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Abstract: Over the past few years, nanoplasmonic biosensors have gained widespread interest for
early diagnosis of diseases thanks to their simple design, low detection limit down to the biomolecule
level, high sensitivity to even small molecules, cost-effectiveness, and potential for miniaturization,
to name but a few benefits. These intrinsic natures of the technology make it the perfect solution for
compact and portable designs that combine sampling, analysis, and measurement into a miniaturized
chip. This review summarizes applications, theoretical modeling, and research on portable nanoplas-
monic biosensor designs. In order to develop portable designs, three basic components have been
miniaturized: light sources, plasmonic chips, and photodetectors. There are five types of portable de-
signs: portable SPR, miniaturized components, flexible, wearable SERS-based, and microfluidic. The
latter design also reduces diffusion times and allows small amounts of samples to be delivered near
plasmonic chips. The properties of nanomaterials and nanostructures are also discussed, which have
improved biosensor performance metrics. Researchers have also made progress in improving the
reproducibility of these biosensors, which is a major obstacle to their commercialization. Furthermore,
future trends will focus on enhancing performance metrics, optimizing biorecognition, addressing
practical constraints, considering surface chemistry, and employing emerging technologies. In the
foreseeable future, these trends will be merged to result in portable nanoplasmonic biosensors offering
detection of even a single biomolecule.

Keywords: nanoplasmonic; SPR; micro/nano-optics biosensor; plasmonic materials; point-of-care
test; lab-on-a-chip

1. Introduction

Early diagnosis of various diseases, including cancers, cardiovascular diseases, neu-
rodegenerative disorders, etc., is significant in managing them because it can considerably
improve treatment effectiveness, reduce healthcare costs, and often prevent illness progres-
sion [1–3]. A major obstacle to the early detection of these fatal diseases is the difficulty in
detecting low levels of chemical biomarkers, even at the level of single biomolecules, using
point-of-care testing (POCT) technologies [1,4]. To address the low concentration detection
challenge, several optical biosensors, functioning based on photonic principles, have been
designed and examined to detect a wide range of biomolecules and analytes. These optical
technologies include plasmonic, fluorescence-based, surface-enhanced Raman scattering
(SERS), interferometric, photonic crystal, whispering gallery mode, and colorimetric biosen-
sors, to name but a few. The physical principle behind fluorescence-based biosensors is
that they use fluorophore-labeled probes that emit light upon binding to targets. SERS
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works by amplifying Raman signals using nanomaterials. In photonic crystal biosensors,
optical resonance shifts are monitored. Whispering gallery mode biosensors measure
resonant light in microcavities. Colorimetric biosensors are designed to identify analytes
by changing the color of a solution. The plasmonic biosensors discussed in this paper
have attracted considerable attention due to their excellent ability to monitor light-matter
interactions [5–7].

There have been five plasmonic processes reported in the literature [8,9], including
surface plasmon resonance (SPR), plasmonic nanocavities, plasmon-induced resonance
energy transfer, plasmon-enhanced absorption, and plasmonic SERS, which can be utilized
for not only low-concentration but also single molecule detection. SPR biosensors mea-
sure changes in refractive index (RI) through absorption of biomolecules. Liedberg et al.
introduced the SPR technique for biosensing applications in the initial work [10]. A silver
metal film was used in SPR tests for gas measurement as a proof of concept. In their
seminal paper in 1995 [11], IAsys and BIOS-1, two commercial SPR biosensors, were com-
pared for applications in immunosensing and receptor-ligand research. The results of SPR
tests demonstrated real-time and label-free studies of biomolecule interactions. Plasmonic
nanocavities increase local field intensities due to their geometry and can be used in biosen-
sors, optical trapping, and molecular studies [12]. Zhan et al. [13] introduced a plasmonic
nanocavity capable of trapping and detecting single molecules (~2 nm) in solution and
validated the results by experiments and simulations. Plasmon-enhanced absorption and
plasmon-induced resonance energy transfer use plasmonic nanomaterials to amplify light
absorption and boost energy transfer efficiency [8].

Following the promising results of SPR biosensors, nanoplasmonic biosensors (NPBs)
have received remarkable interest owing to their high sensitivity to chemical adsorption,
specificity, potential for multiplexing, low noise background, and ability to handle small
sample volumes [14]. In addition, NPBs offer significant advantages due to their real-time
monitoring features, small molecule detection, label-free detection, high reusability, short
response times, and ease of operation and sample treatment [15–17]. The simplicity and cost-
effectiveness of localized surface plasmon resonance (LSPR) biosensors have prompted their
application in miniaturized, portable POCT devices [14]. Through the use of microfluidic
technology, these biosensors are further enhanced by automating and multiplexing their
analyses [18]. These features distinguish them from other conventional techniques, namely
electrochemical, piezoelectric, and magnetic sensors, which may require more complex
preparations and suffer from interference issues. For all limitations, including non-specific
binding surfaces, mass transportation, and steric hindrance during binding events, there
has been rapid progress in the development of plasmonic and NPBs.

This review paper aims to summarize research on portable nanoplasmonic biosensor
designs. These NPB designs aim to provide high performance, cost efficiency, compactness,
ease of use, and multiplexing sensing. These systems can also open up a wide range of
applications, not least NPB POCT, that require portability. To achieve portability, bulky
components, including light sources and photodetectors, have to be replaced with compact
components. As opposed to Kretschmann-based SPR biosensors, nanoplasmonic designs
are a more practical option, since oversized components are not needed. To do this, basic
concepts in the field are reviewed to understand the plasmonic resonance phenomenon
and the role of electromagnetic waves in this context. Basic concepts include the definition
of the evanescent wave, plasmonic resonance condition, LSPR biosensors, hot spots of
NPBs, main component of NPBs for portable design, and the most important biosensor
characteristics, namely performance metrics. After understanding the basic concepts, the
two most common dielectric models of plasmonic materials, as well as recently developed
models, are presented, which is beneficial for future simulations of portable NPBs. Next,
the literature on nanoparticles and nanostructures is reviewed. These studies allow us to
gain insight into the design of plasmonic chips, the core components of NPBs. Following
that, the literature on portable NPBs is reviewed, with a focus on integrating plasmonic
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components in portable NPBs. Remaining challenges and future trends for designing
portable NPBs are reviewed in the final section to guide researchers towards future works.

2. Basic Concepts

Reviewing the literature on NPBs requires a basic understanding of elementary SPR
theoretical concepts. SPR is defined as a phenomenon at the interface between specific
materials, plasmonic materials, and dielectric materials. Surface plasmons are excited when
polarized electromagnetic waves interact with the free electrons of plasmonic materials [19].

Surface plasmons are defined as the coherent oscillations of electrons generated at
the interface of two materials. At this boundary, electrons oscillate because, in dielectric
materials and metal (or plasmonic material), the sign of the dielectric function is opposite.
Generally, dielectrics and conductive metals are the positive- and negative-permittivity
materials, respectively. The oscillation of the charge leads to the emission of electromagnetic
waves inside and outside the plasmonic material [19,20].

2.1. Evanescent Wave

Evanescent waves are transverse electromagnetic waves propagating along materials’
interfaces. Technically, they are the result of internal reflection at the materials’ interfaces.
According to Snell’s law, internal reflection occurs in the lower RI medium if the angle
of the incident electromagnetic wave is larger than the critical angle. Figure 1 shows the
schematic of SPR and the occurrence of evanescent waves. This wave propagates along the
metal-prism interface.
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Figure 1. The schematic of SPR and evanescent waves. Evanescent waves occur at the metal-
prism interface.

Suppose that the incident electromagnetic wave, given in Equation (1), propagates
from a higher RI (n1), prism, to a lower RI (n2), metal film. The evanescent waves, therefore,
are generated in medium 2, denoted by electric field Eevn given in Equation (2). As shown in
this mathematical model, the evanescent wave penetrates a short distance into the dielectric
medium [21].

Ei = E0ej(ωt−kr) = E0ej(ωt−kxx−kyy−kzz) (1)

Eevn = E0e−ky2 yej(ωt−kxx) (2)

where E0 is the amplitude of the electric field, ω is the angular frequency, k is the wavevector,
and r is the position vector. In these equations, kx is the component of the wavevector along
the propagation of the surface plasmon, while ky is the component perpendicular to the
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surface. As can be seen, wavevector component kx does not change, but the perpendicular
component ky changes. It can be inferred from Equation (2) that the strength of the electric
field, Eevn, decreases exponentially from the metal’s surface with a characteristic distance
of 1/ky2. In practical applications, changes in the electric field far from SPR biosensors’
surface are not measurable. It is therefore necessary to use thin metal films in order to
achieve proper SPR sensing.

2.2. Resonance Condition

SPR is the special case of surface plasmon excitation when the momentum of the
incident electromagnetic wave matches the momentum of the surface plasmons. The
momenta of the photons of electromagnetic waves increase in a prism as its refractive index
increases. Equation (3) describes the wavevector of surface plasmons along an interface
between a metal film and a dielectric [22]:

kSPR =
ω

c

√
εmεd

εm + εd
(3)

The wavevector of incident light along the metal-prism interface (kx) is equal to the
wavevector of the surface plasmon wave (kSPR in Equation (3)). In addition, there is a
relationship between the light wavevector at the prism/metal film interface (kx) and the
incident resonance angle. In Equation (4), this relationship is shown and the conditions for
SPR are given [22]:

kx =
ω

c
√
εpsin θres =

ω

c

√
εmεd

εm + εd
= kSPR ⇒ √

εpsin θres =

√
εmεd

εm + εd
(4)

where εp, εm, εd, and θres are the dielectric constants of a prism, a metal film, the dielectric
layer, and the incident resonance angle, respectively. It should also be noted that, as
shown in Equation (4), SPR occurs not only at a specific angle (θres), namely angular
interrogation, but also at a specific wavelength (λres), referred to as spectral interrogation.
These parameters depend on the materials’ optical properties, and whether other molecules
bind to the metal’s surface. Resonance conditions are highly sensitive to changes in the
local RI, thereby allowing the molecules to be detected at the interface, namely the sensor
surface, of the materials [21].

2.3. LSPR

LSPR involves the same physical principle as SPR, which is the oscillation of conduc-
tion electrons at the surface of a metal when excited by light. Additionally, in both sensing
modes, shifts in the peak wavelength (∆λ) of plasmonic resonances are correlated with
changes in RI (∆n) [23]. Their quantitative relationship is given in Equation (5).

∆λ = m∆n
(

1 − exp
(
−2d

ld

))
(5)

It should be noted that RI (n) can be obtained from the dielectric constant (ε), which is
ε = n2. In Equation (5), m, d, and ld represent the refractive index sensitivity, the effective
adsorbate layer thickness, and the decay length of the electromagnetic field enhanced
by nanostructures. According to [24], decay length ld is calculated from the Maxwell’s
equations. Additionally, the parameter d is defined schematically in Figure 2b.

Besides the peak wavelength value, the extinction intensity can also be used as a
sensing signal. The reason for this is that the extinction intensity of an analyte near
a metallic surface changes depending on its concentration. The development of LSPR
biosensors based on intensity is very important since such sensors are cheaper, smaller, and
easier to integrate into miniaturized, portable devices than spectrometers [25,26].

While plasmon resonance in both LSPR and SPR involves the aforementioned sim-
ilarities, they also have distinct differences. In contrast to SPR mode, which occurs on



Biosensors 2024, 14, 593 5 of 33

relatively large metal surfaces, LSPR mode occurs in the vicinity of nanostructures, includ-
ing nanoparticles [27], nanoholes [28], nanowires [29,30], and nanorods [31]. In other words,
the electromagnetic field is enhanced on the electron clouds of nanostructures in LSPR. In
terms of resonance conditions, the LSPR wavelength depends on the size, shape, and mate-
rial of the nanoparticles, as well as the dielectric properties of the surrounding medium of
the nanostructure [32]. In Figure 2, SPR and LSPR biosensors are schematically compared.
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2.4. Hot Spots

The term “hot spot” refers to regions within nanostructures where electromagnetic
fields are intensely enhanced and highly sensitive to changes in dielectric properties within
the decay length of an evanescent wave. Hot spots can be created mainly by designing
a single nanoparticle’s shape, i.e., the tips of nanoparticles, and arrays of nanostructures,
i.e., the narrow space between two nanostructures. Accordingly, the theoretical analysis of
electromagnetic field distribution around a nanostructure through finite-difference time-
domain (FDTD) simulations can be used to determine whether the nanostructures are
suitable for plasmonic sensing [33,34].

2.5. Main Components

SPR biosensors typically consist of a plasmonic chip, light source, polarizer, wave
detector, and analyzer electronics board. The plasmonic chip, the core component of the
device, responds to the target analyte via the SPR mechanism. Functionalizing nanostruc-
tures with biological recognition elements in LSPR biosensors makes the device sensitive to
target biomarkers, subsequently resulting in a blue or red shift in the recorded resonance
wavelength of the nanostructure. The wave source is intended to produce electromagnetic
waves with wavelengths in the range of plasmonic operation. The polarizer is a device
to transmit polarized waves, which is essential for proper biosensor operation. The wave
detector device and analyzer electronic board are intended to analyze the reflected wave at
the sensor’s surface and find the plasmonic peak wavelength. In Figure 2, the schematics of
the components of SPR and LSPR biosensors are also shown [35,36]. Current research has
employed portable spectrometers to perform integrated light source, polarizer, and wave
detector measurements.

