of nanostructured surfaces in relation to their
biosensing application.

Surface plasmon resonance (SPR) can be excited by the incident light at the interface
between a metal and a dielectric. The electromagnetic field is confined to the subwavelength
scales and has electric field enhancement properties. It is possible to manipulate light at
the nanoscale, which is far below the diffraction limit. SPR can be classified into localized
surface plasmon resonance (LSPR) and propagating surface plasmon polariton (PSPP)
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according to the transmission mode. LSPR usually occurs in metal nanoparticles [16,17],
such as nanospheres, nanoribbons, nanodisks, nanorings, nanocrosses and so on. LSPR can
result in strong absorption, scattering, reflection, or transmission at specific wavelengths,
which are highly influenced by the morphology and dimensions of the nanoparticle, as
well as the local surroundings [18]. PSPP is usually excited on a flat metal film, which
is easier to manufacture and use. LSPR-based and PSPP-based biosensors are inherently
sensitive to the refractive index changes of the surroundings, which means that they are
ideal candidates for plasmonic biosensors.
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Figure 1. Number of publication as a function of year for the plasmonic nanostructure biosensors.
The data are from Scopus .

The coupling of LSPR between two metal nanoparticles in close proximity leads to the
generation of a light-scattering spectrum that is highly dependent on the distance between
the nanoparticles. This effect has been utilized in the creation of plasmon nanorulers [19],
which possess the capability to measure distances at the nanoscale in one dimension.
Plasmon nanorulers that rely on sensitive colorimetric schemes have been used to monitor
DNA hybridization [20]. Plasmon nanorulers, unlike molecular rulers based on dye-pair
fluorescence resonance energy transfer [21], offer exceptional photo stability and brightness
due to the incorporation of noble metal nanoparticles. Furthermore, it is possible to position
multiple nanoparticles in close proximity to each other [22-24]. Colorimetric biosensors
that rely on metal nanoparticles are suitable options when prioritizing quickness and ease
of use over extremely high sensitivity and accuracy. These biosensors have the ability to
generate a visual response.

For the accuracy and specificity of the results, complex biological modification steps
are required in the inherent SPR technique and plasmon nanoruler technique. The surface-
enhanced Raman scattering (SERS) technique can directly provide the fingerprint informa-
tion of molecules to be measured, which can determine their compositions and concentra-
tions. There is now a consensus among researchers that enhanced Raman scattering results
from a combination of electromagnetic enhancement associated with LSPR in the metal
nanoparticles acting as the SERS substrate, along with a chemical enhancement [25-27].
In general, the electromagnetic enhancement factor contributes more to Raman scattering
enhancement (up to 10'?), which requires molecules within a few nanometers (1-10 nm)
from the surface of the SERS substrate. In contrast, chemical enhancement necessitates the
sub-nanometer separation distances, such as contact or a few Angstroms, to generate a
chemical enhancement factor of 102-10* [28]. The electric field enhancement of LSPR is
significantly important for SERS spectroscopy.

Our review is structured into six main parts. The first part (Section 2) focuses on illus-
trating the physical principles of LSPR and PSPP. The second part of the review (Section 3)
discusses the parameters that can characterize the performance of a biosensor. The last
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three parts (Sections 4-6) review three categories of plasmonic nanostructure biosensors
with different sensing principles in Figure 2. The corresponding illustrations show the
representative examples. The upper right panel shows the inherent resonance-based
biosensors [9,29-64]. The corresponding illustration is the PSPP-based refractive index
biosensors. When the analyte is captured, the resonant peak is redshifted, and then the ana-
lyte is detected. The lower right panel shows the plamon nanoruler biosensors [19,65-82].
The plasmon nanoruler is composed of the ASO-capped gold nanoparticles (AuNPs) and
amplified SARS-CoV-2 N-gene that can change the distance between AuNPs [78]. The left
panel shows the SERS biosensors [83-96]. The corresponding illustration [89] shows that
the nanostructure acts as a Raman scattering signal amplification. When the nanostructure
(SERS substrate) is absent or present, the Raman scattering signal of rhodamine 6G (R6G)
is weak or significant, respectively. The last part (Section 7) discusses the application of the
single-molecule detection in terms of metal nanoparticle and nanopore structures. In the
subsequent discussion, we establish a direct correlation between the fundamental optical
properties of SPR and their notable biosensing applications.
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Figure 2. Classification of plasmonic nanostructure biosensors, including inherent resonance-based
biosensors, plasmon nanoruler biosensors, and SERS biosensors. Insets are representative examples.
Left panel: Raman scattering enhancement of the analyte (R6G) in the presence of nanostructure
(SERS substrate). Reproduced from Ref. [89] with permission. Copyright © 2013 American Chemical
Society. Upper right panel: PSPP peak shift at the presence of the analyte. Lower right panel: Plasmon
nanoruler composed of ASO-cappped AuNPs and amplified SARS-CoV-2 N-gene that can change
the distance between AuNPs. Reproduced from Ref. [78] with permission. Copyright © 2021, The
Author(s), under exclusive license to Springer Nature Limited.

2. Basic Principles of Surface Plasmon

The term plasmon describes the collective oscillation of electrons within a metal, which
can be understood as a quasiparticle from a quantum perspective. The surface plasmon is a
special type that occurs at the interface between a metal and a dielectric. SPR is an optical
phenomenon that occurs when light is incident on a metal surface at (or near) the plasma
frequency. In other words, SPR is generated by the excitation of surface plasmon through
incident light. In what follows, the physical mechanisms of LSPR and PSPP are discussed
in Sections 2.1 and 2.2, respectively.

2.1. Physics of LSPR

LSPR does not propagate, which generally exists around the subwavelength distance
near conductive nanoparticles. When an incident light illuminates metal nanoparticles,



Sensors 2023, 23, 8156

4 of 35

such as gold and silver, the electric field of the incident light can cause the electrons of the
conduction band to collectively oscillate. There is an obvious binding force at the surface of
the nanosphere, which causes resonance and amplifies the electric field in the near field
region of the inner and outer layers of the nanosphere. The property can be used for SERS
to detect molecules [16]. As illustrated in Figure 3, we consider the simplest metal spherical
nanoparticle model to analyze the physical mechanism of LSPR.

Metal ¢,

Figure 3. Structure diagram of a metal spherical nanoparticle. a represents the radius, 6 is the angle
to the z axis, r is the distance from the center of the nanosphere, and &y, is the permittivity of the
metal nanosphere.

When the radius a of the nanosphere is much smaller than the incident light wave-
length A (i.e., a/A < 0.1), the electric field is static around the nanosphere. Therefore, a
quasi-static approximation can be used to solve Maxwell’s equations. The electric potentials
inside ®j, and outside Pyt the nanosphere satisfy the equations as follows [97]:

V2®y, = 0,7 < a 1)

V& =0,r >a 2)

where r is the distance from the center of the nanosphere. The electric potential
is continuous at the interface between the nanosphere and surroundings. The electric
potentials inside ®;, and outside P, the nanosphere can be expressed as

3
Din(r,0) = . jdzed Egrcosf,r < a 3)
&m —2€5,, 3cosf pr
Dout(r,0) = —Egrcos 6 + e 22, Eory 2= —Eyrcos 6 + W,r >a (4

where Ej is the electric field of the incident light, 6 is the angle to the z axis, p is
the electric dipole momentum, and ¢,, = ¢, + i€, and ¢4 are the permittivities of the
nanosphere and the surroundings, respectively. We can obtain the polarizability « of the
nanosphere as follows:

-2
N = P 473 Em — 284 5)

B €0£dEO N OSm + 2€d

When &, and ¢4 satisfy the relationship of ¢;, + 2¢; = 0, the polarizability « is the
maximum and the nanosphere has the strongest resonance response to the incident light.
Equation (5) shows that LSPR is inherently sensitive to the refractive index changes of the
surroundings. We can calculate scattering cross-section Cs,, the extinction cross-section
Cext, and absorption cross-section Cj,p as follows:

&m — 284 2

C =
sca Em 1+ 26,4

(6)

k4 2 871—46
ertl = ke

_ ka2
Cext = kIm(a) = 47tka Im(sm T 28.1) (7)
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Cabs = Cext — Csca (8)

where k is the wave vector of the incident light. The extinction cross-section Cext and
scattering cross-section Csc, are proportional to a® and a®, respectively. It shows that
the resonance absorption predominates for the smaller nanospheres, and the resonance
scattering predominates for the lager nanospheres. When a is 80 nm, this transition
occurs [98]. The electrons collectively oscillate when LSPR occurs, and the scattering
and absorption of the nanospheres can be enhanced. The characteristics can be applied to
refractive index sensing and plasmon nanoruler sensing [16].

2.2. Physics of PSPP

PSPP is an oscillation of charge density that occurs at the interface between a metal
and a dielectric with opposite signs of dielectric constants [99]. We consider the simplest
geometry consisting of a semi-infinite metal and a semi-infinite dielectric in Figure 4. The
dielectric constant of the metal is expressed as €, = ¢, + iey,. The dielectric constant
of the dielectric is denoted as e4. As there is no boundary perpendicular to E, this
component remains conserved across the boundary. The component D, is continuous, and
the component E, changes, resulting from different dielectric constants on both sides of the
interface. It is evident that a transverse electric wave (i.e., s-polarized wave) does not lead
to the formation of charges at the planar interface. However, a transverse magnatic wave
(i.e., p-polarized wave) will inevitably generate time-dependent polarization charges at
the interface.

