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Plasmonic and metamaterial biosensors: a game-
changer for virus detection
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One of the most important processes in the fight against current and future pandemics is the rapid diagnosis

and initiation of treatment of viruses in humans. Currently available viral diagnostic methods detect only

known pathogens, which comprise a small number of virus strains. In addition, identifying viral genomes is

challenging due to low viral abundance and possible contamination by host nucleic acids. To ensure the

distinction between the infected and non-infected people and predict the outbreak of disease, alternative

approaches should be considered. In the ongoing hunt for new developing tests and diagnostic kits with high

selectivity and sensitivity, plasmonic platforms, which control light in subwavelength volumes, have opened

up exciting prospects for biosensing applications. They can identify particular viruses in a cost-effective,

sensitive, label-free, rapid, and reproducible way due to their tunable plasmonic properties. In particular,

plasmonic-assisted virus detection platforms can be achieved by various approaches, including propagating

surface and localized plasmon resonances, as well as surface-enhanced Raman spectroscopy. In this review,

we discuss both the fundamental principles governing a plasmonic biosensor and prospects for achieving

improved sensor performance.We highlight several nanostructure schemes to combat virus-related diseases.

We also examine the technological limitations and challenges of plasmonic-based biosensing, such as

reducing the overall cost and handling of complex biological samples. Finally, we provide a future perspective

for opportunities to improve plasmonic-based approaches to increase their impact on global health issues.

1 Introduction

At the dawn of the twenty-first century, humanity faces
multiple health challenges with substantial global economic
and social impacts.1–6 The monitoring and early detection of
biological entities necessitate platforms that are able to
analyze extremely low concentrations of analytes in real
samples near the point of care (PoC) and sometimes at the
place of patient care. The early detection and timely treatment
of diseases can improve cure rates and reduce treatment
costs. Commonly used analytical methods7–9 rely upon
culture-based methods, serological tests, or nucleic acid-
based amplification techniques such as polymerase chain
reaction (PCR), gene sequencing, virus isolation,
hemagglutination assay, and enzyme-linked immunosorbent
assay (ELISA). In spite of their inherent advantages, these
techniques are time-consuming and involve sophisticated
instrumentation that requires skilled operators. In addition,
time-consuming predeveloped protocols are typically limited

to specific strains or types of viruses and may have high false-
negative rates, which limit their effectiveness to lower the risk
of new infections.10 Viruses are structures of several sizes
(from 20 to 900 nm) and morphological shapes, composed of
genetic material covered in proteins, glycoproteins, or
lipids.11 Approximately one-third of all infectious disease-
related deaths are caused by viral infections.12 One
fundamental issue in considering viral diagnostics sensitivity
is the uncertainty about the range of viral loads that
constitute a transmission risk.13 Those infected with SARS-
CoV-2, for example, are most infectious around the time of
system onset when viral loads in the upper respiratory tract
are highest. Similar to pre-symptomatic individuals,
asymptotic individuals contribute to viral spread as well.13

Hence, it is crucial to diagnose viruses during their
incubation period in order to maximize healing rates and
reduce the risk of pandemics.12 It is equally important to
detect viruses in order to monitor the environment because
they can also infect plants and animals.14 Although PCR can
provide accurate and sensitive viral diagnostics by
amplification of specific DNA/RNA sequences, it is more
expensive than plasmon-based methods.7–9 Consequently, the
need for new diagnostic approaches that are fast and cost-
effective has brought into focus the development of real-time
PoC testing devices,15 based on plasmonic nanostructures

600 | Sens. Diagn., 2023, 2, 600–619 © 2023 The Author(s). Published by the Royal Society of Chemistry

a Photonics Lab, Division of Natural and Applied Sciences, Duke Kunshan

University, Kunshan, 215316, Jiangsu Province, China.