In addition to conventional detection techniques, the integration of Surface-Enhanced
Raman Spectroscopy (SERS) with LSPR in biosensors has been widely studied [37]. This is
because advancements in LSPR and SERS techniques have led to the development of highly
sensitive NPBs for the detection of many types of diseases, not least cancers [38]. Besides the
advantages of using SERS, serious limitations, including the difficulty of creating uniform
and reproducible hot spots, biocompatibility, durability, large heat generation, and easy ox-
idization, exist [39]. Gabudean et al., in [40], studied the adsorption of p-aminothiophenol
on gold nanorods using LSPR and SERS spectroscopies, and they evaluated the origin of
electromagnetic enhancement in SERS. The results showed that electromagnetic enhance-
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ment occurs at the ends of gold nanorods and between coupled rods where the sensitive
detection of molecules is feasible. An LSPR-SERS plasmonic sensor based on triangular sil-
ver nanoparticles coated with chitosan was reported by Potara et al. in [41] for the detection
of the adenine molecule. The use of gold nanocylinder arrays as plasmonic materials in the
detection of bovine serum albumin and ribonuclease-A using a SERS technique has been
studied in [42]. Their results showed that optimized SERS is efficient for reproducible NPB.

2.6. Performance Metrics

To assess and compare the performance of biosensors, some indicator parameters are
used, including sensitivity, limit of detection (LOD), accuracy, specificity, dynamic range,
and reproducibility. The sensitivity (S) of NPB is defined by Equation (6). In this equation,
“A” represents the shift in peak wavelength and its unit is nanometers. The parameter “n”
is the RI, and its unit of measurement is the refractive index unit (RIU). This parameter
can range from 50 nm/RIU to 30,000 nm/RIU depending on the designed structures and
materials [43,44]. Biosensor accuracy shows the deviation between a measured and a
true value. Reproducibility refers to the ability of a fabrication technique to provide a
stable output under the same conditions. Dynamic range refers to the measurement range
of biosensors.

S =
∆A
∆n

(6)

LOD represents the smallest quantity of change detectable by the system, as defined
in Equation (7), where m is a numerical factor (typically 2 or 3), and σblank is the standard
deviation of the blank measures [43]. LOD and σblank have the same unit as concentration
(fg/mL, ng/mL, etc.). In addition, the parameters m and S have the same unit, nm/RIU.
Based on Equation (7), reducing the noise of detectors and sources will obviously improve
LOD. This has been the focus of previous works. Jin et al. have suggested a methodology
based on an upconverted detection system, which potentially suppresses sampling noise
level in a CMOS-compatible heterodyne interferometer by two orders of magnitude [45].
The results of the study showed that single polystyrene nanobeads and HIV1 virus-like
particles could be detected with LOD down to a few attogram levels. Therefore, new
techniques could be employed to improve biosensor LOD.

LOD =
mσblank

S
(7)

In addition to these above common indicators of optical biosensors, there are two
other significant parameters for NPB, namely full width at half maximum (FWHM) and
figure of merit (FOM). FWHM refers to the width of the resonance peak at half-intensity
of its maximum value, and its unit is nanometers. The second parameter, figure of merit
(FOM), defined in Equation (8), is the efficiency of biosensors to measure small RI changes,
and its unit is RIU−1. The larger FOM, therefore, is desirable. In contrast, a high FWHM
is considered a negative factor in plasmonic biosensing. In recent years, there has been a
growing interest in studying how materials and nanostructures influence the FWHM and
FOM of NPB. The FWHM of biosensors depends upon several factors, including the shape
of the nanostructure, its material, the dielectric environment, and its peak wavelength [44].

FOM =
S

FWHM
(8)

3. Theoretical Modeling of Plasmonic Resonance

Plasmonic resonance phenomena are theoretically explained in terms of the dispersion
relation of surface plasmonics and the dielectric function of the material. In a material,
the dielectric function refers to the response of free and bound electrons to an external
electric field. In order for SPR to occur, the dispersion relation must be satisfied, which is
the matching of the wavevector of the incident light to the SPR wave.
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3.1. Dielectric Models

The dielectric function of a material (ϵ(ω) = ϵreal(ω) + i ϵimag(ω)) describes the interac-
tion between its free electrons and an electromagnetic field. The real part of the dielectric
function, ϵreal(ω), represents the material’s dispersive properties, which determine the
phase velocity of light as it propagates in the material. It also gives information about the
material’s ability to store energy from the electromagnetic field in the form of polarization.
The imaginary part of the dielectric function, ϵimag(ω), is related to the material’s absorptive
properties [46]. The Drude model and the Lorentz model are two models commonly used
to model the dielectric function.

3.1.1. Drude Model

In the Drude model, conduction electrons are modeled as a gas of free particles around
ion cores [47]. The model is derived from ideal gas laws and is relatively accurate for
metals. In this model, Drude has made three main assumptions, namely free electron,
independent electron, and relaxation time. According to the free electron assumption,
electron gas interactions with ion cores are ignored and considered as particle interactions.
It is also assumed that the interactions between electrons in the gas are ignored based on
the second assumption, the independent electron. The relaxation time estimation refers to
the average amount of time an electron spends moving through a medium before colliding
with another electron. It is also important to note that the Drude model does not accurately
estimate all real metals [48]. Based on these simplifying assumptions, Drude’s complex
dielectric function is expressed as follows:

ϵr(ω) = ϵr,∞

(
1 −

ω2
p

ω(ω+ iγP)

)
(9)

where εr, ∞, ωp, and γp are the dielectric constant at high frequencies, the plasma frequency
of oscillation for the free electron gas, and the damping coefficient, respectively.

3.1.2. Drude-Lorentz Model

The Lorentz model is a modification of Drude model, which removes the independent
electron assumption [49]. While this assumption is relatively accurate at optical frequencies,
it is the main cause of the differences between Drude model results and actual measure-
ments. To overcome this limitation, the electron-ion interaction and electromagnetic field
are modeled as two masses attached by a spring and the driving force in the mechanical
system, respectively. A third term is added to the dielectric function, namely the Lorentz
oscillator term [48]. Considering this assumption, the modified Drude-Lorentz dielectric
function model is formulated as follows:

ϵr(ω) = ϵr,∞

(
1 −

ω2
p

ω(ω+ iγP)

)
+

M

∑
j=1

fjω
2
p,j

ω2
j −ω2+iωγj

(10)

where fj and ω0,j are the strength of the j-th oscillator and the resonant frequency of j-th
oscillator, respectively.

3.1.3. Recent Dielectric Models

Beside the Drude and Drude-Lorentz models, other dielectric function models for
materials have been reported [46]. Recent models have been developed based on previous
Drude models [50]. In the literature, the Brendel-Bormann model has been reported
widely, which features improved fitting accuracy [51]. In this model, which is shown in
Equation (11), a Gaussian integration is included in each Lorentz oscillator, which has
made the optical spectra prediction more accurate. In addition, the multiple oscillator
model, derived from the Lorentz model, has been widely used in the literature to accurately
predict the dielectric function in the infrared and visible spectral ranges [52]. In the other
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study by Prokopeva et al. [53], a generalized dispersive material model based on Pade
approximants was presented, and its approximation accuracy was compared to the classical
recursive-convolution technique. These models accurately predict the dielectric properties
of the alloys and have been validated with experimental results.

ϵr(ω) = ϵr,∞

(
1 −

ω2
p

ω(ω+ iγP)

)
+

M

∑
j=1

1√
2πσj

∫
exp

[
−
(
x −ωj

)2

2σ2
j

]
fjω

2
p,j

ω2
j −ω2+iωγj

dx (11)

While the Drude and Drude-Lorentz models could be used in many applications, the
newly developed models are more accurate in particular materials. For instance, in [54],
the dielectric functions of gold and silver were modeled in both bulk and nanometric states,
using various theoretical models, including the Drude Lorentz theory, the Drude two-point
critical model, and the Drude three-point critical model. Rioux et al. [55] reported the ge-
netic algorithm-fitted, multi-parametric analytical model, derived from the Drude-Lorentz
model for gold–silver alloys. In [56], Derkachova et al. presented a dielectric function
model for gold that addresses interband transitions above the energy threshold of 1.8 eV
and small size effects. The results of these models were validated by the experimental data
for gold monodisperse colloidal nanospheres, and the literature. As a result, modeling and
re-tuning the dielectric function model for specific metals and wavelengths will improve
the accuracy of the simulation.

These models have been compared in the literature. Jahanshahi et al., in [50], reported
that, among all models for SPR sensing, the Brendel-Bormann model is the most accurate
for determining permittivity values. They also considered the impact of a titanium layer
used to fix gold thin films. Vial and Laroche, in [57], showed that combining Drude and
critical point models accurately estimates the dielectric function of various metals for FDTD
simulations. They also found that a thin chromium layer causes resonance blue-shifts,
broadens FWHM, reduces field enhancement, and should be considered in optimizing
structures for accurate predictions. These models are also implemented in time-domain
simulations, including FDTD and auxiliary differential equations (ADE) [58,59]. Therefore,
while great effort has been devoted to modeling dielectric functions accurately, more
research is needed in this field.

3.2. Dispersion Relation

Since the SPR wave is a longitudinal wave along the materials interface, the mo-
mentum of the incident photon and the SPR wave are the same. The dispersion relation
represents the propagation constant of the surface plasma wave propagating at the interface
between a semi-infinite dielectric and metal, which is given by Equation (11). According to
this equation, the SPR occurs if the metal has a negative real and small positive imaginary
dielectric constant, which is the same case as with gold and silver. This equation is derived
from Maxwell’s partial differential equations.

k(ω) =
ω

c

√
ϵmϵd

ϵm + ϵd
=

ω

c
npsin(θi) (12)

where k(ω) is the propagating constant of surface plasmons, ε is the relative permittivity of
the materials, namely the prism (εd) and the metal film (εm), ω is the angular frequency of
the incident EM wave, np is the refractive index of the coupling prism, and c is the speed of
light in a vacuum.

4. Nanoparticles and Nanostructures

The controlled design and fabrication of plasmonic materials can have a significant
impact on their optical properties. It has been demonstrated that the size, shape, and
composition of plasmonic materials affect the resonance shifts of the plasmonic materi-
als [60,61]. As a result of size and shape tunability, highly sensitive and selective biosensors
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are possible, which are capable of detecting target molecules without interference from
other biological components [62]. Additionally, in the literature, the optical properties of
nanofilms and nanoparticles have also been studied significantly [62]. Recent advances in
material science have led to the exploration of alternative plasmonic materials. Metals such
as gold (Au), silver (Ag), and copper (Cu), doped semiconductors such as aluminum-doped
zinc oxide (AZO) and indium-doped tin oxide (In−SnO2), and dielectrics such as titanium
nitride (TiN) make up the majority of plasmonic materials [63]. Doped semiconductors and
dielectrics are more chemically stable and tunable than traditional metal-based plasmonic
materials [63]. Because metals have an abundance of free electrons, they are generally
suitable for plasmonic applications [64], but they have certain limitations, including limited
chemical stability, high ohmic losses, and non-tunable conductivity. Doping semiconduc-
tors, on the other hand, results in the formation of surface plasmons and two-dimensional
(2D) nanomaterials, such as graphene, which support surface plasmons [65–67].

Two-dimensional nanomaterials have attracted significant interest for their potential
plasmonic applications. Graphene, for instance, exhibits an impressive level of tunability
in both its electronic and optical properties, which can be harnessed for the development of
efficient plasmonic devices operating at terahertz to mid-infrared frequencies [66–68]. The
unique properties of 2D nanomaterials coupled with novel fabrication techniques can be
used to design and optimize plasmonic devices for biosensing applications that have better
performance, high sensitivity, and high selectivity.

The integration of nanoparticles provides several advantages, including increased
mechanical strength, higher heating rates, and prevention of AuNP aggregation [69].
For instance, Duan et al., in [70], used chitosan-stabilized gold nanoparticles to decorate
graphitic carbon nitride (g-CN) sheets and MoS2 quantum dots. MoS2 and g-CN were
prepared by exfoliation, while the gold nanoparticles were prepared by PECVD. A key
challenge in the integration of 2D materials with metallic nanoparticles is the precise control
over nanoparticle distribution and size on the surface of the 2D material. The issue has
been addressed in a variety of ways, including chemical vapor deposition, self-assembly,
and wet-chemical methods. For example, nanoparticle arrays on 2D materials have been
created using Langmuir-Blodgett techniques and block copolymer-assisted self-assembly.
Furthermore, the functionalization of 2D materials with specific ligands or surfactants can
facilitate the controlled growth and attachment of metallic nanoparticles. For tailoring
the hybrid system’s desired properties, precise control over nanoparticle integration is
crucial, since it impacts plasmonic response, charge transfer, and catalytic activity. As a
result of interactions between 2D materials and metallic nanoparticles, new phenomena and
emergent properties may arise, such as plasmon-exciton coupling, surface-enhanced Raman
scattering, and hot electron generation, which can be exploited for various applications in
sensing, energy conversion, and photonic devices [71,72]. Table 1 presents a brief overview
of plasmonic nanoparticles and nanostructures, their merits and limitations.

Table 1. Summary of plasmonic nanoparticles and nanostructures.

Class of Nanomaterials Examples Merit Limitation

Metal nanoparticle Au, Ag, Cu superior plasmonic
performance

chemical stability, high ohmic
losses, non-tunable conductivity

Doped semiconductors AZO, In−SnO2 chemical stability, tunability moderate plasmonic performance
Dielectrics TiN chemical stability, tunability moderate plasmonic performance

2D nanomaterials Graphene strong field
confinement, high tunability

low plasmonic performance in
visible spectrum, surface

functionalization, edges effect

Advance nanostructures MoS2/g-CN/AuNP
superior mechanical strength,

higher heating rates,
aggregation prevention

precise control over effective
parameters
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5. Portable NPBs

Recently, portable designs for NPBs have gained significant attention in the literature
because of their numerous advantages, including on-site testing, rapid decision-making,
and use in rural health clinics. Employing portable POCT biosensors in remote locations
eliminates the need for sending samples to laboratories and waiting for results [73]. More-
over, rapid results in medical applications can facilitate rapid medical treatment, which can
stop acute medical conditions from getting worse. Developing portable NPBs, therefore,
requires a miniaturized, low-cost, easy-to-use for non-expert operation, and lightweight
design [74]. Current advances in nanoparticles and nanostructures have also facilitated
portable NPB designs. It has been demonstrated that integrating 2D materials with met-
als and semiconductors enhances NPB performance [75]. We review the research that
addresses the problem of designing portable NPBs in this section.