Dielectric &

®H

T+t ——— +++ ——= X(E)

Metal &,

Figure 4. Surface charges at the interface when PSPP is excited by the transverse magnetic wave.
The orange solid lines show that electromagnetic waves decay exponentially into both the metal and
dielectric parts.

We only consider the transverse magnetic wave incidence below, and the x-y plane is
treated as the interface. The electromagnetic field distribution is expressed [100,101]; when
z >0, one has

Ei(x,z,t) = — iwiﬁo (k12,0, ik) exp(ikx — k1,z — iwt) )
Hi(x,z,t) = (0,A,0) exp(ikx — k1,z — iwt) (10)

when z < 0, one has
Ex(x.z,t) = — (—koz,0,1k) exp(ikx + kp,z — iwt) (11)

1WemeQ
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Hy(x.z,t) = (0, B,0) exp(ikx + kp,z — iwt) (12)

where
kiz = \/ k2 —eq(w/c)? (13)
ks = \/ K2 — em(w/c)? (14)

which illustrates that the electromagnetic fields decay exponentially as the distance from
the interface increases.
When z = 0, there are
A=B (15)

akiz _ gk (16)
€4 Em

We can obtain the dispersion relation of PSPP, as follows:

ko, Em
2z tm 17
klz €d ( )

w €d€m / 1
kpspp = Neatenm K pspp + ik” pspp (18)

Equation (18) shows that PSPP is inherently sensitive to the refractive index changes
of the dielectric. The wave vector of PSPP ks, is greater than that of vacuum k at the
same frequency. PSPP can be excited by the incident light with additional momentum
or energy that has the same polarization state as PSPP. The real part of the wave vector
k;,spp is connected to the effective refractive index of PSPP, and the imaginary part of the
wave vector ki, is linked to the attenuation of PSPP in the direction of propagation. The
propagating length Ly, along x-axis is determined by kJ;,,, and determines the maximum

length of the nanophotonics device based on PSPP. It can be expressed as

1
L = 19
pspp Zk//pspp (19)
where Ly, greatly exceeds the wavelength of the incident light.

Figure 4 shows charge density oscillations that propagate on the x-axis. The electro-
magnetic waves decay exponentially into both the metal and dielectric in Figure 4 (orange
solid line), and the intensity reaches a maximum at the x-y plane [102]. The penetration
depth of the evanescent field in the dielectric §4 and metal d can be expressed as [103]

1 /
b= fat Em (20)
o] &
1leg+em
S 21
(5m k() S% ( )

where 44 is on the order of the light wavelength, which determines the thickness range that
is sensitive to the changes of the dielectric refractive index.

Next, we make a comprehensive comparison between LSPR and PSPP from the aspects
of the excitation methods, wavelength tunability, visual sensing, sensitivity, and electric
field enhancement. When the light directly interacts with the metallic nanoparticles, LSPR
is excited. PSPP is excited at the interface between the smooth metal film and the dielectric
with the help of the prism or other components. In comparison with PSPP biosensors,
LSPR biosensors offer advantages in terms of the ease of miniaturization, flexibility in
design, and lower fabrication costs. The PSPP wavelength can be conveniently adjusted
across the visible and near-infrared regions by changing the incident angle. However,
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the adjustment of the LSPR wavelength needs to change the shape or size of the metal
nanoparticles. Gold nanoparticle solutions with an exceptionally high extinction coefficient
can facilitate colorimetric sensing that is visible to the naked eye. In contrast, the gold film
lacks this capability. Compared with PSPP, LSPR has broader resonance peaks due to the
strong radiative damping [104-106]. The figure of merit (FOM) of the PSPP biosensors is
significantly higher, ranging from one to two orders of magnitude higher than that of LSPR.
The bulk sensitivity of the PSPP biosensors can reach an order of magnitude of 10* nm/RIU
and is two orders of magnitude higher than that of LSPR due to their longer penetration
depth [9]. LSPR has a greater local electric field enhancement in the 5-15 nm range [107]
and theoretically obtains a higher surface sensitivity [108].

3. Performance Characteristics of Plasmonic Bioensors

Biosensors based on plasmonic nanostructures are extensively investigated in current
research studies for detecting changes in the environment, such as molecule-binding events.
Surface plasmons are able to confine light to the dimensions that are much smaller than the
diffraction limit, which is achieved through the coupling between the incident light and
the collective oscillation of the surface free electrons. This unique feature of SPR allows
it to overcome the diffraction limit of conventional optics and enables the fabrication of
biosensors at a subwavelength scale [109,110]. Plasmonic nanostructure biosensors are a
powerful platform for optical sensing applications. The optical sensors can provide various
physical parameters that can be measured, such as optical intensity, resonance wavelength,
incident angle, phase, and polarization. Such a feature implies that the optical sensors can
be suitable for different situations to monitor the molecule changes.

The following characteristic parameters are used to assess the sensing performance,
which include full width at half maximum (FWHM), FOM, sensitivity (S), and limit of
detection (LOD). FWHM and FOM are used to evaluate the resolution of the spectrum.
The lower the FWHM and the higher the FOM, the higher the signal-to-noise ratio in
the experiment. Sensitivity is the most intuitive parameter to characterize the biosensor
performance and is defined as the ratio of the output changes (e.g., optical intensity,
resonance wavelength, and incident angle) to target changes to be detected (e.g., refractive
index). Specifically, the inherent resonance-based plasmonic biosensors are sensitive to
the refractive index changes in the surroundings. When biosensors monitor the resonant
wavelength at a fixed incident angle, S and FOM can be expressed as

S = AA/An,FOM = S/FWHM (22)

where AA is the resonant wavelength shifts of reflected or transmitted spectra correspond-
ing to the changes in the refractive index An. For biosensors based on the intensity detection,
S and FOM are defined as [111]

S = AI/An,FOM = S/1,¢ (23)

where Al is the intensity changes of the spectra with the refractive index changes An, and
L is the resonance intensity of the reference point. LOD refers to the smallest amount of
molecules that a biosensor can detect and can be expressed as

LOD = 3¢/S (24)

where ¢ is the standard deviation of the biosensor output for a blank sample. When
different kinds of biosensors detect the same molecules, LOD is a common parameter to
evaluate the performance of the biosensors.

4. Inherent Resonance-Based Biosensing

The refractive index changes of the dielectric surroundings result in shifts of the reso-
nance peak. Generally, the penetration depths of LSPR and PSPP are around 5-15 nm [112]
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and around 200-300 nm [113], respectively. When the refractive index varies in different re-
gions within the penetration depth, the inherent resonance-based biosensors can be utilized
to measure the sensitivities of the bulk refractive index and the molecule binding events.
We classify the inherent resonance-based biosensors into three subcategories: (i) localized
plasmonic eigenmodes biosensors in Section 4.1, (ii) propagating plasmonic eigenmodes
biosensors in Section 4.2, and (iii) coupled propagating—localized plasmonic biosensors in
Section 4.3.

4.1. Localized Plasmonic Eigenmode Biosensors

LSPR happens when the electric field of the incident light matches with the electrons
oscillating at the surface of the metal nanoparticles [29,114]. Gold possesses outstanding
intrinsic properties that include biocompatibility [115], exceptional chemical stability [116],
and easy surface functionalization by the S-Au bound [117]. Gold nanoparticles have been
widely studied in LSPR biosensors due to the advantages mentioned above.

4.1.1. Metal Nanoparticle-Based LSPR Biosensors

The characteristic optical properties of the nanoparticles originate from LSPR [114,118]
and depend on their size, aspect ratio, shape, and the refractive index of the
surroundings [119,120]. For more complex shape nanoparticles, the extinction cross-section
Cext can be modified as

247c%a® /&SN ¢!
Cext = . (25)
)\11'1(10) (g’ -|-ng) + e’

where A is the incident light wavelength, N is the electron density, and yx is a variable that
depends on the aspect ratio of the nanoparticles. As shown in Equation (25), these factors
influence the absorption and scattering processes. The significant impact of the refractive
index changes of the surroundings on the spectra has been extensively studied in the field
of LSPR sensing. With the development of advanced nanoparticle synthesis techniques,
nanobranch, nanorod, and nanobipyradmid, and so on have been synthesized. The role of
the nanoparticle shape in enhancing LSPR signals has been observed.

Nanoparticles with sharp tips can generate a stronger electric field and achieve higher
sensitivity, which is attributed to electrons gathering near the tips [29]. In addition, Xu et al.
reviewed that nanoparticles with high symmetry do not exhibit high sensitivity. When the
shape was altered to be less symmetrical, there was a significant improvement in the electric
field intensity [29]. Unfortunately, nanoparticles with less symmetry pose challenges in
terms of synthesis and reproducibility.

According to a comprehensive study [30], the correlation between shape and sensi-
tivity was significantly weaker compared to the correlation between the aspect ratio and
sensitivity by analyzing over 74 kinds of nanoparticles. As illustrated in Figure 5(a-1), the
aspect ratio R is defined as R = L/d, in which L and d are different in various structures.
For a nanosphere, L = d and R is always 1. By analyzing all the sensitivities of nanoparticles
with various shapes, sizes, compositions, and cross-sectional areas, the relationship be-
tween sensitivity S and aspect ratio R can be fitted as S = 46.87R + 109.37. There is a linear
relationship between S and R in Figure 5(a-2). The relationship between sensitivity S and
the initial plasmonic resonance wavelength ApgpR g is also investigated in Figure 5(a-3). The
analysis reveals the trend of sensitivity changes. In such cases, the sensitivity is increased
linearly at AjgpR ¢ below 1000 nm and becomes close to 600 nm/RIU eventually. The linear
relationship between S and A;gpr can be fitted as S = 0.64A1gpr g — 136.09. This diver-
gence implies that the sensitivity of the nanoparticles is more influenced by the structure
parameters rather than the Ajgpg o.