E-mail: domna.kotsifaki@dukekunshan.edu.cn, dk310@duke.edu
bData Science Research Center, Duke Kunshan University, Kunshan, 215316,

Jiangsu Province, China

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
M

ar
ch

 2
02

3.
 D

ow
nl

oa
de

d 
on

 4
/2

/2
02

6 
10

:3
9:

05
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue

http://crossmark.crossref.org/dialog/?doi=10.1039/d2sd00217e&domain=pdf&date_stamp=2023-05-15
http://orcid.org/0000-0001-9005-3891
http://orcid.org/0000-0002-6802-8443
http://orcid.org/0000-0002-2023-8345
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sd00217e
https://pubs.rsc.org/en/journals/journal/SD
https://pubs.rsc.org/en/journals/journal/SD?issueid=SD002003


Sens. Diagn., 2023, 2, 600–619 | 601© 2023 The Author(s). Published by the Royal Society of Chemistry

that offer new sensing capabilities for rapid diagnosis of virus
particles and could be a game changer for disease management.

With the growing need for new PoC diagnostic platforms,
the World Health Organization has created the ASSURED
(affordable, sensitive, specific, user-friendly, rapid and
robust, equipment-free, and deliverable to end users)
framework, outlining directions and guidelines for their
development.16 Current PoC tests, such as paper-based
devices,17 succeed in providing rapid, cost-effective, and
facile results but are held back by inadequate sensitivity,
selectivity, and overall reliability, highlighting the challenges
faced by PoC diagnostics.18 Early diagnosis is essential for a
wide range of conditions, including infectious diseases, auto-
immune disorders, and inflammatory diseases, for which
timing is important to maximize the efficacy of therapy. In
addition, continuous monitoring of viral biomarkers or
therapeutic drug levels at the bedside can provide valuable
feedback to physicians and allow them to tailor the treatment
options for individual patients.19–21 In this aspect,
nanostructure-based PoC approaches that can rapidly provide
the molecular profile of a patient could become instrumental
in paving the way towards precision diagnosis.22,23

Plasmonic-based biosensing (Fig. 1) has embraced the
challenge of offering on-site strategies to complement
traditional diagnostic methods and has attracted significant
attention owing to its versatility and ability to achieve label-
free monitoring with low response times.5,22,27–33 These
characteristics, achieved by exploiting the properties of
nanomaterials,34–39 have allowed for the design of
ultrasensitive nanobiosensors, which could be implemented
in diagnostic tools to alleviate the burden of infectious
diseases in the developing world. By patterning metal films
into nanostructures even tighter electromagnetic field
confinement is possible, allowing for the detection of single
virus particles.40 Therefore, plasmonic-based biosensing
utilizes the interaction of electromagnetic fields to detect
virus particles, antigens, or nucleic acids from clinical
specimens (such as blood, serum, saliva, etc.) with high
selectivity and sensitivity. Furthermore, this method offers
the advantages of easy operation, minimal sample
pretreatment, and simple cost-effective instrumentation.41

Likewise, as light sources, detectors, and optical components
are abundant in the visible-to-near infrared electromagnetic
spectrum range, the design of plasmonic biosensors in this

Fig. 1 Schematic illustration of various plasmonic-based virus sensing platforms. (a) An array of nanoholes can increase the binding potential for
flowing virus antigens and enhance the sensitivity through the extraordinary transmission effect (reproduced with permission from ref. 24). (b)
Planar structure in which surface plasmon is generated in between a dielectric and a metal (reproduced with permission from ref. 24). (c) Localized
surface plasmon around nanoparticles can increase sensitivity (reproduced with permission from ref. 25). (d) Metamaterials can efficiently enhance
the electromagnetic fields of light, leading to ultrasensitive biosensing (reproduced with permission from ref. 26).
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range is particularly advantageous.24 Such biosensors require
structural dimensions on the few-nanometer scale and can
be fabricated using nanolithography techniques.18,24,41,42 In
addition, plasmonic biosensors enable direct detection of
analytes from heterogeneous biological media without the
need for exogenous labels.43,44 This is a key factor in
plasmonic-based biosensor design since it facilitates bio-
assay procedures by eliminating tedious washing, amplifying,
and labeling steps.1,10,45 For the abovementioned reasons,
plasmonic-based biosensors are seen as promising
candidates for the essential elements of future biosensor PoC
platforms.