The comparison of the existing portable NPB designs in the literature is shown in
Figure 3. Portable NPBs integrate advanced materials and sensing technologies for en-
hanced sensitivity and flexibility. Spreeta 2000 (Figure 3A, [76]) and gold-coated diffraction
grating systems (Figure 3B, [77]) are two examples of designing portable SPR biosensors. In
contrast to previous SPR technologies, recent research has addressed the problem of minia-
turization of optical components, because all components are required to be miniaturized
to design portable NPBs. Two representatives of this research are shown in Figure 3C,D:
quantum dot LED [78] and CMOS-integrated sensors [79]. Three primary components
are needed to achieve the basic functionality of an NPB: a light source that stimulates
the surface plasmonic wave, a sensing device that interacts with the analytes, and a de-
tector that observes the propagation of the wave following the interaction. In addition,
flexible substrates (Figure 3F, [80]) for LSPR sensing have been examined for developing
lightweight NPBs. A particularly exciting development is the rise in wearable SERS-based
biosensors (Figure 3G, [81]), which employ gold nanostructures, flexible substrates, and
microfluidic systems. Microfluidics has enabled the development of NPBs that can manip-
ulate nanoliters and picoliters of analytes close to the sensing device [82]. In the following
subsections, recent progress in these five groups of portable NPBs, namely portable SPR,
miniaturization components, flexible NPBs, wearable SERS-based designs, and microfluidic
NPBs, is discussed.
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duced with permission. Ref. [76], copyright 2003, Elsevier. (B) Gold-coated diffraction grating
sensor chip integrated with microfluidics, reproduced with permission. Ref. [77], copyright 2010,
Elsevier. (C) Integrated quantum dot LED with plasmonic nanograting, reproduced with permis-
sion. Ref. [78], copyright 2015, IOP Publishing Ltd. (D) Integration of array of gold nanodiscs to
CMOS chip, reproduced with permission. Ref. [79], copyright 2016, American Chemical Society.
(E) Polymer integrated biosensing system, reproduced with permission. Ref. [83], copyright 2010,
John Wiley & Sons. (F) Flexible LSPR biosensor based on AuNP/APTES/PDMS. reproduced with
permission. Ref. [80], under the CC-BY 4.0 license. (G) Wearable SERS biosensors based on gold
nanostars for sweat monitoring. reproduced with permission. Ref. [81], under the CC-BY 4.0 license.
(H) Wearable SERS Sensor Based on Omnidirectional Plasmonic Nanovoids Array, reproduced with
permission. Ref. [84], copyright 2022, John Wiley & Sons. (I) Wearable diaper sensor and handheld
Raman spectrometer for urinalysis, reproduced with permission. Ref. [85], copyright 2003, Elsevier.
(J) Ultrathin wearable 3D particle-in-cavity SF-AAO-Au SERS biosensors for glucose and pesticide
detection, reproduced with permission. Ref. [86], copyright 2022, Elsevier. (K) Wearable microfluidic
nanoplasmonic biosensor based on a miniature, thin plasmonic metasurface with homogeneous
mushroom-shaped hot spots and high SERS activity, reproduced with permission. Ref. [87], under
the CC-BY 4.0 license. (L) Wearable SERS–based microfluidic system for sweat rate and sweat lose
quantification, reproduced with permission. Ref. [88], under the CC-BY 4.0 license. (M) Wearable and
Flexible plasmonic biosensor based on SERS fingerprint analysis of chemical biomarkers, reproduced
with permission. Ref. [89], copyright 2022, Science Advances. (N) Wearable flexible SERS biosen-
sors based on Au/TPU nanofibers, reprinted with permission from [90]. Copyright 2021 American
Chemical Society. (O) Flexible wearable plasmonic paper-based microfluidic SERS biosensor based
on, reprinted with permission from [91]. Copyright 2024 American Chemical Society. (P) wearable
Janus fabric/grapefruit optical fiber embedded with Ag nanoparticles, reprinted with permission
from [92]. Copyright 2024 American Chemical Society.
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5.1. Portable SPR

Kretschmann configurations are commonly used in portable SPR designs because of
their high sensitivity and efficient coupling. Chinowsky et al. in [76] presented the Spreeta
2000 portable SPR, which included an LED light source, a plastic prism for phase matching,
a gold film for sensing, and a linear array of diodes for detection (Figure 3A). Additionally,
the device included a polarizer for focusing light and a memory chip for storing information.
To prove its sensing functionality, an array of mouse immunoglobulin G proteins and
protein A, a bacterial cell wall protein, was used. The protein–protein interactions were
measured by Spreeta 2000, producing quantitative data describing these interactions with
great accuracy. The overall dimensions of the device were 1.5 cm × 0.7 cm × 3 cm in the
latest model. This device has the advantage of integrating all biosensing components into a
compact package. There is, however, no monolithic integration, and the prism increases
the size of the sensor. The LED source’s integration is advantageous in terms of size and
cost, but it also requires a polarizer to ensure a more focused signal, which contributes to
the sensor’s enlarged size. In a later version, microfluidic channels were incorporated to
enhance performance by creating an injection loop flow system for optimal sensing [93].

A slightly larger plasmonic biosensor measuring 2.4 cm × 0.8 cm × 4.5 cm was
described in [94], with multiple inlets and outlets for multiplexed sensing of a toxin,
2,4-dichlorophenoxyacetic acid (2,4-D), and a microfluidic channel for improved analyte
manipulation. The detection limit of this device is 0.1 ppb, which is equivalent to 0.1 ng/mL.
However, the prism increases the sensor’s cost. A rotating mirror generates monochromatic
light in [95] without using any lenses. Despite this, it is difficult to synchronize the
mirror rotation rate with the frame rate of a charge-coupled device (CCD) camera. A
CCD camera allows for simultaneous and real-time imaging of light intensity at different
locations, allowing for simultaneous detection of multiple analytes and, therefore, increased
throughput [82].

In [96], a biosensing platform for pathogen detection utilizing a thin gold film and
the Kretschmann configuration was presented. For light detection, a complementary
metal-oxide-semiconductor (CMOS) sensor was used in conjunction with poly(methyl
methacrylate) (PMMA) microfluidic channels for the flow of Escherichia coli solution. In
comparison to other commercial devices, the presented system is portable, lightweight,
and employs an economical fabrication process. However, due to the platform’s high
limit of detection of about 105 CFUs/mL, it is not suitable for sensing analytes at low
concentrations. Because the system used an external LED as the light source and a lens
for focusing the light, it was not entirely miniaturized. The study [97] introduced a very
similar Kretschmann platform for blood protein detection. Although Kretschmann’s SPR
technology was simple and reliable, miniaturization was limited, so recent research has
focused on LSPR-based portable devices.

5.2. Miniaturization of Optical Components
5.2.1. Light Sources

Despite considerable research on compact and portable plasmonic biosensors, achiev-
ing complete miniaturization and integration remains a challenge. For obtaining a focused
monochromatic wave to interact with the sensing surface, lenses and polarizers are crucial.
However, these components occupy a considerable amount of space and require a complex
setup to function effectively. The article [98] provides an insightful overview of different
light source technologies for NPB. To resolve this problem, plasmonic light sources offer a
promising solution.

Plasmonic light sources can provide a compact alternative and can generate the
required wave through the amplification of surface plasmons within cavities [99]. Using
a silica spacer, Jimenez et al. in [100] coupled an electrically biased vertical cavity LED
(VLED) with a plasmonic gold thin film, and a gold nanograting was placed above the thin
film to propagate the far-field plasmonic wave. Microfluidic channels were incorporated
into the design to enhance delivery. In spite of this, the inefficient coupling between the
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VLED source and the plasmonic gold nanograting reduced sensitivity compared to other
devices at about 3 × 10−4 RIU. In comparison with other PL-pumped SPR devices, it has
weaker signal-to-noise ratios. As a result of significant absorption of the propagating light,
the VLED body material hinders testing with real biological analytes. S-polarized modes
generated noise and obscured the response of p-polarized modes coupled to the plasmonic
sensor, which was another challenge.

Quantum dot LEDs, which are LEDs that use quantum dots as the light-emitting
material, were used as an integrated light source in [78]. In this study, an Al-ITO-Al (MIM)
pattern was used to enhance the intensity of the generated light waves in a normal direction
to the grating surface (see Figure 3C). In this design, coupling the laser signal to the on-chip
waveguide without substantial loss is the primary challenge [99]. According to [101], up to
60% of the source could be coupled to the waveguide efficiently.

5.2.2. Waveguide and Optical Fibers

Prisms are used in portable Kretschmann SPR biosensors to compensate for the dis-
crepancy between the wave number of the plasmonic wave and the incident wave. This
type of coupling delivers an incredibly sensitive sensing mechanism. Prisms, however,
impede biosensor miniaturization for point-of-care applications [102]. To overcome this
challenge, alternative coupling methods such as waveguides and optical fibers can be used
instead of prisms, thereby reducing the biosensor’s size and cost while providing efficient
wave localization [103,104].

In [105], a plasmonic nano-ring resonator is incorporated into an optical fiber to
demonstrate the integration of a plasmonic sensor with an optical fiber (see Figure 4).
Among the challenges of this design are the incorporation of an adhesion Ti layer between
the sensor and the fiber, as well as the broadening of the plasmonic resonance when
the numerical aperture of the fiber is large. A dielectric waveguide is used to connect
the plasmonic resonator to an optical fiber in [104]. CMOS fabrication technology is fully
integrated into the system with silicon-on-insulator (SOI) technology. Although this method
offers many theoretical advantages, there is no experimental data to support it.
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The study [83] implemented a polymer-integrated biosensing system (see Figure 3E).
To function as a light source, a polymer light-emitting diode (PLED) was spin-coated onto
a glass substrate. A photoluminescent (PL) material was deposited on the substrate’s
opposite side to evanescently couple the transmitted light wave to the tantalum pentoxide
waveguide. A coupling efficiency of 31% was found between the waveguide and the PL.
Nevertheless, it is challenging to completely remove analyte residuals from the fluidic
channels, which affects repeatability.

Using a complementary metal-oxide-semiconductor (CMOS) chip for imaging the
beam transmitted from the plasmonic chip, the authors in [106] presented a battery-
powered, handheld plasmonic biosensing system. Rather than using a lens to focus the
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beam, phase recovery was used to reduce the distance between the imager and the plas-
monic chip. A gold array of nanoholes was used for high-throughput multiplexed sensing,
but the device exhibited a high detection limit. Sensing devices should have a low detection
limit to achieve high sensitivity. Several modifications were proposed to address this
problem: replacing the LED with a laser source at the expense of a larger setup, improving
plasmonic resonance sharpness, acquiring multiple images for different LED wavelengths,
and using improved CMOS imaging chips with cooling circuits.

5.2.3. Photodetectors

The final step of the biosensing process is the detection step, where the changes that
result from the analyte interrogation upon the incident wave are observed by a photode-
tector or an imaging device, such as a camera with high responsiveness in the operating
range of interest [107]. Real-time monitoring is possible with charge-coupled device (CCD)
cameras. However, since the passivation layer consists of either silicon nitride or silicon
dioxide, it may lead to lower sensitivity values due to their reflectance and absorbance
profiles. A second challenge was the defects introduced in the photodetector during the fab-
rication process when the CMOS chip was exposed to the e-beam used to pattern the gold
array [108]. There is also a weak overlap between the preferred plasmonic resonance range
of gold (>700 nm) and the peak detection range of the photodetector (around 600 nm) [109].

A spectrometer with a wide wavelength range is required for spectral analysis of
plasmonic resonance shifts. To track the optical response accurately, many spectrometers
are required, which is a challenge for miniaturization. This challenge can be addressed with
signal-processing techniques such as principal component analysis (PCA), which identifies
the directions of maximum variation in data and maps the data to these directions. In [110],
PCA was used to classify analyte gasses of a plasmonic gas sensor into four categories.
In [111], it was used to analyze the Raman spectra of gold and silver nanoparticles. It
was also used in [112] to remove higher-order components from the spectral response of
plasmonic gold NPs assembled on DNA strands. Using plasmonic gold nanorods for gas
sensing, PCA was used to reduce the number of spectrometers needed in [113]. The design
becomes more compact by replacing the full spectrum analysis with a few wavelengths.
Instead of using an external light source, the authors proposed harnessing thermal energy
in combustion locations to excite the plasmonic sensor, which would minimize the sensor’s
size and facilitate design integration. However, due to the low signal-to-noise ratio, the
PCA was unable to provide adequate differentiation for the thermal imaging data.

An imaging objective and a plasmonic gold nanodisk sensor are integrated simulta-
neously in [114] by integrating a gradient index (GRIN) lens with a microfluidic channel.
Signals reflected from the plasmonic sensor appear as parallel rays from the GRIN lens,
making coupling to a spectrometer easier. Due to the absence of an adhesion layer, the
lift-off step during electron beam lithography (EBL) introduces defects into this design.
Additionally, the pinhole used to focus the reflected signal increases the device’s size.

Smartphone cameras for imaging, software applications for data processing, and
phone batteries for powering the sensor are being used as emerging tools for the integration
of light detectors [26]. This approach reduces the size of the biosensor and speeds up the
sensing process. Ref. [115] provides a comprehensive overview of the use of smartphones
for SPR measurements. Smartphone imaging is challenged by its limited resolution [26,115],
which may improve with time as smartphone camera technologies advance.