In addition, the hollow nanoparticles were also prepared for refractive index sensing
and achieved higher sensitivity in comparison with the solid nanoparticles [31-36]. As shown
in Figure 5(b-1,b-2), the gold nanoframe achieved a sensitivity of around 620 nm/RIU [32].
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The sensitivity of nanoparticles depends on the surface plasmonic field strength. Figure 5(b-3)
shows that the higher sensitivity of the gold nanoframe results from the resonant coupling
between the external and internal plasmonic fields.
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Figure 5. (a-1) Aspect ratio (R = L/d) diagram of nanoparticles with different shapes. (a-2) Refractive
index sensitivity of different nanoparticles with varying aspect ratios R. (a-3) Sensitivity of different
nanoparticles as a function of surface plasmonic resonance wavelength A;gpg o. Reproduced from
Ref. [30] with permission. Copyright © 2016 American Chemical Society. (b-1) Scanning electron
microscope (SEM) image of the gold nanoframes. (b-2) Sensitivities of the gold nanoframes at
different aspect ratios. (b-3) Electric field enhancement contour maps of the gold nanoframes with
the same aspect ratio but varying wall lengths and wall thicknesses. Reproduced from Ref. [32] with
permission. Copyright © 2010 American Chemical Society.

However, nanoparticles synthesized by the chemical method are usually disordered
on the substrate, which results in spectra widening, FWHM broadening and a reduction in
sensing sensitivity. It is important to note that the majority of nanoparticle-based sensors
have refractive index sensitivities below 1000 nm/RIU and FOM below 10 /RIU [121].

4.1.2. Fano Resonance-Based Biosensors

Fano resonance has an asymmetric spectral line shape, which is attributed to the inter-
ference between a broad spectral continuum state and a narrow spectral discrete state [41].
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When Fano resonance occurs, there is a distinct narrowed resonance peak in the spectra,
which is particularly important to enhance the FOM and improve the resolution of the
spectra. Meanwhile, a significant near-field enhancement is generated near the nanostruc-
ture, which is beneficial for ultra-sensitive detection. Fano resonance biosensors have been
achieved in different nanostructures that supported narrow subradiance and broad radiant
modes [37-45,122].

For example, a nanostructure array, including a narrow slit and nanohole pairs on
the same side of the slit, was fabricated and investigated [41]. Fano resonance originated
from the interference effect between the SPP modes of the hole array and the coupled
SPP of the narrow slits. The researchers obtained a sensitivity and FOM of approximately
1200 nm/RIU and about 92 /RIU in the experiments, respectively. Lee et al. fabricated
a capped gold nanoslit array by the thermal-embossing template-stripping method, and
investigated the tailorable Fano resonance [43]. The Bloch wave SPPs occurred on the
outside surface plasmon wave between nanoslits. The cavity mode resulted from the gap
plasmon in the nanoslits. The former and the latter can be treated as a discrete state and
a continuum state, respectively, and both of them were coupled to produce a sharp and
asymmetric Fano resonance. The biosensor performance can be improved by adjusting the
length and width of the nanoslit. FWHM of the Fano mode can be as low as 3.68 nm, and
FOM is up to 252 /RIU at the optimal structure parameters. Moreover, the sensitivity can
be up to 926 nm/RIU with the 1000 nm period and 60 nm width nanoslit. Hsieh et al. [42]
combined the capped gold nanoslit array and microfluidic polymerase chain reaction for the
first time and successfully detected the DNA sequence of latent membrane protein 1 (LMP1)
as low as ~10~!! g/mL. In comparison with the traditional machine, the detection rate
was improved by three times. The low-cost manufacturing method of hot-embossing
nanoimprinting lithography meant that the device offered the possibility of large-scale
production. Ahmed et al. fabricated the optical disc-based metasurfaces that have a
large-scale active area with uniform surface patterns and can generate the asymmetric
plasmonic modes [40]. This allowed for tunable optical Fano resonance, which can be used
in conjunction with a microfluidic channel for multiple target detection. The quantitative
detection of protein G, and even whole viral particles of SARS-CoV-2, were achieved. The
method showed high sensitivity and specificity. The plasmonic metasurface platform is
both cost effective and compact, making it possible for the efficient and real-time detection
of SARS-CoV-2 and other pathogens. An overview of the recently reported Fano resonance-
based biosensors is reported in Appendix A Table Al.

4.2. Propagating Plasmonic Eigenwaves Biosensors

PSPP, being a nonradiative surface wave, is highly responsive to the refractive in-
dex changes. The prism-coupled and grating-coupled mechanisms can provide extra
momentum to excite PSPP, which is illustrated in Sections 4.2.1 and 4.2.2, respectively.

4.2.1. Prism-Coupled Mechanism

Under the attenuated internal reflection, the vector-matching condition npko sin = kpspp
is fulfilled, where 0 is the angle of the incident light, 71, is the refractive index of the prism, and
kg is the wave vector in vacuum. The excited evanescent field overlaps the detected region.
The refractive index changes of the detected region can affect the vector-matching condition,
leading to changes in the spectra. When the wavelength (or angle) of the incident light is fixed,
a dip appears in the reflected spectrum in the angle (or wavelength) scanning mode.

PSPP biosensors are widely studied due to their simple structure, robust optical prop-
erties and easy molecule modification. When the refractive index of the entire surroundings
changes, the sensitivity of PSPP biosensors can readily achieve higher than 1000 nm/RIU.
However, PSPP biosensors with a Kretschmann configuration require bulky instruments
and incur high detection costs. This renders PSPP-based biosensors unsuitable for minia-
turization and point-of-care (POC) diagnosis. Depositing a dielectric layer onto the gold
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film results in the observation of plasmon waveguide resonance (PWR). This phenomenon
can be utilized for enhancing the performance of sensing [46,47].

In addition, two-dimensional (2D) nanomaterials have been proposed to improve the
performance of PSPP biosensors over the last few decades [48,63,123-133]. Two-dimensional
nanomaterials have sheet-like structures, which are larger than 100 nm in transverse dimen-
sions and are less than 5 nm in thickness [134]. They have some distinguished characteristics,
such as high surface-to-volume ratio and good charge transfer properties, which is conducive
to sensing performance improvement.

A monolayer of graphene was deposited on the gold film by the chemical vapor
deposition technology in Figure 6(a-1). The biosensor detected the kanamycin residues of
the linear concentration range of 1-100 uM in Figure 6(a-2), and the LOD is 285 nM [48].
Graphene-based PSPP biosensors still need to be further explored in terms of mass pro-
duction, especially with regard to fabrication efficiency [49]. In addition, transition metal
dichalcogenide, such as MoS; is also a kind of 2D material. Gold nanoparticle-decorated
MoS; was used to improve the PSPP biosensors performance in Figure 6(b-1) [50]. As
shown in Figure 6(b-2), the proposed biosensors achieved the detection of 0.5 fM miRNA-
141. In comparison with gold nanoparticles (b, blue line), gold nanoparticle-decorated MoS,
(¢, red line) had a higher biosensing response as shown in Figure 6(b-3). It is attributed to
the larger surface area of MoS,, which can be used to attach more gold nanoparticles. For
PSPP biosensors based on MoS;, placing a monolayer on a larger surface area still needs to
be explored [49].
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Figure 6. (a-1) Fabrication and surface modification schematic of a PSPP biosensor with monolayer
graphene. (a-2) Signal changes as a function of time at different concentrations (1-100 uM) of
kanamycin residues. Reproduced from Ref. [48] with permission. Copyright © 2021 Elsevier B.V.
(b-1) Schematic of a PSPP biosensor with gold nanoparticles decorated MoS;. (b-2) Reflection spectra
of a PSPP biosensor at different concentrations (0-50 pM) of miRNA-141. (b-3) Af as a function of the
concentration of miRNA-141 for different sensing strategies in which a represented the PSPP biosensor,
b represented the PSPP biosensor with gold nanoparticles, and c represented PSPP biosensor with
gold nanoparticle-decorated MoS,. Reproduced from Ref. [50] with permission. Copyright © 2017
Elsevier B.V.

When the signs of the dielectric constant components of a material in the direction of
the optical axis and the direction perpendicular to optical axis are opposite, a hyperbolic ma-
terial (HMM) can be constructed. Two classic structures include metal-dielectric multilayer
and nanorods array. HMMs have been utilized in the development of biosensors, exhibiting
record-breaking performance [9,51-57]. The optical response of the HMMs depends not
only on the plasmonic response of each meta-atom but also on the electromagnetic coupling
between meta-atoms when the incident light is p-polarized. HMMs support bulk plasmon
polariton (BPP), which has a penetration depth of 500 nm [52]. The excited field is not only
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localized within a HMM but also has an evanescent field extending into the surroundings,
which provides an overlap between the sensing field and the detected molecules. Recently,
our research group successfully fabricated a nanorod HMM (NHMM) biosensor by com-
bining electron beam lithography (EBL) and electroplating. The biosensor obtained the
record-high sensitivity of 41,600 nm/RIU and FOM of 416/RIU [9]. The improved sensing
performance resulted from the more regular arrangement of the fabricated nanorods and
the narrower FWHM [135]. It is important to mention that EBL technology is both time
consuming and expensive. The utilization of nanoimprint technology has the potential
to facilitate large-scale preparation and mass production. An overview of propagating
plasmonic eigenwaves biosensors based on the prism-coupled mechanism is reported
in Table A2.