In this tutorial review, we present the advances in
plasmonic-based biosensing for virus detection and highlight
the scope of future work in this research field. We address
the fundamental physical principles of plasmonic effects and
biosensing strategies. The integration of metallic
nanostructures into commercial microfluidic platforms for
future devices that can alert the public to biological threats is
also discussed. Because of the ongoing coronavirus disease
2019 (COVID-19) pandemic, slight emphasis is given to
coronavirus detection techniques. Finally, we discuss the
challenges that need to be overcome for the future
development of plasmonic-based biosensors and note how
such biosensors are already impacting the diagnosis of
infectious diseases in the developing world. We believe that
this comprehensive review will be a useful resource for
researchers, physicians, and students interested in
constructing ultra-dense and high-throughput clinical
screening plasmonic devices.

2 Physical considerations
2.1 A brief historical introduction

The interaction of light with plasmonic nanostructures has
long been a subject of interest in the classical and
quantum worlds.46 A key feature of plasmon resonances is
that they are excited by electromagnetic waves, either
evanescent or localized.46 Their first observation dates back
to Wood,47 who reported anomalous reflective patterns
when polarized light was shone on a metalized diffraction
grating. A few years later, Rayleigh48 provided a
phenomenological explanation for these patterns, but the
underlying physical mechanism remained a mystery. In
1957, significant advances in our understanding of surface
plasmon resonance (SPR) were made when Ritchie49

confirmed the presence of metal surface plasma excitations,
while Powell et al. determined that the excitation of surface
plasmons involved electrons at metal interfaces.50 In 1968,
Otto used an attenuated total reflection prism-coupled
method to enable the coupling of an electromagnetic field
with surface plasmon waves.51 Similarly, Kretschmann and
Raether reported the excitation of SPR by utilizing a 10–100
nm thin gold film on the surface of a prism.52 The
potential exploitation of SPR for biosensing first appeared
in 1974 with observations made by Fleischmann and

colleagues,54 who noted an enhancement of Raman
scattering near a roughened metal surface; this
enhancement was later found to be associated with an
electromagnetic effect.55 Ten years later, Liedberg et al.
observed refractive index (RI) changes on the surface of a
metallic film after the absorption of biomolecules.56 Since
then, the label-free nature of SPR biosensing has become
an important tool in biophysics, molecular biology, and
pharmaceutical research.41,42,57–59 Today, several companies,
such as Biocore, PhotonicSys, and Plasmetric, manufacture
devices used to evaluate the performance of biosensor
chips for PoC applications.

2.2 Fundamental mechanism of plasmon resonance
biosensors

2.2.1 Surface plasmon resonance (SPR) mechanism.
Surface plasmon polaritons require a material with free
electrons and low optical losses at the optical regime of the
electromagnetic wave, i.e., materials that possess a negative
real and small positive imaginary dielectric constant.60–62

Among the materials that exhibit plasmonic properties,
conductive noble metals, such as gold and silver, are often
used to excite plasmon resonances because of their tunable
plasmonic properties in the visible and near-infrared range
of the electromagnetic spectrum.63

A simple technique of generating surface plasmons from a
metal–dielectric interface is the Kretschmann configuration
(Fig. 2(a)). The underlying physics of SPR sensors based on
an evanescent field has been reviewed extensively in the
literature.44,64,65 Briefly, when light, which implies an
electromagnetic wave, strikes the metal, the electric field of
the light interacts with conducting electrons. The coupling of
the incident electromagnetic wave to the collective
oscillations of the conduction electrons forms an evanescent
wave, which is known as SPR. To achieve this, the
momentum of incident photons should match the
momentum of the conduction band of electrons. This
momentum matching condition depends on the refractive
index (RI) of the dielectric medium at the surface of the
metal layer and is given by the following expression:64

kSP ¼ 2π
λn

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εmεd

εm þ εd

r
¼ 2π

λ
np sinθ (1)

where kSP is the surface plasmon wavevector, λ is the
wavelength of the incident light, εm is the dielectric
constant of the metallic film (a function of λ), εd (a function
of the refractive index of the medium) is the dielectric
constant of the surrounding medium, np is the refractive
index of the coupling prism, and θ is the incident angle of
the light. When εm and εd have equal magnitude and
opposite sign, the wavevector, kSP, is at maximum, which
results in plasmon resonance conditions. At this matching
condition, the reflected light has minimum intensity and θ

is called the SPR angle. In particular, the evanescent field is
highly sensitive to the RI of the analyte medium causing
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plasmonic property changes (Fig. 2(b)). Therefore,
measuring the changes in this resonance condition (for
example, angle, wavelength, intensity, or phase), the
biomolecular interactions that occur at the biosensor
surface can be monitored in real-time.66