5.3. Flexible NPB

For further development of portable NPBs, the use of flexible materials has been a
bright spot for the field. Flexible NPBs combine flexible substrates with plasmonic materials
for the detection of biological molecules. This flexibility allows the sensors to conform
to various shapes, which makes them suitable for continuous monitoring, integration
with soft tissues, and wearable applications. One of their main advantages includes the
ability to provide real-time, continuous monitoring in dynamic environments due to their
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adaptability to differing surface conditions. Additionally, their lightweight and bendable
nature allows for more user comfort when considering point-of-care applications such as
non-invasive diagnostics [116].

Chowdhury et al., in [117], proposed a wearable SERS-based sensor, offering flexibility,
stretchability, and reliable performance under bending and stretching, using PDMS sub-
strate. This design showed an EF of 1011, a scattering to absorption ratio of about 2.5, and a
large hotspot volume of 40 nm × 40 nm × 5 nm. In addition, Wang et al., in [89], developed
a wearable plasmonic-electronic sensor with “universal” molecular recognition, using a
flexible surface-SERS metasurface to noninvasively extract and analyze multiple body
analytes. This design maintained its plasmonic activity under deformation and successfully
tracks trace amounts of drugs, offering a sensitive platform for real-time monitoring of
drug metabolism. Additionally, ref. [86] presented a flexible, wearable substrate called
SF-AAO-Au, combining silk fibroin, anodic aluminum oxide, and gold nanoparticles to
create a biocompatible, highly sensitive SERS biosensor for glucose detection. In their
study [90], Chung et al. introduced a flexible, nanofibrous SERS substrate made from
thermoplastic polyurethane and gold coating for non-invasive sweat pH sensing, using
pH-responsive molecules 4-MBA and 4-MPy. The results of the study demonstrated high
resolution, fast sweat absorption, good repeatability, and stable performance over 35 days.
Han et al. [92] developed a wearable sweat sensor combining Janus fabric for sweat collec-
tion and grapefruit optical fibers embedded with silver nanoparticles for sensitive SERS
analysis of sodium lactate and urea. As can be concluded from the literature, the main
challenge in designing future flexible NPBs will be to maintain the performance of flexible
biosensors under deformation during stretching and bending.

5.4. Other Wearable SERS-Based Biosensors

Recent research has addressed the challenge of integrating SERS technology with
wearable biosensors. Many of these designs have been using sweat as a sample of body
fluids for continuous health monitoring. For example, Atta et al. [81] presented a wearable
patch based on SERS that enables the simultaneous detection of lactate, urea, and glucose
in sweat using gold nanostars on adhesive tape. This patch demonstrated high sensitivity,
with LODs of 0.7, 0.6 and 0.7 µM for lactate, urea, and glucose, respectively. In another
study by Zhu et al. [84], a wearable SERS sensor was introduced which was inspired by the
omnidirectional light-harvesting of the compound eye, using an omnidirectional plasmonic
nanovoids array (OPNA) to enhance detection stability during movement. This sensor
features a robust structure that protects “hotspots” and an asymmetrical super-hydrophilic
surface for concentrating analytes from sweat.

In addition to analyzing sweat, wearable NPBs can also be used to analyze other
biological fluids. Xiao et al., in [85], presented a wearable diaper sensor that uses a
handheld Raman spectrometer and SERS to non-invasively detect biomolecules like urea,
creatinine, and bilirubin in urine. This sensor utilized a raspberry-shaped Au substrate
for enhanced signal detection and higher sensitivity. Additionally, in the study [118],
Xing et al. created a multifunctional wearable sensor using plasma-functionalized silk fabric
coated with silver nanoparticles (SFs@Ag) to enable both biomechanical and biomolecular
sensing. The sensor accurately detects mechanical pressure and biomolecules, supported by
machine learning for recognizing muscle strain, and offers highly sensitive SERS detection
for comprehensive personalized health monitoring, including potential applications in
neuromuscular disorder diagnosis.

5.5. Microfluidics NPBs

The advantages of NPBs with microfluidic channels and reservoirs are numerous. As a
result of microfluidic channels, analyte solutions are delivered to the plasmonic sensing sur-
face more efficiently, increasing the reaction rate and reducing diffusion times [14,103,119].
Additionally, they reduce the number of analytes needed for accurate sensing [120]. Mi-
crofluidic channels enable multiplexed sensing [121], which increases chip throughput
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by delivering analytes to multiple sensing spots at once [74,122]. In [123], for instance,
264 sample analytes are processed simultaneously in a single experiment. By using mi-
crovalves and row multiplexer gates, microfluidic flow is precisely controlled. The entire
sensing area measures 2.5 cm x 2.5 cm. Moreover, microfluidic chambers are used to trap
and incubate cells [124,125], ensuring that the analytes are located near the detection sites.
As a result, the sensing process is enhanced, and the LOD is lowered [126].

The most common material used to fabricate microfluidic channels is PDMS, but
alternative materials such as PMMA [34,74] and paper [127] have also been used. The
integration of PDMS with metallic nanoparticles (NPs) provides a stretchable substrate with
tunable properties [127], which provides advanced analyte manipulation and operational
flexibility. The hydrophobicity of PDMS makes it challenging to integrate plasmonic sensors
with microfluidics [128]. As a result, plasmonic NPs will have weak binding to PDMS
channel walls. In this way, they can easily dissolve in the analyte solution flowing through
the channel. This issue should be addressed by surface modification [129]. For plasmonic
biosensing systems to be small-footprint and high-performance, these components must be
integrated onto a substrate.

Microfluidics can also be introduced into paper-based biosensors for better real-time
monitoring. Li et al. [91] introduced a flexible, wearable paper-based microfluidic device
using SERS for continuous, real-time monitoring of uric acid and pH. Another study created
a wearable microfluidic SERS-based NPB capable of the non-invasive detection of biomark-
ers such as urea, lactate, and pH in sweat. This design offers a miniature, thin plasmonic
metasurface with homogeneous mushroom-shaped hot spots, providing high-resolution
analysis by preventing the mixing of old and new sweat [87]. Mogera et al. [88] introduced
a wearable plasmonic paper-based microfluidic system for continuous, simultaneous moni-
toring of sweat loss, sweat rate, and metabolites using label-free SERS to detect uric acid.
Overall, wearable designs based on microfluidic technology have demonstrated substantial
potential for continuous and long-term monitoring of pH, lactate, and uric acid levels.

6. Strategies for Enhancing Reproducibility

Recently, several studies have focused on investigating strategies to enhance the
reproducibility and reliability of NPBs. One of the major obstacles in nanoplasmonic
biosensors is the fabrication of uniform, reproducible nanostructures, because nanostructure
size, shape, and spacing can significantly impact their biosensing performance [130]. One
key approach is the precise control and optimization of the design of nanostructures and
the implementation of advanced nanofabrication techniques.

Advances in nanofabrication methods have further enhanced the reproducibility of NPBs.
For instance, methods such as block copolymer micelle nanolithography have been employed
to produce gold nanoparticle arrays, significantly enhancing the reliability of plasmonic biosen-
sors. This technique offers precise control of the size and density of the nanoparticles while
being cost-effective and easily scalable [131]. Another approach is the integration with on-chip
reference sensors and microfluidics, which led to the emergence of Lab-on-chip optical biosen-
sor platforms. For example, utilizing patterned plasmonic nanostructures within microfluidics
has displayed great potential in label-free, multiplex ultrasensitive detection while enhancing
the uniformity of the sensors [26,132,133]. This platform minimizes sensor-to-sensor variation
by automating sample handling and measurements. Moreover, on-chip reference sensors
have been shown to correct non-specific effects and environmental fluctuations and improve
the statistical reliability of measurements.

Furthermore, researchers have explored different strategies to optimize surface chem-
istry and biofunctionalization techniques. Self-assembling techniques for fabricating pil-
lar arrays spiked with nanoparticles and self-assembled monolayers have been docu-
mented to generate high-density hotspots and reproducible functional surfaces across
batches [134–136]. Employing stable bioconjugation procedures such as covalent immobi-
lization or biotin-streptavidin surface functionalization has proven to improve the consis-
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tency of bioreceptors on the plasmonic surface, thereby enhancing the reproducibility of
the biosensors [137].

An additional approach involves the integration of plasmonic nanoparticles with other
nanomaterials, such as porous silicon or fluorescent quantum dots, to create novel hybrid
materials. These integrated systems have proven to demonstrate increased sensitivity and
reliability as a result of the materials’ synergetic properties [133,138,139]. For example,
hybrid materials containing porous silicon have been illustrated to have improved surface
biocompatibility and tunability. These properties are critical for maintaining reliable sensor
performance [138].

Recent progress in machine learning and data processing technologies is also aid-
ing in improving the reproducibility of plasmonic biosensors. The capacity to process
datasets produced by these sensors instantaneously can result in calibration and error
adjustment procedures, which consequently enhance the reliability of the recorded mea-
surements [140]. As an example, portable biosensing devices, when connected to gadgets,
can enable instantaneous responses and modifications to counter the challenges associated
with environmental changes during measurements [140–142].

To summarize, enhancing the reproducibility of plasmonic biosensors can be realized
by precise nanostructure control, advanced nanofabrication techniques, surface function-
alization techniques, hybrid nanomaterial integration, and employing machine learning
for data analysis and interpretation (Figure 5). Not only do these approaches tackle the
issues of inconsistency, but they also open up opportunities for the wider use of plas-
monic biosensors in various fields, including medical testing, healthcare monitoring, and
environmental uses.
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7. Applications

Many attempts have been made to demonstrate the potential of plasmonic sensors. A
growing number of applications of NPBs have attracted special attention in recent years, in-
cluding in point-of-care diagnosis and prognosis [19], healthcare monitoring [143], and early
cancer diagnosis [144]. The field has demonstrated significant advancements and applica-
tions across not only biomedical applications but also other fields, including environmental
pollution evaluation [145], water-borne virus detection [146,147], food safety [148], detect-
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ing biological and chemical threat agents [149], multispectral imaging devices [150–152],
plasmonic fiber-optic sensors [153–155], and solar cells [156,157]. A number of promising
results have been obtained by utilizing plasmonic sensors for the detection of environmen-
tal pollutants, such as pesticides, toxic heavy metals, and microorganisms, which have
been released to the environment either in a controlled or uncontrolled manner [158,159].
Additionally, these sensors could have been utilized for the routine testing of contaminants
in food and water for the purposes of ensuring food safety and quality [160,161]. Global
concerns, therefore, will be addressed through recent technological advancements [7]. As
shown in Figure 6, all applications are classified into four groups, which will be reviewed
in the following section.
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7.1. In Vitro Disease Diagnosis

The NPBs designed for in vitro diagnosis are able to provide high-accuracy measure-
ment over a wide range of concentrations, which is extremely beneficial for clinical diag-
nosis. To monitor and diagnose diseases, a wide range of chemicals, target biomolecules,
disease biomarkers, antibodies, proteins, nucleic acids, and enzymes have been addressed
in the plasmonic literature [162,163]. Owing to the fact that the diagnosis of many cancer
types at early stages expedites their treatment, utilizing a plasmonic biosensor for diagnos-
ing cancer’s biomarkers, including Neuron-Specific Enolase, microRNA, and Cytokines, is
an emerging approach [164]. The performance of the biosensor, therefore, has been investi-
gated for its ability to detect various cancer markers, including human epidermal growth
factor receptor 2 (HER2), doxorubicin (DOX), alpha-fetoprotein (AFP), Carcinoembryonic
antigen (CEA), C-reactive protein, and prostate-specific antigen (PSA) [14,21,165]. The two
latter biomarkers have been evaluated for prostate cancer diagnosis as an antigen [166].
They can also be used for cancer drug screening, namely Mucin-1 Anticancer drug.

Using NPBs to measure biomarkers associated with neurodegenerative diseases
demonstrated promising results for future POCT devices in this field of research. A few
studies have been conducted in this field to measure Alzheimer’s’ chemical biomarkers
concentrations, namely amyloid beta peptides and tau proteins, in patients’ blood serum
and cerebrospinal fluid [167–169]. Other analytes, including NaCl, D-glucose, Adenine,
Thiram, 4-amino-benzoic acid, Pyrocatechol, Tobramycin, Thrombin, Lectin, CA125, HE4,
Eotaxin-1, and PTX3, have also been measured via plasmonic nano-biosensors [14]. In
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addition, the detection of cytokines, signaling proteins of inflammation in the human body,
namely IgE, IgG, Interleukin-1 (IL-1), IL-2, IL-4, IL-6, IL-10, Interferon gamma (IFN-γ),
Tumor Necrosis Factor alpha (TNF-α), and matrix metalloproteinase-3 (MMP-3) enzyme,
have been addressed in the literature [14,170].

7.2. Plasmonic Photothermal Therapy

SPR technology was used for not only biosensing applications but also cancer therapy,
viz. plasmonic photothermal therapy (PPTT) [171]. Recently, a method has emerged
which utilizes the unique photothermal properties of gold and silver nanoparticles to
convert light into heat, corresponding to the LSPR absorption band, and selectively target
cancer cells, a process that occurs rapidly. The photoexcitation of the metal nanoparticles
induces the formation of a heated electron gas that cools rapidly within 1 ps by exchanging
energy with the lattice of the nanoparticles (NP). Within 100 ps, the NP exchanges energy
with the surrounding medium through phonon–phonon interaction [172,173]. Gold and
silver nanoparticles can be precisely tuned for biomolecular targeting to induce the death
of cancer cells by precise heating [174]. Dr. El-Sayed’s group, in one of their seminal
papers in 2008, demonstrated that in vivo PPTT could be used for treating deep-tissue
malignancies with inexpensive near-infrared lasers and gold nanorods [175]. Recent studies
have focused on two different areas of plasmonic photothermal therapy: the development
of new nanostructures and the integration of cancer biosensors with PPTT.