4.2.2. Grating-Coupled Mechanism

Although the sensors based on the prism-coupled mechanism can achieve high sensitiv-
ity, it is not conducive to integration and miniaturization. To eliminate the prism setup, minia-
turized grating-coupled biosensors are illustrated in this section. PSPP biosensors based on
the grating-coupled mechanism utilize the diffraction of the incident light to provide the ex-
tra wave vectors. The coupling condition is expressed as kornq sin 0 + m%” = +kpspp, where
ko is the wave vector in a vacuum, nq is the refractive index in the incident light region, m
is an integer, and P is the period of the grating. The sensitivity of PSPP biosensors based on
the prism-coupled mechanism is higher than that of the grating-coupled mechanism [136].
The sensitivity of PSPP biosensors based on the grating-coupled mechanism is generally
lower than 1000 nm/RIU.

The one-dimensional (1D) metal grating is widely recognized as the most common
structure to excite PSPP [58,137-142]. The thin metal grating configuration coated on
dielectric grating is one of the 1D metallic gratings [58,143]. Baeck et al. fabricated an Au-
covered TiO, gratings sensor utilizing soft-lithography-based templating technology [58].
By adjusting the thermal annealing process, the sensitivity of the proposed sensor was up to
920.45 nm/RIU. Two-dimensional gratings have also been observed to excite PSPP, and the
surface relief metal grating configuration is one of them. Srijit et al. fabricated the crossed
surface relief gratings biosensor (CSRGs) in Figure 7(a-1). The biosensor achieved the
sensitivity of 647.8 nm/RIU in Figure 7(a-2) [59], which was three times higher than that
of the simple surface relief gratings biosensor (188.35 nm/RIU) [140]. The study showed
that using the 2D metallic grating can enhance the sensor performance. In addition, CSRGs
were first used to monitor the biomolecule binding events. Streptavidin was detected by the
streptavidin-biotin affinity model, and the LOD was 3.8 nM in Figure 7(a-3). CSRGs had
the advantages of ease of fabrication and low cost (<10 cents/unit). However, the utilization
of CSRGs in corrosive solutions had some limitations because azo-glass degraded when it
interacted with strong solvents.

The grating-coupled metal-dielectric MHMM biosensors have been developed [53,54,60].
Kandammathe et al. fabricated a Au/Al,O3 MHMM biosensor, and a nanohole grating was
placed on the top of the MHMM to provide extra wave vectors for the excitation of high-k
modes in Figure 7(b-1). Both wavelength and angle scanning modes have been demonstrated
for MHMM biosensors [53,54]. The MHMM biosensor can cover the visible and near-infrared
spectral ranges, achieving a maximum sensitivity of 30,000 nm/RIU and a corresponding
FOM of 590/RIU in the wavelength-scanning mode in Figure 7(b-2). The high sensitivity
results from the coupling between the grating surface modes and high-k modes, which exhibit
a strong dependence on the refractive index changes in the surrounding environment. In
addition, biotins at a picomole concentration were detected by the biotin—streptavidin affinity
model, shown in Figure 7(b-3). A higher sensitivity of 7000 deg/RIU was achieved in the
angle scanning mode due to the higher signal-to-noise ratio, which was much higher than
that of the PSPP biosensor [54,60]. The MHMM biosensor detected the Cowpea mosaic
virus at concentrations as low as 1 fM. The miniaturization process of MHMM biosensors
can currently achieve sizes as small as hundreds of nanometers using nanolithography
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technologies. However, the transverse size of these sensors is limited by the optical reading
cross section, which typically ranges in the tens of microns. Nonetheless, the transverse cross
section of the sensors was still within the range of several hundred nanometers. An overview
of propagating plasmonic eigenwaves biosensors based on the grating-coupled mechanism is
reported in Table A3.
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Figure 7. (a-1) Diagram of crossed surface relief gratings. (a-2) Fitting curve of wavelength as a
function of refractive index. The slope represents sensitivity. (a-3) Changes of wavelength with
time, when different concentrations of streptavidin were measured. Reproduced from Ref. [59] with
permission. Copyright © 2017, American Chemical Society. (b-1) Schematic of MHMM excited by
Au 2D nanohole grating. (b-2) Reflection spectra of MHMM for deionized water and 0.5% glycerol
in deionized water. (b-3) Wavelength shift as a function of time for 10 pM biotin. Reproduced from
Ref. [53] with permission. Copyright © 2016, Springer Nature Limited.

4.3. Coupled Propagating-Localized Plasmonic Biosensors

We reviewed the localized and propagating plasmonic eigenwaves biosensors in
Sections 4.1 and 4.2, respectively. When PSPP and LSPR are excited by incident light, they
can generate the evanescent field, and the penetration depth of the former is an order of
magnitude longer than that of the latter. Moreover, LSPR has highly localized fields with
greater enhancement. They each have their own distinct advantages.

To obtain the great penetration depth and the localized field enhancement simultane-
ously, several novel configurations are proposed, which allow us to couple PSPP to LSPR.
The periodic nanostructure array can be fabricated on the thin metal film to achieve the
co-excitation of both PSPP and LPSR when the array is treated as a grating to provide
the additional wave vector [144,145]. In addition, the nanoholes array also achieves the
simultaneous excitation of PSP and LSP [146-153]. To improve the sensitivity of the PSPP
biosensors, the sandwich immunoassay approach was used. The detected molecules were
sandwiched between the primary antibody-functionalized metal film and the secondary
antibody-functionalized nanoparticles, in which the coupling effect between PSPP and
LSPR played a dominant role. As the nanoparticles moved further away from the surface
of the metal film, the coupling effect gradually weakened [154].

The sandwich immunoassay has also been reported for PSPP sensors in the detection
of carcinoembryonic antigen (CEA) [61,155,156]. Figure 8(a-1) shows the schematic of the
sandwich immunoassay for CEA detection. By optimizing the preparation conditions
on the secondary antibody functionalized gold nanoparticles, the response of the PSPP
biosensor increased by 1000 times and detected CEA at concentrations of 40 pg/mL in the
50% blood plasma in Figure 8(a-2) [61]. A long-range PSPP (LRSPP) had longer penetration
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depth than conventional PSPP. By optimizing the size and density of gold nanoparticles, the
LRSPP biosensors achieved up to 50-fold improvement in sensitivity. However, the use of
the gold nanoparticles-based sandwich immunoassay methods proved to be more effective
in conventional PSPP biosensors in comparison with LRSPR biosensors [157]. Tianyu et al.
reported a similar approach with a few modifications [62]. The sandwich format was made
of antimonene-modified gold film and ssDNA-functionalized gold nanorods (AuNRs)
as shown in Figure 8(b-1). The LOD of the proposed biosensor for miRNA was 10 aM,
which was far better than many miRNA biosensors as shown in Figure 8(b-2). Wu et al.
investigated the performances of biosensors coated by carboxyl-modified GO (COOH-GO)
for pig IgG detection [63]. The antibody attached to biosensors was used to interact with
the gold nanostar-antigen bioconjugates. It showed that COOH-GO-coated biosensors had
more active sites and the LOD of the biosensor was 0.0375 pg/mL.
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Figure 8. (a-1) (Left panel): Synthesis of the secondary antibody-functionalized gold nanospheres.
(Right panel): Schematic of the sandwich immunoassay for CEA detection. (a-2) Fitting curves
between the biosensor response and CEA concentrations for the sandwich immunoassay detection
and the direct detection. Reproduced from Ref. [61] with permission. Copyright © 2017, Springer-
Verlag Berlin Heidelberg. (b-1) Sandwich immunoassay schematic of a PSPP biosensor with AuNRs
for miRNA detection. (b-2) Change in angle response to different miRNA-21 concentrations with
or without AuNRs. Reproduced from Ref. [62] with permission. Copyright © 2019, the author(s).
(c-1) Fabrication of GF-AuNPs. (c-2) Resonance wavelength shift with time of GF or GF-AuNPs
biosensors for 50 ng/mL CEA. Reproduced from Ref. [64] with permission from the Royal Society
of Chemistry.

The sandwich immunoassay has complex biological modification steps. Gold nanopar-
ticles directly modified by gold film can also achieve the coupling of PSPP to LSPR. Recently,
a resonant coupling biosensor between PSPP and LSPR supported by gold nanospheres was
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fabricated, and the influence of evanescent field intensity and distribution on sensitivity
was investigated [64]. The nanosphere-modified gold film (GF-AuNPs) was fabricated by
the combination between electron beam evaporation technology and chemical reactions in
Figure 8(c-1). The PSPP was excited under the prism-coupling mechanism, and then it stim-
ulated LSPR supported by nanospheres, which resulted in the resonant coupling between
PSPP and LSPR. In comparison with PSPP, the surface electric field of the resonant coupling
mode increased by 4.6 times, and the sensing performance had 7-fold improvement in the
CEA detection in Figure 8(c-2).