Many attempts have been made to improve photothermal conversion efficiency in
the last decade. Gold nanostars in PPTT have received particular attention due to their
high heat conversion efficiency. Chatterjee et al. investigated the effects of sharpness on the
enhanced field at the tip head and the temperature distribution localized there by using gold
nanostars as a model structure [176]. A study conducted by Dr. El-Sayed and his colleagues
in vitro determined the ideal size of gold nanorods (AuNRs) by comparing their plasmonic
properties as well as their efficacy as photothermal contrast agents [177]. The amount of
heat generated by the nanoparticles upon NIR laser irradiation depends on the amount
of absorbance to total extinction, the electric field, and the distance from the nanoparticle
surface [177]. The authors of [178] carried out a study using AuNRs to initiate apoptosis
in different cell lines and compared the results. In all three cell lines, PPTT resulted in a
significant reduction in viability and an increase in apoptosis [178]. A special black noble
metal core–shell nanostructure has been reported by Liu et al. in [179], consisting of silver
(Ag) nanocubes as the core, and amino acid-encoded, highly branched Au nanorods as
the shells. Additionally, polydopamine-coated gold nanoclusters have shown excellent
photothermal properties with a conversion efficiency of 60.3% and better stability [180].
Ayala-Orozco et al. in [181] compared 90 nm diameter Au nanomatryoshkas (Au/SiO2/Au)
and 150 nm diameter Au nanoshells for the treatment of highly aggressive triple negative
breast cancer (TNBC) tumors in mice. According to this study, Au nanomatryoshkas are
more effective for PPTT because of their smaller size and larger absorption cross-section.
Based on these findings, we can conclude that the efficiency of photothermal conversion
varies depending on the shape, size, metal, and configuration of the nanostructure of
the nanoparticle.

Besides advancements in novel nanostructures, biosensors have been integrated with
therapeutic modality with the aim of developing a novel cancer treatment approach [182].
Recent literature reviews found that gold nanostars can be used not only for photothermal
treatment, but also for tumor imaging and as supplemental treatment in immunotherapy,
which has the ability to enhance overall cancer treatment efficacy [183]. The development
of nanoparticle-based combination therapies further supports the concept of multimodal
therapeutic approaches against tumors of various complexities [184]. Nair et al., in [185],
reported the synthesis of a hybrid nanomaterial consisting of an extremely small gold
nanocluster and an asymmetric gold nanostructure, a gold nanorod, with unique optical
properties such as tunable emission and NIR absorption. The hybrid system was designed
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to emit and absorb in the NIR region so it could be used simultaneously for imaging and
therapy [185]. Future cancer therapies may benefit from these innovative approaches.

7.3. Drug Monitoring and Delivery Systems

These biosensors can also be used to measure the concentration of drugs and molecules
with clinical applications, namely antibiotics, anticonvulsants, and anticancer drugs [186].
This application is helpful for real-time pharmaceutical studies, which in turn aids in
keeping therapeutic drugs within desired ranges. Ilkhani et al. developed an NPB, utilizing
gold-coated Fe2Ni@Au nanoparticles functionalized with DNA and working based on
the SERS/electrochemical transduction. The device was designed to measure DOX, a
chemotherapeutic drug used in the treatment of breast cancer, as well as to assess DNA
modification and dose dependence [187]. In a study by Muneer et al., gold nanostructures
were deposited on a nickel foam substrate to detect a specific antibiotic, meropenem, in
human blood plasma at picomolar concentrations [188]. The latter application of NPBs
contributes to the mitigation of microbial resistance. The controlled release of medicines can
be achieved by integrating NPBs with drug delivery systems. In this way, medicines, pre-
scribed by doctors, are released at specified amounts and concentrations, thereby enhancing
treatment efficacy and minimizing adverse effects [189]. Incorporating these technologies
into drug delivery systems will improve personalized medicine [190].

7.4. Genetics

A number of recent studies have demonstrated that these biosensors can be used
in gene monitoring, specific nucleic acid sequence detection, and gene expression stud-
ies [162]. Previous studies have demonstrated that plasmonic nanoprobes could be used
for detecting specific DNA sequences associated with severe diseases, including HIV and
breast cancer [191]. As reported by Ma et al. in [192], the LSPR biosensor is capable of
detecting mutant DNA and telomerase, which are cancer biomarkers. LSPR nanoaptasen-
sors, proposed by Tian et al., based on Au@Ag core–shell nanocubes, provided real-time
monitoring of the formation process of G-quadruplex structures [193]. Nguyen et al. de-
veloped the LSPR biosensor to identify mutations and methylation of circulating tumor
DNA of the PIK3CA gene, a biomarker for cancer assessment [194]. The method described
by Crawford et al. is based on plasmonic probes for the real-time imaging and biosensing
of mRNA biomarkers in plant leaves [195]. These studies have showcased the impressive
potential of NPBs in genetics.

8. Challenges and Trends

Research papers on NPBs have recently followed specific lines of scientific investiga-
tion. These challenges and trends are classified into five groups, which are performance
metrics, biorecognition, practical constraints, surface chemistry, and integration with emerg-
ing technologies. In the first group, researchers try to improve performance metrics of
biosensors, including sensitivity, LOD, FOM, and specificity, using innovative synthesis
and design techniques. The second line of research focuses on finding new biological or
synthetic materials to detect specific chemical biomarkers, proteins, mRNA, etc. Practical
constraints include high cost, bulkiness, long-term stability, and the level to which a mate-
rial is prone to environmental conditions, which will be explained here. Another issue in
this field is the distinction between surface and bulk sensitivities. In addition, several new
emerging technologies, namely artificial intelligence (AI), Information and Communication
Technology (ICT), neuroscience, etc., have been integrated into these biosensors; however,
serious challenges still need to be addressed.

8.1. Enhancing Performance Metrics

While the results of recent studies have notably improved measurement parameters,
namely sensitivity, LOD, FOM, etc., of these biosensors, more research is required to achieve
perfect technology [196]. Recent research has focused on improving biosensors’ LOD and
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sensitivity through strategies such as optimizing nanostructure design, material selection,
and modifying sensor interfaces [44,197]. The use of advanced sensing techniques, such
as refractometric sensing, plasmon rulers, and chiral plasmonics, has also been studied
to lower the LOD [197]. An approach developed by Facson et al. in [198] involved using
metallic labels to amplify signals. According to [199], the main issue with commercial
SPR biosensors is their limited LODs due to noise levels, which generally range between
10−6 and 10−5 RIU. Caucheteur et al. [200] reported that gold coatings and roughness
significantly affect the sensitivity of plasmonic fiber gratings for the detection of a cancer
biomarker, cytokeratin 17. While these advancements in NPB technology are pushing the
LOD towards single-molecule detection, more studies are needed.

In terms of high-sensitivity detection, several strategies have been proposed in partic-
ular. These strategies include optimizing nanostructure design, such as using nanowires or
nanogrooves to amplify plasmonic fields [201,202], and employing nanoparticle-antibody
conjugates to amplify signal shifts [203]. In addition, experimental approaches involve fab-
ricating plasmonic array nanostructures and site-selective immobilization, while mathemat-
ical approaches utilize LSPR inflection points to improve refractive index sensitivity [204].
Other sensitivity-enhancing strategies include signal amplification through polymerization
and nanocatalysts, diffusion-limit-breaking systems, and combined approaches utilizing
renal concentration and chemical signal amplification [205]. There have also been several
studies addressing the issue of achieving high FOM. Phase-sensitive measurements have
shown potential in boosting FOM by reducing linewidths [206]. Optimization strategies
include coupling LSPR with other phenomena, such as Wood’s anomaly or surface lattice
resonances, to enhance sensitivity and FOM [207]. In summary, although NPB performance
is approaching its theoretical limits as a result of these advancements, further research
is required.

LSPR sensors are prone to interference from non-specific binding and biofouling in
complex matrices [199,208]. There have been several strategies developed for address-
ing this challenge, including self-assembled monolayers, polymer brushes, and nanopat-
terned surfaces [209–211]. Vasocherová et al. [211] have studied functionalized ultra-low
fouling carboxy- and hydroxy-functional surfaces. In addition, Jiang et al. 2020 [212]
reported antifouling sensors that can operate in complex sample matrices such as serum.
Lane et al. [213], presented a tool for designing liquid media systems that modulate specific
intermolecular interactions to reduce nonspecific binding in detection technologies, using
reagents like thiocyanate ions and glycylglycylglycine. Despite progress, challenges remain
in developing stable antifouling techniques for real-life samples.

8.2. Biorecognition

While plasmonic nanoparticles can be used as label-free optical sensors by attach-
ing molecular recognition elements to the nanostructures, it is unclear whether and how
functionalization of nanostructure hotspots will maximize sensing efficiency. Recent re-
search has focused on optimizing the functionalization of hotspot regions of nanostructures.
Various methods have been developed, including site-specific passivation [214], UV-laser
interference lithography [215], and nano-localized water heating [216]. Goerlitzer et al.
in [214] presented a high-throughput method for the site-specific functionalization of NPBs
using crescent-shaped nanostructures, which achieved efficiency of 90% for thiol molecule
detection. UV-Laser interference lithography has been introduced in [215] by Quilis et al. for
the local functionalization of plasmonic hotspots on gold nanoparticles. The authors created
periodic arrays using a UV-induced thermoresponsive poly(N-isopropylacrylamide)-based
(pNIPAAm) hydrogel matrix. The rapid ‘bottom-up’ approach uses pulsed laser irradiation
to heat the surrounding water to functionalize selective regions of plasmonic nanostruc-
tures, as proposed by Jack et al. [216]. In [217], using a rotating coordinate system in
colloidal lithography, Yang et al. created a hierarchical plasmonic nanostructure with
enhanced hot spot density and tunable LSPR. Heterodimeric plasmonic nanogaps formed
between gold nanostars and nanospheres showed high sensitivity for detecting single
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protein molecules and nucleic acid fragments (Chatterjee et al.) [218]. In spite of advances
made in functionalizing nanostructure hotspots, more research is needed to produce stable,
widely applicable, cost-effective, scalable, and easy-to-use biosensors in the near future.

8.3. Practical Constraints

The high cost and bulky size of SPR instruments prevent their commercialization
and use at point-of-care [98]. Recent efforts have focused on miniaturizing and reducing
the cost of SPR and LSPR devices. Approaches include using alternative light sources
like LEDs and smartphone displays [98], integrating LSPR with microfluidics [74], and
developing portable platforms [96]. In addition, combining light sources with waveguide-
based plasmonic devices can reduce both the sizes and costs of NPBs [219]. Besides cost
and size limitations, power supply for light sources, efficient coupling between integrated
light sources and waveguides, and reduction in SPR losses are the three other major
challenges in actual applications [219]. According to [199], it is not practical to carry out
point-of-care testing with phase modulation SPR systems. This is because their optical
configurations are very complicated. Therefore, future works should focus on the cost, size,
portability, and ease-of-use of this technology, as well as using semiconductor dielectric
materials such as silicon or germanium to mimic plasmonic metals while minimizing heat
losses. Future research will also focus on nanopattern arrays composed of microvalves and
distributed channels.

Other major challenges to commercializing LSPR include the long-term stability of
transducers, multiplex sensing, and high-throughput production [220]. In the study [221]
by Wang and Tang, it was demonstrated that gold nanorod arrays can be used to create
multiplex biosensors for simultaneous multi-sample analysis, with distinct plasmon peaks
corresponding to different analytes. The results of the study demonstrated linear sensitivity
for all targets with minimal cross-reactivity. In addition, Aćimović et al. [222] developed
an NPB for the real-time detection of cancer biomarkers in complex matrices with high
sensitivity, using 32 sensing sites and eight independent microfluidic channels. According
to Xiang et al. [223], to develop cost-effective, high-throughput LSPR biosensors, large-area
fabrication techniques, such as nanosphere lithography, are essential, which should be
addressed in future research.

In future works, flexible and wearable NPBs can be developed by selecting a proper
polymer substrate based on factors including wettability, surface roughness, thermal stabil-
ity, and biocompatibility. These flexible NPBs should be designed to withstand bending,
stretching, and twisting. Energy supply considerations are also rarely addressed for NPBs
in point-of-care applications. It is essential that self-powered NPBs provide or harvest
power for light sources, photodetectors, microfluidic actuators for the manipulation of
analytes, and electronic circuitry for signal processing. It will also be possible to integrate
metallic nanoparticles with 2D semiconductor sheets in future NPBs, thus combining the
plasmonic properties of metal with the tunability and ultra-thinness provided by 2D semi-
conductor sheets. Further research is also required to design plasmonic components that
deliver robust performance under harsh industrial conditions. Furthermore, future research
will need to address the effective removal of analytes post-sensing, namely reusability, LOD
dependence on the amount of sensed analyte, and reproducibility of bottom-up synthesized
nanostructures. Therefore, there are still many challenges that need to be overcome in order
to improve practical applications of NPBs.

8.4. Surface Chemistry

In most cases, NPBs are evaluated by immersing the nanostructures in liquid samples
and observing the peak shifts, which are referred to bulk sensitivity. For this sensitivity,
average electromagnetic fields close to whole plasmonic nanostructures are taken into
account. On the contrary, surface sensitivity is related to a confined region of the elec-
tromagnetic fields around them [224,225]. Li et al., in [226], compared the surface and
bulk sensitivity of diffractively coupled plasmonic crystals using atomic Al2O3 layers. It



Biosensors 2024, 14, 593 23 of 33

has been shown that, as opposed to the bulk sensitivity, the surface sensitivity shows an
opposite dependence on coupling strength and metal thickness. It was also demonstrated
in [225] that optimizing interparticle gaps in nanoparticle dimers can significantly enhance
surface sensitivity compared to bulk sensitivity. Ricciardi et al. [227] demonstrated that
there is a significant difference between bulk and surface sensitivities in NPBs based on
Rayleigh anomalies. Furthermore, thin overlays of analytes decreased surface sensitivity
by two orders of magnitude compared to bulk sensitivity. Overall, the difference between
bulk and surface sensitivities when designing NPBs should be considered in future works.