5. Plasmon Nanorulers Biosensing

The plasmon nanorulers can be used to detect molecules in the length range of
1-100 nm [158]. The sensing principle of plasmon nanorulers biosensors is measuring
the shifts in the resonance peaks or observing the color changes, which are associated with
the detected length. The LSPR peaks indicate the maximum absorption and scattering of
photons at specific wavelengths. The detected molecules can change the distance between
the nanoparticles, causing an overall response change, such as color changes. Variations
in distance between nanostructures can influence the mode coupling effect, resulting in
spectra shifts. When the detected molecules change the distance between nanostructures,
the molecules can be detected. Plasmon nanorulers biosensors are classified into 2D plas-
mon nanorulers biosensors in Section 5.1 and three-dimensional (3D) plasmon nanorulers
sensors in Section 5.2 according to the detection dimension.

5.1. 2D Plasmon Nanoruler Biosensors

The vibrant colors of the gold nanoparticles colloidal solution have made them a
subject of great interest among physicists and chemists [159], and are also widely used
in various fields of biology and medicine. Additionally, metal nanoparticles like silver,
aluminum, and copper exhibit plasmonic responses in the ultraviolet or visible regions [160].
In terms of the chemical stability, biocompatibility, and ease of functionalization, they may
not have the same level. When two gold nanoparticles come into close contact, the fields
resulting from LSPR are coupled to each other, and the resonant peak shifts to longer
wavelengths [161,162]. The impact of a nearby active species on the LSPR frequency
is often greater than that of a change in the refractive index [163]. As a result, many
biosensing studies have utilized plasmonic coupling to generate substantial changes in the
detected signal.

Without stabilization factors like repulsion from net charge or steric hindrance caused
by substances on the surface of nanoparticles, the van der Waals forces between the nanopar-
ticles can lead to their aggregation. Then, the color of the gold nanoparticles solution turns
blue or purple [164], which is the main mechanism for achieving a visible readout with
naked eyes. This aggregation can be initiated by the binding of molecules or can result
from a cascade of reactions that occur following molecular recognition. The color changes
of the solution are quite remarkable.

The plasmon nanorulers can be composed of two gold nanoparticles, which are brought
very close together by the specific recognition of two nucleic acid sequences [19,75-81]. Gold
nanoparticles can be functionalized by thiol-modified sequences that are complementary
to the target nucleic acid sequences. In a basic design, two sets of sequences-modified gold
nanoparticles are synthesized and hybridized with two different adjacent sequences on
the target nucleic acid. When the target nucleic acid is absent, the color of the sequences’
modified gold nanoparticles solution is bright red. However, in the presence of target
nucleic acid and at the right temperature, the gold nanoparticles will aggregate, and the
solution color will change from red to blue. Ginger and colleagues successfully detected
DNA hybridization in up to 50% serum [65]. Figure 9(a-1) shows the schematic of the
specific binding of two nanosoheres by the target DNA. This method has been also used
to detect RNA viruses like SARS-CoV-2, with a reported LOD of 10 copies of target RNA
per uL of clinical samples [78]. In addition, the accuracy and specificity of the detection
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were found to be >98.4% and 100%, respectively. An alternative method for identify-
ing specific nucleic acid sequences targets involves the utilization of DNAzymes. These
DNAZzymes disconnect a sequence linker that binds gold nanoparticles together, resulting
in their dispersion, and the solution color is changed to red [158,165]. The quality of gold
nanoparticles is influenced by the concentration of hydrogen peroxide when they are syn-
thesized through a hydrogen peroxide-mediated reduction of gold ions that are added to
the test solution [66,166]. When the concentration is high (or low), the color of the gold
nanoparticles solution is red (or blue). Based on the principle illustrated above, the prostate-
specific antigen detected the LOD of 1 x 107! g/mL [66]. The mechanism of the color
transformation of gold nanoparticles mentioned above can also be used for the detection of
ions or small molecules [67-70]. However, there are still some challenges to be addressed
in the plasmon nanoruler of colloidal systems, including stability issues, detecting samples
with high ionic strength, and the lack of integration into a simple platform.

Plasmon nanorulers can be also composed of the dimer model, which consists of
two nanoparticles and a linker tethered between them. In the dimer model, the incident
light can excite the longitudinal and vertical plasmon modes. These modes are characterized
by the head-to-tail or parallel alignment of electric field directions. The resonance frequency
of the modes changes when the distance between the nanoparticles decreases. Specifically,
the longitudinal mode experiences a redshift, while the vertical mode undergoes a blueshift.
This distance-dependent scattering peak provides information about the precise distance of
the dimer nanostructures. The sensing principle of the dimer model is based on measuring
the shift of the resonance peaks. The distance between two gold nanoparticles can be altered
by introducing the detected molecules, such as a protein, leading to a significant change
in the plasmonic resonance wavelength. The dark-field scattering spectra can be used to
record the properties of the detected molecules. For example, Ye et al. conducted a study
on the monitoring of the conformational dynamics of a heat shock protein 90 (Hsp90) using
plasmon nanorulers comprising two gold nanospheres [71]. A glass slide was utilized to
immobilize one gold nanosphere as an anchor, while another gold nanosphere was attached
to the anchor nanosphere via an Hsp90 protein. The alteration in the interparticle distance
caused a shift in the LSPR peak, facilitating the differentiation between the open and closed
conformations of the Hsp90 protein connecting the two gold nanospheres. A plasmon
nanoruler, consisting of pairs of nanoparticles, can accurately analyze the characteristics of
a single biological molecule.

In addition, the stereo structures can also achieve plasmon nanorulers biosensors. For
example, PSPP was applied in 1D plasmon nanorulers to promote the development of the
sensing field [72]. By combining the concepts of the PSPP, resonators, and waveguides, a
novel hybrid plasmonic microring nanoruler was proposed. As illustrated in Figure 9(b-1),
the stereo structure of the hybrid plasmonic microring nanoruler is composed of a microring
resonator, a suspending silver layer, and the gap region between them is air. The hybrid
mode can be considered a supermode resulting from the combination of PSPP and the
discontinuity of the electric field at the interface between silicon and air. The changes
in the distance between the silicon waveguide and the silver layer can lead to changes
in the effective mode index, which can cause the resonance peak shifts of the spectra at
the output side of the silicon waveguide. The sensitivity of the system was observed
to increase rapidly as the distance decreased as shown in Figure 9(b-2). The sensitivity
exceeded 14.8 nm/nm with the distance less than 5 nm. Nan et al. proposed a stereo
plasmon nanoruler biosensor, which was composed of a suspending gold nanohole array
layer, a flat gold film, and a gap region between them [73]. When the thickness of the gap
region decreased, the characteristic reflection dips were redshifted, which resulted from
the enhancement of the coupling effect between the gold nanohole layer and the gold layer.
The coupling efficiency was substantially increased by highly confined surface charges
resulting from Bloch wave surface plasmon polarizations. Based on the sensing principle,
the plasmon nanoruler biosensor achieved a thickness sensitivity of up to 61 nm/nm. The
label-free quantification of procalcitonin was realized, and a very low LOD of 11.9 pg/mL
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was detected for clinical serum samples. This study provides new insights into the design of
the stereo plasmon nanorulers biosensors. However, the application of plasmon nanorulers
to POC diagnosis still needs to be explored due to the complex operational steps associated
with biomolecules [19,65,167-169]. An overview of the recently reported plasmon nanoruler
biosensors is reported in Table A4.
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Figure 9. (a-1) Schematic of the specific binding of two nanosoheres and the composition of the
plasmon nanoruler. Reproduced from Ref. [78] with permission. Copyright © 2021, the author(s),
under exclusive license to Springer Nature Limited. (b-1) Schematic of hybrid plasmonic microring
nanoruler comprised of a microring resonator, a space layer, and a silver film. (b-2) Sensitivity as a
function of distance between the microring resonator and the silver film. Reproduced from Ref. [72]
with permission. Copyright © 2018, The Author(s).

5.2. 3D Plasmon Nanoruler Sensors

While the 2D plasmon nanoruler biosensors are capable of investigating the fun-
damental parameters of molecules at the subwavelength scales, they do not provide a
comprehensive understanding of motion in soft matter. As illustrated in Figure 10a,b, a
3D plasmon nanoruler of the “H — like’ structure was fabricated by EBL and layer-by-layer
nano-stacking techniques [74]. The length and direction of individual nanorods were con-
trolled. When the position of the middle gold nanorod changes, the quadrupole mode with
distinct plasmon resonance is observed as shown in Figure 10c. The scattering spectrum
showed high sensitivity when the configuration of the 3D plasmon nanoruler changed. The
incident light can induce the dipolar resonance, which can be greatly influenced by incident
electromagnetic radiation. When two nanorods were positioned parallel to each other, there
were specific conditions, where quadrupolar coupling with the incident radiation took
place. This led to a more pronounced resonance, as the radiative damping was significantly
suppressed. Slight changes in the structure of the 3D plasmon nanoruler can generate an
observable optical signal, enabling high-resolution sensing. The authors also proposed
that the biomolecules can be used to connect the 3D plasmon nanoruler for biomolecule
detection. For instance, the macromolecules, such as DNA/RNA or proteins, can connect to
the various positions of the 3D plasmon nanoruler. Subsequently, the scattering spectrum
can be measured using dark-field microscopy to determine the conformational structures
of the target biomolecules. The nanolithography steps required for this process are highly
intricate. Overcoming the challenge of using nanoparticles and biochemical linkers to
achieve a 3D plasmon nanoruler is a significant feat.
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Figure 10. (a) Schematic of a 3D plasmon nanoruler biosensor of the ‘H—like” structure. (b) SEM
image of the 3D plasmon nanoruler biosensor. (c) Experimental transmittance spectra of the 3D
plasmon nanoruler biosensor when the position of the nanorods changed. Reproduced from Ref. [74]
with permission. Copyright © 2011, The American Association for the Advancement of Science.