8.5. Emerging Technologies

Miniaturizing NPBs for Lab-on-chip devices and integrating them with portable
technologies, such as microfluidics, can be challenging [228]. Integrating LSPR sensing
technology with microfluidics enables automation, precise control, and enhanced sensing
efficiency by using small volumes and rapid processing [74]. Microfluidics also improves
reaction rates, reduces diffusion times, and supports efficient surface regeneration [74]. In
addition, the integration of NPBs with microfluidics enhances multiplexing capabilities
and promotes high-throughput analysis [132]. Aćimović et al. [222] have demonstrated the
parallel, real-time detection of cancer biomarkers in complex matrices using LSPR chips
with integrated microfluidics. In terms of improving sensitivity, the integration of gold
bipyramidal nanostructures into microfluidic devices has demonstrated bulk refractive
index sensitivities of up to 243 nm RIU−1, according to Campu et al. [229]. Microfluidic
designs offer insights beyond traditional transduction methods into various phenomena
at liquid–liquid and solid–liquid interfaces [230]. Bhalla and Shen [230] have also applied
LSPR and microfluidics to monitor DNA polymerase activity and analyze biological fluids.
Despite considerable progress, further research is needed in plasmonic-based microfluidics.

To the best of the authors’ knowledge, the integration of NPBs with Information
and Communication Technology (ICT) has not been addressed in the literature [231].
Similarly, integrating artificial intelligence (AI) and machine learning techniques with NPB
technologies has rarely been studied. Machine learning approaches can improve data
processing, sensor accuracy and reliability, and signal-to-noise ratio [232]. In addition to
analyzing large sets of data, such approaches can also correlate data and physiological
events, even from noisy and low-resolution sensors. Mortazavi et al. used neural networks
to model LSPR nanoparticles, which allows for the prediction of device characteristics
based on the dimensions of the nanoparticles [233]. Dong et al. [234] developed AI-assisted
signal processing algorithms to improve sensor specificity and sensitivity. Liang et al. [232]
developed biosensors based on NPBs and AI methods that can detect SARS-CoV-2 virus
particles directly. The results of the study indicate that the viral concentration can be
detected with an accuracy greater than 97% and a detection limit of 100 vp/mL within
12 min in the range of 125.28–106 vp/mL. The integration of AI and LSPR technology,
therefore, paves the way for improved design, data analysis, and performance.

9. Conclusions

In light of a comprehensive review of the literature, we have concluded that NPBs hold
huge potential for single biomolecule detection in POCT devices owing to their simplicity
and cost-effectiveness as well as other excellent intrinsic features, namely their ultra-high
sensitivity, low noise background, real-time monitoring, high reusability, small molecules,
and label-free detection. A wide range of applications have also been developed in the field
of NPBs, such as disease diagnosis, photothermal therapy, genetics, and drug monitoring
and delivery. For all their potential applications and benefits, NPBs face several technical
challenges that are to be addressed to allow high throughput production and usage.

According to the review of the literature, other dielectric function models have been
reported, in addition to the Drude and Drude-Lorentz models, two of the most commonly
used models. These models include the Brendel-Bormann, multiple oscillators, and Pade-
based generalized dispersive material models, which predict dielectric properties with
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higher accuracy and for wider spectral ranges. The dielectric function model has also been
shown to be more accurate when re-tuned for specific metals and wavelengths. Despite
progress in the field, more research is needed to develop models for all spectral ranges
and nanomaterials.

A recent development in plasmonic nanomaterials has contributed to advancing
the performance of biosensors. Metals such as Au, Ag, and Cu, are generally suitable
plasmonic materials due to their abundance of free electrons. However, they exhibit
certain drawbacks, including limited chemical stability, high ohmic losses, and non-tunable
conductivity. In contrast to metals, semiconductors, including aluminum-doped zinc oxide
and indium-doped tin oxide, can be tuned according to the size, shape, and composition of
the nanoparticles. This tunability enables the development of highly sensitive and selective
biosensors. As a result of further advances in 2D nanomaterials, not least graphene,
NPBs have achieved superior success in not only sensitivity but also selectivity. They
are ideal for portable devices with light sources of limited wavelength ranges since they
operate between terahertz and mid-infrared frequencies. This progress in plasmonic
nanomaterials indicates that, by using 2D nanomaterials’ unique properties in combination
with novel fabrication techniques, researchers will design next-generation portable NPBs
with outstanding performance metrics.

In recent years, portable NPBs have gained popularity for rapid and on-site medical
testing, especially in remote areas, by offering quick, low-cost, and user-friendly per-
formance. The literature review indicates that portable NPBs can be divided into five
groups, namely portable SPR, miniaturized components, flexible NPBs, wearable SRS-
based designs, and microfluidic NPBs. The miniaturization of optical components has
been addressed in recent studies, since portable SPR designs require all components to be
small. In addition to portable SPR designs, flexible NPBs use lightweight, conformable,
flexible substrates and plasmonic nanomaterials, making them ideal for wearable and
continuous monitoring. However, maintaining sensor performance during stretching and
bending remains a challenge. SERS technology has also been integrated with wearable
biosensors to monitor health conditions continuously, using sweat as a sample of body
fluids. Biological fluids other than sweat have also been analyzed by wearable SERS-based
NPB. In addition to these designs, microfluidic-based NPBs offer several benefits, such
as improved sensing efficiency, reduced analyte requirements, and multiplexed sensing
for higher throughput. The weak binding of Plasmonic NPs to PDMS channels in these
types of NPBs allows them to dissolve in analyte solutions, which requires further surface
modification. Future portable NPBs will address key challenges, including the miniaturiza-
tion of components, maintaining sensor performance during deformation, and addressing
nanoparticle binding issues.

Reproducibility is one of the major hindrances to the commercialization of NPBs.
In order to improve this parameter, researchers have found that it is possible to control
nanostructures precisely, use advanced nanofabrication techniques, incorporate hybrid
materials, and apply machine learning to data analysis. Indeed, in the design of the next-
generation NPB, advanced reproducibility techniques for fabrication and performance will
be considered.

There are five areas of upcoming trends in the NPB field of research, namely per-
formance metrics, biorecognition, practical constraints, surface chemistry, and emerging
technologies. Current advancements in NPBs have enhanced sensitivity and LOD, and
pushed performance towards theoretical limits. Excellent progress has also been made
in functionalizing plasmonic nanostructures, including site-specific passivation, UV-laser
interference lithography, nano-localized water heating, and hierarchical plasmonic nanos-
tructures. Nevertheless, challenges remain, including the need for more stable antifouling
techniques for real-life samples and scalable, cost-effective biosensors. NPBs have also
been limited in practical applications and commercialization due to their size and power
requirements. Therefore, future research should focus on overcoming wearability, porta-
bility, flexibility, microfluidic-based NPBs, long-term stability, and reusability. Innovative
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technologies such as ICT, AI, and machine learning are integrating with NPBs to boost data
analysis and performance.
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145. Lazarević-Pašti, T.; Tasić, T.; Milanković, V.; Potkonjak, N. Molecularly Imprinted Plasmonic-Based Sensors for Environmental
Contaminants—Current State and Future Perspectives. Chemosensors 2023, 11, 35. [CrossRef]

146. Song, X.; Fredj, Z.; Zheng, Y.; Zhang, H.; Rong, G.; Bian, S.; Sawan, M. Biosensors for Waterborne Virus Detection: Challenges and
Strategies. J. Pharm. Anal. 2023, 13, 1252–1268. [CrossRef]

147. Reihanifar, M.; Takallou, A.; Taheri, M.; Lonbar, A.G.; Ahmadi, M.; Sharifi, A. Nanotechnology Advancements in Groundwater
Remediation: A Comprehensive Analysis of Current Research and Future Prospects. Groundw. Sustain. Dev. 2024, 27, 101330.
[CrossRef]

148. Wang, Y.; Sun, C.; Li, H.; Gong, Q.; Chen, J. Self-Reference Plasmonic Sensors Based on Double Fano Resonances. Nanoscale 2017,
9, 11085–11092. [CrossRef]

149. Saylan, Y.; Akgönüllü, S.; Denizli, A. Plasmonic Sensors for Monitoring Biological and Chemical Threat Agents. Biosensors 2020,
10, 142. [CrossRef]

150. Miyamichi, A.; Ono, A.; Kamehama, H.; Kagawa, K.; Yasutomi, K.; Kawahito, S. Multi-Band Plasmonic Color Filters for
Visible-to-Near-Infrared Image Sensors. Opt. Express 2018, 26, 25178–25187. [CrossRef] [PubMed]

151. He, X.; O’Keefe, N.; Liu, Y.; Sun, D.; Uddin, H.; Nirmalathas, A.; Unnithan, R.R. Transmission Enhancement in Coaxial Hole
Array Based Plasmonic Color Filter for Image Sensor Applications. IEEE Photonics J. 2018, 10, 4501409. [CrossRef]

152. Pinton, N.; Grant, J.; Choubey, B.; Cumming, D.; Collins, S. Recent Progress in Plasmonic Colour Filters for Image Sensor and
Multispectral Applications. Nanophotonics VI 2016, 9884, 434–445.

153. Qi, M.; Zhang, N.M.Y.; Li, K.; Tjin, S.C.; Wei, L. Hybrid Plasmonic Fiber-Optic Sensors. Sensors 2020, 20, 3266. [CrossRef]
[PubMed]

154. Sharma, A.K.; Marques, C. Design and Performance Perspectives on Fiber Optic Sensors with Plasmonic Nanostructures and
Gratings: A Review. IEEE Sens. J. 2019, 19, 7168–7178. [CrossRef]

155. Caucheteur, C.; Guo, T.; Albert, J. Review of Plasmonic Fiber Optic Biochemical Sensors: Improving the Limit of Detection. Anal.
Bioanal. Chem. 2015, 407, 3883–3897. [CrossRef]

156. Mandal, P.; Sharma, S. Progress in Plasmonic Solar Cell Efficiency Improvement: A Status Review. Renew. Sustain. Energy Rev.
2016, 65, 537–552. [CrossRef]

157. Ueno, K.; Oshikiri, T.; Sun, Q.; Shi, X.; Misawa, H. Solid-State Plasmonic Solar Cells. Chem. Rev. 2017, 118, 2955–2993. [CrossRef]

https://doi.org/10.3390/ijms23010291
https://www.ncbi.nlm.nih.gov/pubmed/35008714
https://doi.org/10.1038/s41467-020-19755-0
https://www.ncbi.nlm.nih.gov/pubmed/33262332
https://doi.org/10.3390/mi12070826
https://www.ncbi.nlm.nih.gov/pubmed/34357236
https://doi.org/10.1038/s42003-020-01615-8
https://www.ncbi.nlm.nih.gov/pubmed/33452375
https://doi.org/10.1002/adfm.201904257
https://doi.org/10.1039/C9NA00149B
https://doi.org/10.1039/C6CS00509H
https://doi.org/10.3390/bios13040465
https://doi.org/10.3389/fchem.2020.00454
https://doi.org/10.3390/nano10030444
https://doi.org/10.3390/s23010445
https://www.ncbi.nlm.nih.gov/pubmed/36617043
https://doi.org/10.1016/j.heliyon.2024.e28195
https://www.ncbi.nlm.nih.gov/pubmed/38571667
https://doi.org/10.3390/ma15207289
https://www.ncbi.nlm.nih.gov/pubmed/36295354
https://doi.org/10.1149/2.F09193IF
https://doi.org/10.1016/j.bios.2022.114041
https://doi.org/10.3390/chemosensors11010035
https://doi.org/10.1016/j.jpha.2023.08.020
https://doi.org/10.1016/j.gsd.2024.101330
https://doi.org/10.1039/C7NR04259K
https://doi.org/10.3390/bios10100142
https://doi.org/10.1364/OE.26.025178
https://www.ncbi.nlm.nih.gov/pubmed/30469623
https://doi.org/10.1109/JPHOT.2018.2855684
https://doi.org/10.3390/s20113266
https://www.ncbi.nlm.nih.gov/pubmed/32521770
https://doi.org/10.1109/JSEN.2019.2915274
https://doi.org/10.1007/s00216-014-8411-6
https://doi.org/10.1016/j.rser.2016.07.031
https://doi.org/10.1021/acs.chemrev.7b00235


Biosensors 2024, 14, 593 31 of 33

158. El Harrad, L.; Bourais, I.; Mohammadi, H.; Amine, A. Recent Advances in Electrochemical Biosensors Based on Enzyme Inhibition
for Clinical and Pharmaceutical Applications. Sensors 2018, 18, 164. [CrossRef]

159. Hashemi Sigari, R.; Panagopoulos, T. A Multicriteria Decision-Making Approach for Urban Water Features: Ecological Landscape
Architecture Evaluation. Land 2024, 13, 1799. [CrossRef]

160. Zhou, J.; Qi, Q.; Wang, C.; Qian, Y.; Liu, G.; Wang, Y.; Fu, L. Surface Plasmon Resonance (SPR) Biosensors for Food Allergen
Detection in Food Matrices. Biosens. Bioelectron. 2019, 142, 111449. [CrossRef] [PubMed]

161. Moghim, S.; Takallou, A. An Integrated Assessment of Extreme Hydrometeorological Events in Bangladesh. Stoch. Environ. Res.
Risk Assess. 2023, 37, 2541–2561. [CrossRef]

162. Soler, M.; Huertas, C.S.; Lechuga, L.M. Label-Free Plasmonic Biosensors for Point-of-Care Diagnostics: A Review. Expert Rev. Mol.
Diagn. 2019, 19, 71–81. [CrossRef] [PubMed]

163. Tokel, O.; Inci, F.; Demirci, U. Advances in plasmonic technologies for point of care applications. Chem. Rev. 2014, 114, 5728–5752.
[CrossRef]

164. Falkowski, P.; Lukaszewski, Z.; Gorodkiewicz, E. Potential of Surface Plasmon Resonance Biosensors in Cancer Detection.
J. Pharm. Biomed. Anal. 2021, 194, 113802. [CrossRef]