Plasmon nanoruler biosensors continue to be a subject of ongoing research, with the
expectation that future advancements will lead to constructs displaying even higher levels
of sensitivity and selectivity. A breakthrough involves the development of a 3D plasmon
nanoruler sensor, which exhibits remarkable sensitivity not only to the distance between
nanoparticles but also to their spatial arrangement [74]. The plasmon nanoruler biosensors
pave the way for a new generation of highly sensitive plasmonic biosensors capable of
detecting minute changes in their surroundings.

6. SERS Biosensing

The Raman spectroscopy technique utilizes the Raman scattering light of a sample
molecule to extract information about the composition and concentration. The positions
of the characteristic peaks are determined by the vibrational frequency of each functional
group, which is commonly referred to as the fingerprint nature of the Raman spectrum. To
date, Raman spectroscopy has been successfully applied to the qualitative and quantitative
determination of complex samples due to the advantages of the fingerprint spectroscopy,
strong anti-interference ability, simple sample preparation, wide measurable spectral range,
and being unaffected by solvent water [170-172]. However, the Raman scattering light
signal is very weak, and it is difficult to distinguish from the fluorescent background, which
is a major limitation in the application. SERS overcame this drawback and brought Raman
spectroscopy back to life for applications.

The electromagnetic enhancement process can be comprehended through a two-step
enhancement process. The initial step is attributed to the amplification of the local elec-
tromagnetic field around the plasmonic nanostructure at the incident light frequency
wp. This phenomenon can be mathematically represented as Ej,.(wg) = G1Ep, where G4
denotes the enhancement factor of the local electromagnetic field, and Ey and Ej,. are
the local electric fields in the absence and presence of nanoparticles, respectively. In the
subsequent step, the plasmonic nanostructure acts as an optical antenna, facilitating the
transmission of the Raman signal from the near field to the far field. The intensity of the
Raman signal is directly proportional to the enhanced electromagnetic field of the Raman
scattering at the corresponding Raman scattering frequency wg. The local electromag-
netic field is Ej,.(wr) = GyEp. Optimal SERS enhancement requires a delicate balance
between the plasmon peaks of the metal nanostructures and the excitation and emission
wavelengths. When the incident light frequency is close to the Raman scattering light
frequency, there is G; = Gp. Therefore, the SERS enhancement factor can expressed as

2 2 4
Goms = G103 = | icy| | | = iy | 073

In order to measure EFgprs in experiments, several definitions can be used, includ-
ing substrate and analytical enhancement factors [174]. However, in the platform-based
biosensing, the commonly adopted definition is the substrate (or average) enhancement

factor. It can be expressed as EFsgrs = IIRSLRS %, where Iraman and Isgrs represent the
aman
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intensities of Raman and SERS signals, respectively, and Nraman and Nsgrs represent the
average number of adsorbed molecules in the scattering volume for Raman and SERS
measurements, respectively.

6.1. Metal Nanoparticle-Based SERS Biosensors

The strength of the SERS signal is highly dependent on the interfacial interactions
between the molecules to be measured and the plasmonic nanostructure. Therefore, the
maximum number of hot spots and the enhanced interaction of the target molecule with
effective hot spots are two key parameters that determine the biosensing sensitivity. The
sharp edges of nanostructures can significantly enhance the Raman scattering intensity.
Solis et al. [175] demonstrated that the SERS enhancement of gold nanostars was far
superior than that of nanospheres and nanorods in Figure 11(a-1). On the other hand,
the nanoparticle morphologies that provided large electromagnetic enhancement at the
single-particle level, such as nanostars, were not necessarily improved in closely aligned
arrays. In contrast, when their surface density approaches complete coverage, simpler mor-
phologies (e.g., spheres or rods) can significantly increase SERS enhancement as shown in
Figure 11(a-1,a-2). Remarkably, plasmon-coupled nanorods, which have a surface coverage
surpassing 60%, exhibited enhanced performance when compared to decoupled nanostars.
This finding is illustrated in Figure 11(a-1). Since they perform two orders of magnitude
better than nanosphere arrays and have similar, and occasionally better, performance com-
pared to nanostars, nanorods were attractive candidates for the production of efficient SERS
substrates. For each excitation wavelength and Raman shift, the shape of the nanoparticles
can be adjusted to give the best electromagnetic enhancement.

Compared to solid nanoparticles, core-shell nanoparticles have less cytotoxicity, better
dispersion, biocompatibility, and stability. In addition, core-shell nanostructures provide
better near-field enhancement and lower LOD than the single nanoparticle. Huang et al. [88]
used spiky Au@Ag nanoparticles to enhance the SERS signal by about 50 times compared
with solid gold nanoparticles. Based on the linear fit plot depicting the peak intensity shift
(559/cm)in relation to the logarithmic concentration of thiram, the LOD of thiram was
determined to be 70 nM. In addition to the morphological differences, the thickness of the
shell layer also had an effect on the SERS performance. The arrangement or positioning of
metal atoms in the nanostructure can significantly impact fluctuations in SERS intensity.
When the metal nanostructures are randomly distributed, it leads to inadequate SERS
enhancement and non-reproducible hot spots. Wang et al. [176] investigated the effect of
the shell layer thickness on the SERS enhancement. They synthesized Au@Ag core-shell
nanoparticles through a chemical synthesis method. The LOD of 10~!2 M R6G were able to
be achieved at a shell thickness of about 8.5 nm. Special structures can be designed to further
enhance the effective interaction between the target molecules and the hot spots to obtain
lower LOD. However, it remains challenging for the detection of clinical samples with
complex environmental factors (e.g., PH and salt ions) because it has an adverse effect on the
stability of the colloidal solution, that is, gaps in colloidal system. A SERS-based lateral flow
immunoassay strip [86] was developed incorporating functionalized Fe;O4@Au magnetic
nanoparticles. The purpose of this strip was to achieve ultrasensitive and simultaneous
analysis of dual infection biomarkers as shown in Figure 11(b-1). The SERS nanotags and
efficient enrichment tools were created using FesO4@Au magnetic nanoparticles modified
with antibodies. The Fe30,@Au nanotags enabled the rapid capture and enrichment of
target infection biomarkers from blood samples. The LODs of serum amyloid A (SAA) and
C-reactive protein (CRP) were determined to be 0.1 ng/mL and 0.01 ng/mL, respectively,
as demonstrated in Figure 11(b-2,b-3). The magnetic SERS strips showed excellent stability,
specificity and selectivity for the analysis of complex samples and show great potential in
the field of infectious disease diagnosis.
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Figure 11. (a-1) Maximum SERS enhancement as a function of the coverage. The solid lines repre-
sented the incident light of 785 nm. The blue and red dashed line represented the incident lights of
633 nm and 900 nm for only nanospheres and only nanostars, respectively. (a-2) Schematic of the
increased coverage of in the monolayers. Reproduced from Ref. [175] with permission. Under a
Creative Commons license. (b-1) Fabrication schematic of antibody-conjugated Fe;O;@Au SERS
nanotags. (b-2) Calibration curve between Raman intensity and SAA. (b-3) Calibration curve between
Raman intensity and CRP. Reproduced from Ref. [86] with permission. Copyright © 2020 Elsevier B.V.
(c-1) Schematic of the Ag triangular nanopyramids SERS subatrate. (c-2,¢-3) SEM images of the Ag
triangular nanopyramids in a top-down view and a cross-sectional view, respectively. Reproduced
from Ref. [89] with permission. Copyright © 2013 American Chemical Society.

The coupling of local plasmons between adjacent metal nanoparticles mostly generates
hot spots that are typically less than 10 nm in size [177,178], and also plays a crucial
role in enhancing the Raman scattering signal intensity. A dipolar coupling model can
describe the electromagnetic interaction between adjacent local plasmons in the quasi-static
limit [179,180]. As the interparticle spacing decreases to a very small value, the electrostatic
interaction between nanoparticles intensifies. This interaction results in the formation of
surface charge distributions that are highly nonsymmetrical. These distributions cause a
more significant shift in the resonant dipolar oscillation and give rise to the emergence
of higher multipolar modes [181,182]. Numerous studies have examined the presence of
multipolar surface plasmon modes in nanoparticles and their impact on enhancing Raman
scattering signals [92-96]. For example, SERS substrates were fabricated by growing Ag-
nanoparticle arrays in anodized aluminum (AAO) nanochannels [93]. The influences of
multipolar resonances on the SERS signal and the background noise were investigated.
The second-order electric-quadrupole mode showed a stronger intensity of hot spots,
which were confined to nanogaps between nanoparticles in comparison with the dipolar
resonance. These hot spots can enhance the interaction between SERS substrates and
analyte molecules. A significant reduction in SERS background was observed for these
higher-order modes, as they had a small penetration depth inside the particles. This work
provided potential design guidelines for SERS substrates with lower LOD.
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6.2. Plasmonic Template-Based SERS Biosensors

A uniform array of nanostructured SERS substrates has a better enhancement factor
and signal uniformity. Zrimsek et al. [89] prepared discrete Ag triangular nanopyramids
by nanosphere lithography (NSL) and performed single-molecule detection. The simple
fabrication procedure of NSL yielded large active arrays, shown in Figure 11(c-2,c-3). The
enhanced electromagnetic fields were concentrated on the tips of individual triangular
nanoparticle with EFggRrg as high as 108 in Figure 11(c-1). Song et al. [87] developed a SERS
biosensor by fabricating an array of silver nanorod-covered Ag nanoholes (Ag NR-NH)
using a technology combination of NSL, reactive ion etching, oblique angle deposition, and
physical evaporation deposition. The biosensor demonstrated highly sensitive detection of
nucleic acids using a unique signal amplification strategy known as a DNA super sandwich
as presented in Figure 12(a-1). The Ag NR-NH array, characterized by a large surface area
and a uniformly arrayed nanostructure, exhibited remarkable anisotropic extraordinary
optical transmission and strong LSPR. These properties enabled a sensitive plasmonic
response to changes in the local refractive index and generated strong localized electric
fields, resulting in excellent SERS activity. When detecting the target DNA in 50% human
serum, the EFgprg of the Ag NR-NH was found to be 4.02 x 106, with a corresponding
LOD of 0.77 fM as illustrated in Figure 12(a-2,a-3). Although NSL results in relatively
large patches of organized structure, it is significant to note that grain boundary defects
are also frequently observed. As the size of the beads decreases, the process of long-term
sequencing becomes increasingly challenging.

Other array nanostructure can also result in similarly high EFggrs. A nano “tentacle
array SERS substrate was created and modeled like a gecko foot [183]. By employing AAO
as a template and using polydimethylsiloxane to modify it, the substrate was created by the
in situ deposition of Ag with hundreds of millions of highly flexible “tentacle” on its surface
in Figure 12(b-1). The Ag nanoparticles, which can contact tiny areas of the sample surface
in situ and achieve the in situ non-damaging enrichment of molecules to be measured in sur-
face micro-regions, avoided sample pre-treatment. The Ag nanoparticles can generate rich
hot spots among each other, which improves the detection sensitivity. The LOD of thiram
in fruits and vegetables was up to 1.6 ng/cm? as shown in Figure 12(b-2). Dan et al. [83]
reported the preparation of novel nanorod bundles and their SERS performance with the
substrate that detected R6G down to ~10~ 16 M. Shafi et al. [90] successfully prepared a
multilayer Ag nanoparticles HMM SERS substrate consisting of AgNPs and Au-Al,O3
membranes with enhanced SERS activity, shown in Figure 12(c-1). This study excited highly
restricted BPP in the HMM in Figure 12(c-2). Experimental results showed that adding a
multilayer stack of HMM could enhance the SERS signals, and the performance remained
unchanged after six layers. Additionally, the SERS properties were affected by changes in
the AgNPs gap at the top of the HMM. There was a maximum EFsggrs of 1.72 x 10% when
the gap was 10 nm. The excellent SERS sensitivity of the HMM substrate for detecting R6G
solution has an LOD of 10712 M. An overview of the recently reported SERS biosensors is
reported in Table A5.
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Figure 12. (a-1) SEM image of the Ag NR-NH array in a top-down view (top) and in a cross-
sectional view (bottom). The inset is a magnified image. (a-2) SERS spectra of the target DNA at the
concentrations ranging from 10718 M to 10~'® M in the 10% human serum samples. (a-3) Semi-log
plot between the SERS peak intensity and Cr for the 1500 /cm mode. Reproduced from Ref. [87]
with permission. Copyright © 2020 American Chemical Society. (b-1) SEM image of the PDMS
nano “tentacle” array. (b-2) Linear calibration curves between the SERS peak intensity and thiram
concentration (red, cucumber; blue, grape; black, apple) for the 1380 /cm mode. Reproduced from
Ref. [183] with permission. Copyright © 2017 American Chemical Society. (c-1) Steps for preparing
the Ag NPs/HMM SERS substrate. (c-2) The electric field simulation of the Ag NPs/HMM SERS
substrate. Reproduced from Ref. [90] with permission. Copyright © 2021 Elsevier B.V.

7. Advanced Application

Single-molecule sensing is achievable with the fast development of many kinds of
remarkable biosensors and provides powerful tools for a broad range of biomedical
research [184,185]. The single-molecule detection within complex mixtures is essential
for diagnosis at an early stage, including cancer [186,187]. Among the detection techniques,
the plasmonic biosensors have attracted extensive attention due to their high sensitivity, no
pretreatment, cost effectiveness and time-saving nature. The implementation of an optical
read-out scheme can be achieved by single-molecule SERS, and fluorescence.

7.1. Metal Nanoparticles Based Biosensors

The hot spots of the plasmonic biosensor boost the optical excitation and the interac-
tions with the target molecule. SERS substrates serve as a good way to provide electric field
enhancement, that is, more hot spots. Greater electric field enhancement can be achieved by
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adjusting the distance between the nanoparticles [188]. Highly ordered gold nanoparticles
positioned at the tip of the silver wrinkled structure were fabricated, and the optimal
plasma effect was achieved by stretching the PDMS substrate. A LOD of 1072 M of CV
and R6G molecules in water was achieved by the SERS effect. Postprocessing, such as
the denoising algorithm and background reduction, can be conducted to further enhance
the Raman signal [189]. Gold nanoparticles aggregation substrates connected with ade-
nine were fabricated, and the plasmon enhancement of the stimulated Raman scattering
with a low Raman cross section of 1073 cm? per molecule was achieved. Apart from
the most studied Raman modes that parallel the probe tip, Rafael et al. [190] pointed
out that the perpendicular components should also be considered, which could play an
important role in the field enhancement. They used sodium chloride film to decouple
the copper naphthalocyanine molecule from the Ag substrate. The tip-enhanced Raman
spectroscopy images were measured and can be explained by analyzing the correlation
between the three-dimensional components of the nanocavity and the original symmetry
of the molecule.

The hot spots can also achieve significant enhancement of the fluorescence emission
because the fluorescent molecules located nearby have enhanced absorption and emission
characteristics [191]. For example, gold nanorods with length and width of 35 4 2 and
17 & 2 nm, respectively, were fabricated, and the plasmonic enhancement of fluorescence
was used to detect the real-time binding of TmPyP4 to the GQs [192]. Multiple spectro-
scopies can also be achieved by simultaneously collecting the Raman scattering and the
fluorescence spectra [193]. Both of the spectral signals were measured and correlated, and
the real-time detection of bond cleavage reaction between xanthene and phenyl group was
achieved. The electric field enhancement was up to about 80-fold with the Ag nanosphere
and a plasmonic nanocavity substrate consisted of a 2 nm silica layer-coated Ag film.

7.2. Nanopores Based Biosensors

Nanopore biosensors consists of nanoscale apertures, where a single molecule can
translocate in a one-dimensional condition [194]. The sensing signature of an unlabeled
molecule can be achieved by the dwell time and event amplitude. Recently, the monolithic
integration of the nanopore and plasmonic nanostructures provided a significant improve-
ment in the single-molecule sensing performance [195]. The problem of the delivery of
molecules in plasmonic sensors was solved, as they were confined to the nanopores. More-
over, the hot spots were highly overlapped with the tested molecules as they traversed
through the pore, which resulted in a better signal-to-noise ratio. In this context, the optical
means offered low noise, far-field measurement, fast detection and the possibility of multi-
plexing. Researchers have conducted experiments based on different nanostructures, such
as nanorods [196], nanotriangles [197], inverted bowties [198], conical nanopores [199], and
nanoslits [200].

For biosensors based on SERS measurements, the nanopores extend the observation
time to sub-millisecond by translocating the molecule one at a time. But it is still too
short to achieve the reliable spectrum measurement of a single molecule. One of the
promising ways is to apply optical gradient force. The trapping of gold nanostars (AuNS)
for seconds was experimentally demonstrated by a 785 nm laser [201]. Figure 13a showed
the working principle, where a bias voltage of 0-3 V was applied to force the negatively
charged AuNSs to translocate through the nanopore. Then, a 785 nm laser was illuminated
on the nanopore to generate an intense plasmonic force, which can drag and trap the
AuNSs to 5 nm from the sidewall of the nanopore for tens of seconds. The measurements
at the single-molecule level included up to 10 distinct variations of amino acids, both with
and without aromatic rings. The multiple parameters measurement can also be achieved in
the nanopore-based biosensors. Both the SERS spectrum and ion current were detected
based on a gold plasmonic nanopore biosensor [202]. The conformation transition and
translocation behaviors of the calmodulin were simultaneously monitored. The optical force
was used to extend the dwell time to longer than the acquisition time of 300 ms. Applying



Sensors 2023, 23, 8156

24 of 35

bias voltage is another common and easy method to control the translocation speed of
molecules [197,199]. Figure 13b shows the single-molecule detection of cytochrome c by
SERS in a conical gold nanopore [199]. High bias voltage was used to unfold the cytochrome
c and slow down the translocation, then different SERS traces were recorded.

@
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Figure 13. (a) Schematic diagram of the nanopore structure with 785 nm laser excitation. A single
AuNS was trapped at the sidewall of the nanopore. Reproduced from Ref. [201] with permission.
Copyright © 2020 Wiley-VCH Verlag GmbH and Co. KGaA, Weinheim. (b) Schematic diagram of
the conical gold nanopore with bias voltage. The left part was the Raman response versus time and
P1-P3 represented different segments. Reproduced from Ref . [199] with permission. Copyright ©
2023, American Chemical Society.