165. Takaloo, S.; Zand, M.M.; Kalantar, M.; Rezayan, A.H. Detection of C-Reactive Protein Using a Flexible Biosensor with Improved
Bending Life. J. Electrochem. Soc. 2023, 170, 057513. [CrossRef]

166. Damborska, D.; Bertok, T.; Dosekova, E.; Holazova, A.; Lorencova, L.; Kasak, P.; Tkac, J. Nanomaterial-Based Biosensors for
Detection of Prostate Specific Antigen. Microchim. Acta 2017, 184, 3049–3067. [CrossRef]

167. Ameri, M.; Shabaninejad, Z.; Movahedpour, A.; Sahebkar, A.; Mohammadi, S.; Hosseindoost, S.; Ebrahimi, M.S.; Savardashtaki,
A.; Karimipour, M.; Mirzaei, H. Biosensors for Detection of Tau Protein as an Alzheimer’s Disease Marker. Int. J. Biol. Macromol.
2020, 162, 1100–1108. [CrossRef]

168. Rezabakhsh, A.; Rahbarghazi, R.; Fathi, F. Surface Plasmon Resonance Biosensors for Detection of Alzheimer’s Biomarkers; An
Effective Step in Early and Accurate Diagnosis. Biosens. Bioelectron. 2020, 167, 112511. [CrossRef]

169. Amini, M.; Pedram, M.M.; Moradi, A.; Ochani, M. Plasmonics Optoelectronics Nanobiosensors for Detection of Alzheimer’s
Disease Biomarker via Amyloid-Beta (Aβ) in Near-Infrared. Plasmonics 2022, 17, 1191–1201. [CrossRef]

170. Nguyen, H.H.; Park, J.; Kang, S.; Kim, M. Surface Plasmon Resonance: A Versatile Technique for Biosensor Applications. Sensors
2015, 15, 10481–10510. [CrossRef] [PubMed]

171. Anker, J.N.; Hall, W.P.; Lyandres, O.; Shah, N.C.; Zhao, J.; Van Duyne, R.P. Biosensing with Plasmonic Nanosensors. Nat. Mater.
2008, 7, 442–453. [CrossRef] [PubMed]

172. Huang, X.; Jain, P.K.; El-Sayed, I.H.; El-Sayed, M.A. Plasmonic Photothermal Therapy (PPTT) Using Gold Nanoparticles. Lasers
Med. Sci. 2008, 23, 217–228. [CrossRef] [PubMed]

173. Van de Broek, B.; Grandjean, D.; Trekker, J.; Ye, J.; Verstreken, K.; Maes, G.; Borghs, G.; Nikitenko, S.; Lagae, L.; Bartic, C.
Temperature Determination of Resonantly Excited Plasmonic Branched Gold Nanoparticles by X-ray Absorption Spectroscopy.
Small 2011, 7, 2498–2506. [CrossRef]

174. Taheri-Ledari, R.; Ganjali, F.; Zarei-Shokat, S.; Dinmohammadi, R.; Asl, F.R.; Emami, A.; Mojtabapour, Z.S.; Rashvandi, Z.; Kash-
tiaray, A.; Jalali, F. Plasmonic Porous Micro-and Nano-Materials Based on Au/Ag Nanostructures Developed for Photothermal
Cancer Therapy: Challenges in Clinicalization. Nanoscale Adv. 2023, 5, 6768–6786. [CrossRef]

175. Dickerson, E.B.; Dreaden, E.C.; Huang, X.; El-Sayed, I.H.; Chu, H.; Pushpanketh, S.; McDonald, J.F.; El-Sayed, M.A. Gold Nanorod
Assisted Near-Infrared Plasmonic Photothermal Therapy (PPTT) of Squamous Cell Carcinoma in Mice. Cancer Lett. 2008, 269,
57–66. [CrossRef]

176. Chatterjee, H.; Rahman, D.S.; Sengupta, M.; Ghosh, S.K. Gold Nanostars in Plasmonic Photothermal Therapy: The Role of Tip
Heads in the Thermoplasmonic Landscape. J. Phys. Chem. C 2018, 122, 13082–13094. [CrossRef]

177. Mackey, M.A.; Ali, M.R.; Austin, L.A.; Near, R.D.; El-Sayed, M.A. The Most Effective Gold Nanorod Size for Plasmonic
Photothermal Therapy: Theory and In Vitro Experiments. J. Phys. Chem. B 2014, 118, 1319–1326. [CrossRef]

178. Ali, M.R.; Ali, H.R.; Rankin, C.R.; El-Sayed, M.A. Targeting Heat Shock Protein 70 Using Gold Nanorods Enhances Cancer Cell
Apoptosis in Low Dose Plasmonic Photothermal Therapy. Biomaterials 2016, 102, 1–8. [CrossRef]

179. Liu, W.; Wang, Y.; Wang, Y.; Li, X.; Qi, K.; Wang, J.; Xu, H. Black Silver Nanocubes@ Amino Acid-Encoded Highly Branched Gold
Shells with Efficient Photothermal Conversion for Tumor Therapy. ACS Appl. Mater. Interfaces 2022, 15, 236–248. [CrossRef]

180. Khurana, D.; Dudi, R.; Shukla, S.K.; Singh, D.; Mondhe, D.M.; Soni, S. Gold Nanoblackbodies Mediated Plasmonic Photothermal
Cancer Therapy for Melanoma. Nanomedicine 2022, 17, 1323–1338. [CrossRef] [PubMed]

181. Ayala-Orozco, C.; Urban, C.; Knight, M.W.; Urban, A.S.; Neumann, O.; Bishnoi, S.W.; Mukherjee, S.; Goodman, A.M.; Charron, H.;
Mitchell, T. Au Nanomatryoshkas as Efficient Near-Infrared Photothermal Transducers for Cancer Treatment: Benchmarking
against Nanoshells. ACS Nano 2014, 8, 6372–6381. [CrossRef] [PubMed]

182. Liu, Y.; Bhattarai, P.; Dai, Z.; Chen, X. Photothermal Therapy and Photoacoustic Imaging via Nanotheranostics in Fighting Cancer.
Chem. Soc. Rev. 2019, 48, 2053–2108. [CrossRef] [PubMed]

183. Odion, R.A.; Liu, Y.; Vo-Dinh, T. Nanoplasmonics Enabling Cancer Diagnostics and Therapy. Cancers 2022, 14, 5737. [CrossRef]
[PubMed]

184. Lee, D.; Shin, J.; Son, H.; Cheon, S.Y.; Lee, Y.; Park, J.; Koo, H. Organic and Inorganic Nanomedicine for Combination Cancer
Therapies. Nanoscale Adv. 2023, 5, 1600–1610. [CrossRef]

https://doi.org/10.3390/s18010164
https://doi.org/10.3390/land13111799
https://doi.org/10.1016/j.bios.2019.111449
https://www.ncbi.nlm.nih.gov/pubmed/31279816
https://doi.org/10.1007/s00477-023-02404-5
https://doi.org/10.1080/14737159.2019.1554435
https://www.ncbi.nlm.nih.gov/pubmed/30513011
https://doi.org/10.1021/cr4000623
https://doi.org/10.1016/j.jpba.2020.113802
https://doi.org/10.1149/1945-7111/acd1bc
https://doi.org/10.1007/s00604-017-2410-1
https://doi.org/10.1016/j.ijbiomac.2020.06.239
https://doi.org/10.1016/j.bios.2020.112511
https://doi.org/10.1007/s11468-022-01611-0
https://doi.org/10.3390/s150510481
https://www.ncbi.nlm.nih.gov/pubmed/25951336
https://doi.org/10.1038/nmat2162
https://www.ncbi.nlm.nih.gov/pubmed/18497851
https://doi.org/10.1007/s10103-007-0470-x
https://www.ncbi.nlm.nih.gov/pubmed/17674122
https://doi.org/10.1002/smll.201100089
https://doi.org/10.1039/D3NA00763D
https://doi.org/10.1016/j.canlet.2008.04.026
https://doi.org/10.1021/acs.jpcc.8b00388
https://doi.org/10.1021/jp409298f
https://doi.org/10.1016/j.biomaterials.2016.06.017
https://doi.org/10.1021/acsami.2c14436
https://doi.org/10.2217/nnm-2022-0052
https://www.ncbi.nlm.nih.gov/pubmed/36136404
https://doi.org/10.1021/nn501871d
https://www.ncbi.nlm.nih.gov/pubmed/24889266
https://doi.org/10.1039/C8CS00618K
https://www.ncbi.nlm.nih.gov/pubmed/30259015
https://doi.org/10.3390/cancers14235737
https://www.ncbi.nlm.nih.gov/pubmed/36497219
https://doi.org/10.1039/D3NA00043E


Biosensors 2024, 14, 593 32 of 33

185. Nair, R.V.; Puthiyaparambath, M.F.; Chatanathodi, R.; Nair, L.V.; Jayasree, R.S. A Nanoarchitecture of a Gold Cluster Conjugated
Gold Nanorod Hybrid System and Its Application in Fluorescence Imaging and Plasmonic Photothermal Therapy. Nanoscale 2022,
14, 13561–13569. [CrossRef]

186. Garzón, V.; Pinacho, D.G.; Bustos, R.-H.; Garzón, G.; Bustamante, S. Optical Biosensors for Therapeutic Drug Monitoring.
Biosensors 2019, 9, 132. [CrossRef]

187. Ilkhani, H.; Hughes, T.; Li, J.; Zhong, C.J.; Hepel, M. Nanostructured SERS-Electrochemical Biosensors for Testing of Anticancer
Drug Interactions with DNA. Biosens. Bioelectron. 2016, 80, 257–264. [CrossRef]

188. Muneer, S.; Sarfo, D.K.; Ayoko, G.A.; Islam, N.; Izake, E.L. Gold-Deposited Nickel Foam as Recyclable Plasmonic Sensor for
Therapeutic Drug Monitoring in Blood by Surface-Enhanced Raman Spectroscopy. Nanomaterials 2020, 10, 1756. [CrossRef]

189. Cicha, I.; Priefer, R.; Severino, P.; Souto, E.B.; Jain, S. Biosensor-Integrated Drug Delivery Systems as New Materials for Biomedical
Applications. Biomolecules 2022, 12, 1198. [CrossRef]

190. Agrawal, N.; Saxena, R.; Singh, L.; Saha, C.; Kumar, S. Recent Advancements in Plasmonic Optical Biosensors: A Review. ISSS J.
Micro Smart Syst. 2022, 11, 31–42. [CrossRef]

191. Vo-Dinh, T.; Wang, H.N.; Scaffidi, J. Plasmonic Nanoprobes for SERS Biosensing and Bioimaging. J. Biophotonics 2010, 3, 89–102.
[CrossRef] [PubMed]

192. Ma, X.; Truong, P.L.; Anh, N.H.; Sim, S.J. Single Gold Nanoplasmonic Sensor for Clinical Cancer Diagnosis Based on Specific
Interaction between Nucleic Acids and Protein. Biosens. Bioelectron. 2015, 67, 59–65. [CrossRef] [PubMed]

193. Tian, Y.; Zhang, L.; Shen, J.; Wu, L.; He, H.; Ma, D.L.; Leung, C.H.; Wu, W.; Fan, Q.; Huang, W. An Individual Nanocube-Based
Plasmonic Biosensor for Real-Time Monitoring the Structural Switch of the Telomeric G-Quadruplex. Small 2016, 12, 2913–2920.
[CrossRef]

194. Nguyen, A.H.; Sim, S.J. Nanoplasmonic Biosensor: Detection and Amplification of Dual Bio-Signatures of Circulating Tumor
DNA. Biosens. Bioelectron. 2015, 67, 443–449. [CrossRef]

195. Crawford, B.M.; Strobbia, P.; Wang, H.-N.; Zentella, R.; Boyanov, M.I.; Pei, Z.-M.; Sun, T.-P.; Kemner, K.M.; Vo-Dinh, T. Plasmonic
Nanoprobes for In Vivo Multimodal Sensing and Bioimaging of microRNA within Plants. ACS Appl. Mater. Interfaces 2019, 11,
7743–7754. [CrossRef]

196. Singh, P. LSPR biosensing: Recent advances and approaches. In Reviews in Plasmonics 2016; Springer: Berlin/Heidelberg, Germany,
2017; pp. 211–238.