For biosensors based on fluorescence measurements, extensive studies have been
conducted on plasmonic platforms, and single-molecule fluorescence sensing with spectral
multiplexing has been commercialized, such as four-color code for DNA sequencing [203].
A so-called zero mode waveguide (ZMW), which cannot be observed by an optical mi-
croscope due to the sub-wavelength size, was realized by drilling sub-10 nm holes on a
transparent thin Si3N4 membrane. Single-molecule detection of DNA translocation was
achieved with fluorescent background suppression and a ten-fold net enhancement of the
fluorescence intensity [204]. The nanoscale energy transfer between fluorescent molecules
with gold nanopores of 80 nm diameter was also studied [205]. A simplified model exhib-
ited good consistency with the experimental measurements, which presented potential
opportunities in the areas of sequencing and conducting flow-through experiments. Other
metal materials were also studied, such as Al and Pd [206,207]. A ZMW with freestanding
Pd on SiN membranes was fabricated. The Pd had many advantages, such as lower optical
background, smaller grain size than Au and more chemical inertness than Al. Then, better
background suppression and premature bleaching prevention were achieved when the
molecule passed through the dark side to the illuminated side.

Plasmonic nanostructure biosensors have experienced great development in the
field of single-molecule sequencing [191,194,195], yet significant progress is still foresee-
able. The control of the translocation speed of tested molecules is widely studied, where
different methods, such as optical force [201,202,208,209], thermal effects [210-213] and
bias voltage [197,199,214] can be applied. Multiple parameter measurements and multiplex-
ing have great potential in application but still have many hurdles left to surmount [195,202].
One beneficial way to improve the sensors’ performance could be the joining of different
measurement methods, like the combination of plasmonic sensors and nanopore sensors.

8. Summary and Perspectives

This review summarized three kinds of biosensors, including inherent resonance-
based biosensors, plasmon nanoruler biosensors, and SERS biosensors. Two classical
inherent resonance-based biosensors are PSPP-based and LSPR-based biosensors, both of
which work on the principle of sensitivity to the surrounding refractive index changes.
The lengths of the evanescent field of PSPP and LSPR are around 200-300 nm [113] and
5-15 nm [112], respectively. Otherwise, LSPR has greater local electric field enhancement
than PSPP. The sensitivity of the inherent resonance-based biosensors can be expressed
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as the integral of the electric field at the region of refractive index changes [215,216]. The
greater evanescent field length and electric field enhancement are conducive to improving
sensitivity. The resonant coupling biosensors of PSPP to LSPR are superior options for
refractive index sensing.

The plasmon nanoruler can detect the distance or length. Gold nanoparticles in
solution and DNA sequences to be tested can construct a simple 2D plasmon nanoruler
biosensor. The dimers in the solid phase can also form the plasmon nanoruler biosensors to
detect biomolecules. The LSPR coupling effect is influenced by the biomolecules, which can
be manifested as solution color changes or spectral shifts. Plasmon nanoruler biosensors
based on coupling between different modes can be achieved by designing the various
plasmonic nanostructures. Furthermore, a 3D plasmon nanoruler biosensor was also
achieved by the "H-like’ structure. It shows that plasmon nanorulers not only detect length
but also show sensitivity to spatial alignment.

SERS biosensors work on the amplification of the Raman scattering signal of the
molecules to be tested. SERS has the characteristics of fingerprint specificity and high
sensitivity. The electric field enhancement is positively correlated with the SERS biosensors
performance. SERS substrates based on the metal nanoparticles and the plasmonic template
are constructed to obtain greater electric field enhancement. SERS substrates with core-shell
nanostructures have greater electric field enhancement than solid nanostructures. SERS
substrates with sharp edge nanostructures and uniform arrangements of nanostructures
can provide greater electric field enhancement.

Plasmonic nanostructure biosensors have experienced great development in the field
of single-molecule detection, such as fluorescence and SERS, yet significant progress is still
foreseeable. One beneficial way to improve the sensors performance could be the joining
of different methods, such as optical force and thermal effects. More binding sites are
important for detecting biomolecules, which can be achieved by increasing the surface area
of the nanostructures. Two-dimensional materials are a good choice. Both nanoparticles
sprayed on a flat surface and a patterned nanostructure can be used. For the accuracy
of the detection results, dual-mode biosensors, such as those capable of both refractive
index detection and SRES, are gradually being developed. It will undoubtedly drive the
further development of plasmonic nanostructure biosensors. It could also pave the way for
point-of-care diagnosis.
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Appendix A

Table Al. An overview of the recently reported Fano resonance-based biosensors.

Nanostructure FWHM Sensitivity (IfI(I)J]XIl) LOD (Detected Analytes)
capped gold nanoslits array [43] 3.68 nm 926 nm/RIU 252 - (BSA/antiBSA)
capped gold nanoslits array [42] - - - ~10~1 g/mL (LMP1)

25 ug/mL (protein G) 9 x 103
optical disc-based metasurfaces [40] ~10 nm 1475 nm/RIU 147 copies/pL (gamma ray
SARS-CoV-2)
array of narrow slit and nanohole 13 nm 1200 nm/RIU 9 )
pairs [41]
Au grating [38] 10 nm - - - (IgG)
metal-insulator-metal [37] 0.09 deg ~86.76 deg/RIU 964 + 150 30 nM (Bovine Serum Albumin))
Split-trench [39] 10 nm 687 nm /RIU - 10 pM (bovine serum albumin)
Nanocrosses [44] 200 nm 1000 nm/RIU 5 -
Nanocrosses [45] ~9 nm 1015 nm /RIU 108 200 pM (cytochrome c)

15 ng/mL (alpha-fetoprotein)

Table A2. An overview on propagating plasmonic eigenwaves biosensors based on prism-coupled

mechanism.
Resonant
Nanostructure Wavelength Sensitivity LOD (Detected Analytes)
(nm)
gold film [217] - 31,400 nm/RIU -
gold or silver film/SiO, [47] 650 68 deg/RIU 57.2 nM (CT)
gold film/Si/HMM array [46] 1155 43,000 nm/RIU -
gold film/gold nanoparticles decorated . ) .
MoS, [50] 0.5 fM (miRNA)
gold film/Si/MoSe; [124] 1024 1.1 x 107 deg/RIU -
gold film/graphene [48] - - 285 nM (kanamycin residues)
. . 150.38 & 0.314
gold film/(GO(+)/GO(-) pair) [128] - deg/RIU -
nanorods array [52] 1200 32,000 nm/RIU 300 nM (biotin)
nanaorod HMMs [9] 1200 41,600 nm/RIU 2.4 nM (streptavidin)
platinum-di-selenide/gold film [218] - 140.35 deg/RIU 1.95 nM (COVID-19)
gold film [219] - - 0.5 pg/mL (Ebola virus)
TiO,/Ag/MoSe, / graphene [220] 633 194 deg/RIU 0.0001 nM (COVID-19 SARS-CoV-2)
gold film [221] - 107 x 106 mv/Riu 08 pg/mL (COVID-19 spike antigen
detection)
gold film/Dithiobis (Succinimidyl ) 0.08 pM (dengue virus type 2
Undecanoate) /NH,rGO- PAMAM [222] 0.2576 deg/pM E-proteins)
ZnO/gold film [223] ~640 2825 nm/RIU 2% (alcohol)
WS, /PtSe, /silver film [224] 633 194 deg/RIU -

Table A3. An overview on propagating plasmonic eigenwaves biosensors based on grating-coupled

mechanism.
Nanostructure Resonana:/rvna)velength Sensitivity LOD (Detected Analytes)
Au-covered TiO, gratings [58] 1060 900 nm/RIU -
crossed surface relief gratings [59] - 647.8 nm/RIU 8.3 nM (streptavidin)
Au grating/(Au/Al,O3; multilayer HMM) [53] 1250 30,000 nm/RIU 10 pM (biotin)
Au grating/(Au/Al,O3 multilayer HMM) [54] 1250 7000 deg/RIU 1 fM (cowpea mosaic virus)
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Table A4. An overview of the recently reported plasmon nanoruler biosensors.

Nanostructure Sensitivity LOD (Detected Analytes)
(nm/nm)
nanosphere dimer [65] - 10 pM (target DNA)
nanosphere solution [78] - 10 copies/pL (coronavirus)
nanoparticles solution [165] - 50 pM (DNA)
silver film/space layer/ microring
14.8 -

resonator [72]

Au nanohole/ space layer/gold film 61 11.9 pg/mL (procalcitonin)

[73]

Table A5. An overview of the recently reported SERS biosensors.

Excitation Wavenumber
Nanostructure Wavelength EFsgrs (/em) LOD (Detected Analytes)
(nm)
Au-decorated Ag nanorod arrays [83] 785 - - 0.1 M (R6G)
Au nanostars [84] 532 25x10° 1374.9 1.51 mg/L (CV)
AgNPs-modified graphene nanoribbons [85] 532 4.3 x 10° 1576 -
Fe30,@Au magnetic nanoparticles [86] 785 2.62 x 10° 1331 0.01 ng/mL (CRP)
Ag NR-NH array [87] 633 4.02 x 10° 1500 0.7 fM (DNA)
Spiky Au@Ag core-shell nanoparticles [88] 785 6.7 x 107 559 70 nM (Thiram)
Ag triangular nanopyramids [89] 532 108 610 -
AgNPs based on HMMs [90] 532 1.72 x 108 710 1 pM (R6G,CV)
Hexagonal gold nanoparticles array [91] 785 5.9 x 10° 736 0.8 pM (IL-6)
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