197. Chen, W.; Hu, H.; Jiang, W.; Xu, Y.; Zhang, S.; Xu, H. Ultrasensitive Nanosensors Based on Localized Surface Plasmon Resonances:
From Theory to Applications. Chin. Phys. B 2018, 27, 107403. [CrossRef]

198. Focsan, M.; Campu, A.; Craciun, A.-M.; Potara, M.; Leordean, C.; Maniu, D.; Astilean, S. A Simple and Efficient Design to Improve
the Detection of Biotin-Streptavidin Interaction with Plasmonic Nanobiosensors. Biosens. Bioelectron. 2016, 86, 728–735. [CrossRef]

199. Puiu, M.; Bala, C. SPR and SPR Imaging: Recent Trends in Developing Nanodevices for Detection and Real-Time Monitoring of
Biomolecular Events. Sensors 2016, 16, 870. [CrossRef]

200. Caucheteur, C.; Loyez, M.; González-Vila, Á.; Wattiez, R. Evaluation of Gold Layer Configuration for Plasmonic Fiber Grating
Biosensors. Opt. Express 2018, 26, 24154–24163. [CrossRef]

201. Kim, K.; Yoon, S.J.; Kim, D. Nanowire-Based Enhancement of Localized Surface Plasmon Resonance for Highly Sensitive
Detection: A Theoretical Study. Opt. Express 2006, 14, 12419–12431. [CrossRef] [PubMed]

202. Byun, K.M.; Jang, S.M.; Kim, S.J.; Kim, D. Effect of Target Localization on the Sensitivity of a Localized Surface Plasmon Resonance
Biosensor Based on Subwavelength Metallic Nanostructures. J. Opt. Soc. Am. A 2009, 26, 1027–1034. [CrossRef] [PubMed]

203. Hall, W.P.; Ngatia, S.N.; Van Duyne, R.P. LSPR Biosensor Signal Enhancement Using Nanoparticle−Antibody Conjugates. J. Phys.
Chem. C 2011, 115, 1410–1414. [CrossRef] [PubMed]

204. Ha, J.W. Strategies for Sensitivity Improvement of Localized Surface Plasmon Resonance Sensors: Experimental and Mathematical
Approaches in Plasmonic Gold Nanostructures. Appl. Spectrosc. Rev. 2023, 58, 346–365. [CrossRef]

205. Kim, Y.; Gonzales, J.; Zheng, Y. Sensitivity-Enhancing Strategies in Optical Biosensing. Small 2021, 17, 2004988. [CrossRef]
206. Lodewijks, K.; Van Roy, W.; Borghs, G.; Lagae, L.; Van Dorpe, P. Boosting the Figure-of-Merit of LSPR-Based Refractive Index

Sensing by Phase-Sensitive Measurements. Nano Lett. 2012, 12, 1655–1659. [CrossRef]
207. Shen, Y.; Zhou, J.; Liu, T.; Tao, Y.; Jiang, R.; Liu, M.; Xiao, G.; Zhu, J.; Zhou, Z.-K.; Wang, X. Plasmonic Gold Mushroom Arrays

with Refractive Index Sensing Figures of Merit Approaching the Theoretical Limit. Nat. Commun. 2013, 4, 2381. [CrossRef]
208. Unser, S.; Bruzas, I.; He, J.; Sagle, L. Localized Surface Plasmon Resonance Biosensing: Current Challenges and Approaches.

Sensors 2015, 15, 15684–15716. [CrossRef]
209. Nogues, C.; Leh, H.; Lautru, J.; Delelis, O.; Buckle, M. Efficient Antifouling Surface for Quantitative Surface Plasmon Resonance

Based Biosensor Analysis. PLoS ONE 2012, 7, e44287. [CrossRef]
210. Raz, S.R.; Marchesini, G.R.; Bremer, M.G.; Colpo, P.; Garcia, C.P.; Guidetti, G.; Norde, W.; Rossi, F. Nanopatterned Submicron

Pores as a Shield for Nonspecific Binding in Surface Plasmon Resonance-Based Sensing. Analyst 2012, 137, 5251–5259. [CrossRef]
211. Vaisocherová, H.; Ševců, V.; Adam, P.; Špačková, B.; Hegnerová, K.; de los Santos Pereira, A.; Rodriguez-Emmenegger, C.;

Riedel, T.; Houska, M.; Brynda, E. Functionalized Ultra-Low Fouling Carboxy- and Hydroxy-Functional Surface Platforms:
Functionalization Capacity, Biorecognition Capability and Resistance to Fouling from Undiluted Biological Media. Biosens.
Bioelectron. 2014, 51, 150–157. [CrossRef] [PubMed]

https://doi.org/10.1039/D2NR03163A
https://doi.org/10.3390/bios9040132
https://doi.org/10.1016/j.bios.2016.01.068
https://doi.org/10.3390/nano10091756
https://doi.org/10.3390/biom12091198
https://doi.org/10.1007/s41683-021-00079-0
https://doi.org/10.1002/jbio.200910015
https://www.ncbi.nlm.nih.gov/pubmed/19517422
https://doi.org/10.1016/j.bios.2014.06.038
https://www.ncbi.nlm.nih.gov/pubmed/24996253
https://doi.org/10.1002/smll.201600041
https://doi.org/10.1016/j.bios.2014.09.003
https://doi.org/10.1021/acsami.8b19977
https://doi.org/10.1088/1674-1056/27/10/107403
https://doi.org/10.1016/j.bios.2016.07.054
https://doi.org/10.3390/s16060870
https://doi.org/10.1364/OE.26.024154
https://doi.org/10.1364/OE.14.012419
https://www.ncbi.nlm.nih.gov/pubmed/19529674
https://doi.org/10.1364/JOSAA.26.001027
https://www.ncbi.nlm.nih.gov/pubmed/19340279
https://doi.org/10.1021/jp106912p
https://www.ncbi.nlm.nih.gov/pubmed/21660207
https://doi.org/10.1080/05704928.2022.2104864
https://doi.org/10.1002/smll.202004988
https://doi.org/10.1021/nl300044a
https://doi.org/10.1038/ncomms3381
https://doi.org/10.3390/s150715684
https://doi.org/10.1371/journal.pone.0044287
https://doi.org/10.1039/c2an35521c
https://doi.org/10.1016/j.bios.2013.07.015
https://www.ncbi.nlm.nih.gov/pubmed/23954672


Biosensors 2024, 14, 593 33 of 33

212. Jiang, C.; Wang, G.; Hein, R.; Liu, N.; Luo, X.; Davis, J.J. Antifouling Strategies for Selective In Vitro and In Vivo Sensing. Chem.
Rev. 2020, 120, 3852–3889. [CrossRef] [PubMed]

213. Lane, J.S.; Richens, J.L.; Vere, K.-A.; O’Shea, P. Rational Targeting of Subclasses of Intermolecular Interactions: Elimination of
Nonspecific Binding for Analyte Sensing. Langmuir 2014, 30, 9457–9465. [CrossRef] [PubMed]

214. Goerlitzer, E.S.; Speichermann, L.E.; Mirza, T.A.; Mohammadi, R.; Vogel, N. Addressing the Plasmonic Hotspot Region by
Site-Specific Functionalization of Nanostructures. Nanoscale Adv. 2020, 2, 394–400. [CrossRef]

215. Quilis, N.G.; Hageneder, S.; Fossati, S.; Auer, S.K.; Venugopalan, P.; Bozdogan, A.; Petri, C.; Moreno-Cencerrado, A.; Toca-Herrera,
J.L.; Jonas, U. UV-Laser Interference Lithography for Local Functionalization of Plasmonic Nanostructures with Responsive
Hydrogel. J. Phys. Chem. C 2020, 124, 3297–3305. [CrossRef]

216. Jack, C.; Karimullah, A.S.; Tullius, R.; Khorashad, L.K.; Rodier, M.; Fitzpatrick, B.; Barron, L.D.; Gadegaard, N.; Lapthorn, A.J.;
Rotello, V.M. Spatial Control of Chemical Processes on Nanostructures through Nano-Localized Water Heating. Nat. Commun.
2016, 7, 10946. [CrossRef]

217. Yang, X.; Su, D.; Yu, X.; Zeng, P.; Liang, H.; Zhang, G.; Song, B.; Jiang, S. Hot Spot Engineering in Hierarchical Plasmonic
Nanostructures. Small 2023, 19, 2205659. [CrossRef]

218. Chatterjee, S.; Ricciardi, L.; Deitz, J.I.; Williams, R.E.; McComb, D.W.; Strangi, G. Heterodimeric Plasmonic Nanogaps for
Biosensing. Micromachines 2018, 9, 664. [CrossRef]

219. Wang, J.; Sanchez, M.M.; Yin, Y.; Herzer, R.; Ma, L.; Schmidt, O.G. Silicon-Based Integrated Label-Free Optofluidic Biosensors:
Latest Advances and Roadmap. Adv. Mater. Technol. 2020, 5, 1901138. [CrossRef]

220. Csáki, A.; Stranik, O.; Fritzsche, W. Localized Surface Plasmon Resonance Based Biosensing. Expert Rev. Mol. Diagn. 2018, 18,
279–296. [CrossRef]

221. Wang, Y.; Tang, L. Multiplexed Gold Nanorod Array Biochip for Multi-Sample Analysis. Biosens. Bioelectron. 2015, 67, 18–24.
[CrossRef] [PubMed]

222. Acimovic, S.S.; Ortega, M.A.; Sanz, V.; Berthelot, J.; Garcia-Cordero, J.L.; Renger, J.; Maerkl, S.J.; Kreuzer, M.P.; Quidant, R.
LSPR Chip for Parallel, Rapid, and Sensitive Detection of Cancer Markers in Serum. Nano Lett. 2014, 14, 2636–2641. [CrossRef]
[PubMed]

223. Xiang, G.; Zhang, N.; Zhou, X. Localized Surface Plasmon Resonance Biosensing with Large Area of Gold Nanoholes Fabricated
by Nanosphere Lithography. Nanoscale Res. Lett. 2010, 5, 818–822. [CrossRef] [PubMed]

224. Li, J.; Chen, C.; Li, Y.; Verellen, N.; Lagae, L.; Van Dorpe, P. Investigation of the correlation between the bulk and surface sensing
performance in plasmonic crystals. In Proceedings of the Nanophotonics V, Brussels, Belgium, 14 April 2014.

225. Bonyár, A. Maximizing the Surface Sensitivity of LSPR Biosensors through Plasmon Coupling—Interparticle Gap Optimization
for Dimers Using Computational Simulations. Biosensors 2021, 11, 527. [CrossRef] [PubMed]

226. Li, J.; Ye, J.; Chen, C.; Li, Y.; Verellen, N.; Moshchalkov, V.V.; Lagae, L.; Van Dorpe, P. Revisiting the Surface Sensitivity of
Nanoplasmonic Biosensors. Acs Photonics 2015, 2, 425–431. [CrossRef]

227. Ricciardi, A.; Savoia, S.; Crescitelli, A.; Esposito, E.; Galdi, V.; Cusano, A. Surface vs. Bulk Sensitivity of Sensors Based on Rayleigh
Anomalies in Metallic nanogratings. In Optical Sensors 2013; SPIE: Bellingham, WA, USA, 2013.

228. Hammond, J.L.; Bhalla, N.; Rafiee, S.D.; Estrela, P. Localized Surface Plasmon Resonance as a Biosensing Platform for Developing
Countries. Biosensors 2014, 4, 172–188. [CrossRef]

229. Campu, A.; Lerouge, F.; Craciun, A.-M.; Murariu, T.; Turcu, I.; Astilean, S.; Monica, F. Microfluidic Platform for Integrated
Plasmonic Detection in Laminal Flow. Nanotechnology 2020, 31, 335502. [CrossRef]

230. Bhalla, N.; Shen, A.Q. Localized Surface Plasmon Resonance Sensing and Its Interplay with Fluidics. Langmuir 2024, 40, 9842–9854.
[CrossRef]

231. Ahn, H.; Song, H.; Choi, J.-r.; Kim, K. A Localized Surface Plasmon Resonance Sensor Using Double-Metal-Complex Nanostruc-
tures and a Review of Recent Approaches. Sensors 2017, 18, 98. [CrossRef]

232. Liang, J.; Zhang, W.; Qin, Y.; Li, Y.; Liu, G.L.; Hu, W. Applying Machine Learning with Localized Surface Plasmon Resonance
Sensors to Detect SARS-CoV-2 Particles. Biosensors 2022, 12, 173. [CrossRef]

233. Mortazavi, D.; Kouzani, A.Z.; Matekovits, L. Modeling LSPR nano-particles by using neural networks. In Proceedings of the 9th
International Conference on Body Area Networks, London, UK, 29 September–1 October 2014.

234. Dong, B.; Liu, M.; Zhao, Y. Simulation of a nano plasmonic pillar-based optical sensor with ai-assisted signal processing. Meet.
Abstr. 2021, MA2021-01, 1641. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1021/acs.chemrev.9b00739
https://www.ncbi.nlm.nih.gov/pubmed/32202761
https://doi.org/10.1021/la5016548
https://www.ncbi.nlm.nih.gov/pubmed/25046104
https://doi.org/10.1039/C9NA00757A
https://doi.org/10.1021/acs.jpcc.9b11059
https://doi.org/10.1038/ncomms10946
https://doi.org/10.1002/smll.202205659
https://doi.org/10.3390/mi9120664
https://doi.org/10.1002/admt.201901138
https://doi.org/10.1080/14737159.2018.1440208
https://doi.org/10.1016/j.bios.2014.07.041
https://www.ncbi.nlm.nih.gov/pubmed/25127486
https://doi.org/10.1021/nl500574n
https://www.ncbi.nlm.nih.gov/pubmed/24730454
https://doi.org/10.1007/s11671-010-9566-5
https://www.ncbi.nlm.nih.gov/pubmed/20672118
https://doi.org/10.3390/bios11120527
https://www.ncbi.nlm.nih.gov/pubmed/34940284
https://doi.org/10.1021/ph5004779
https://doi.org/10.3390/bios4020172
https://doi.org/10.1088/1361-6528/ab8e72
https://doi.org/10.1021/acs.langmuir.4c00374
https://doi.org/10.3390/s18010098
https://doi.org/10.3390/bios12030173
https://doi.org/10.1149/MA2021-01611641mtgabs

	Introduction 
	Basic Concepts 
	Evanescent Wave 
	Resonance Condition 
	LSPR 
	Hot Spots 
	Main Components 
	Performance Metrics 

	Theoretical Modeling of Plasmonic Resonance 
	Dielectric Models 
	Drude Model 
	Drude-Lorentz Model 
	Recent Dielectric Models 

	Dispersion Relation 

	Nanoparticles and Nanostructures 
	Portable NPBs 
	Portable SPR 
	Miniaturization of Optical Components 
	Light Sources 
	Waveguide and Optical Fibers 
	Photodetectors 

	Flexible NPB 
	Other Wearable SERS-Based Biosensors 
	Microfluidics NPBs 

	Strategies for Enhancing Reproducibility 
	Applications 
	In Vitro Disease Diagnosis 
	Plasmonic Photothermal Therapy 
	Drug Monitoring and Delivery Systems 
	Genetics 

	Challenges and Trends 
	Enhancing Performance Metrics 
	Biorecognition 
	Practical Constraints 
	Surface Chemistry 
	Emerging Technologies 

	Conclusions 
	References