2.2.2 Localized surface plasmon resonance (LSPR)
mechanism. LSPR is another mechanism that has potential
applications in high-sensitivity plasmonic biosensing.38,63,67

Unlike in SPR, the electromagnetic field in LSPR does not
propagate but is instead localized around subwavelength
nanoparticles or nanostructures bound to the metal.24,67 The
practical application of LSPR can be seen in artifacts dating
back to the fourth century, with the Lycurgus cup, an ancient
Roman cage cup (currently on display in the British
Museum68), being one of the best early examples of LSPR.
The vessel is made of glass containing silver nanoparticles,
leading to a green appearance when viewed with reflected
light but a red appearance when viewed with transmitted
light (from inside the cup). Specifically, the conduction
electrons in the metallic nanoparticles undergo collective
harmonic oscillations when under an applied
electromagnetic field, resulting in a dipolar response.43 For a
metallic nanoparticle with radius R and dielectric constant
εm, in a medium with a dielectric constant of εd, the exact
conditions for LSPR can be solved by applying the Mie
theory:43

σext ¼ 12
ω

c

� �
πεd

3=2R3 Im εmð Þ
Re εmð Þ þ 2εd½ �2 þ Im εmð Þ½ �2 (2)

where ω is the angular frequency, and Im and Re are the
imaginary and real parts of dielectric constants, respectively.
Eqn (2) shows that when the electrons in the metallic
nanoparticle oscillate and the real part of the dielectric
function is negative, the denominator will vanish, which
leads to a strong resonance condition that will shift with
local changes in the dielectric environment.65 In addition,

coherent oscillations of the electrons at resonance make the
absorption and scattering cross-sections several orders of
magnitude larger than the actual size of the nanoparticles.65

Eqn (2) is modified with the geometrical form factor, while
for any arbitrary shape, more rigorous calculations are
needed.38 Moreover, the performance of LSPR biosensors
depends on the resonance properties of the nanostructures,
which can be engineered by optimizing the design
parameters. For instance, nanorods with a high aspect ratio
are more sensitive to RI changes,63 while larger metallic
nanoparticles have smaller repulsion of electrons at opposite
surfaces, resulting in plasmon resonance that is more red-
shifted; this is suitable for making LSPR-biosensors that can
detect and quantify biorecognition events.69 Additionally, the
incident electromagnetic light can be directly coupled to the
plasmon field without any coupling configuration, such as
prisms or gratings, which improves the complexity of the
sensing system. Furthermore, LSPR-based biosensor
nanostructures can be fabricated by nanolithography
techniques using not only nanoparticles but also chip-based
substrates that are miniaturized with high sensitivity and
repeatability. This can provide the benefit of being able to
integrate the biosensor with other sensing components, such
as microfluidics.70–72

For the detection mechanisms in both SPR and LSPR,
the sensitivity to changes within their associated plasmon
decays with length.65 LSPR changes can be detected within
tens of nanometers in the visible range, whereas SPR
changes, which occur along the propagation surface, can
be detected within a few hundred nanometers.67 In
biosensing, LSPRs are usually utilized through surface-
enhanced techniques such as surface-enhanced Raman
scattering spectroscopy73 (SERS), surface-enhanced infrared
absorption spectroscopy,74 surface-enhanced fluorescence,75

and through resonance shifts induced by nearby
analytes.76

Fig. 2 (a) Schematic illustration of the Kretschmann configuration.53 The surface plasmon polariton can be excited when momentum
mismatching is satisfied. The surface plasmon decays exponentially from the surface and propagates to a distance of a few tens of microns. (b)
Typical sensor readouts: spectrum of reflected light before and after the binding of the analyte, which leads to refractive index changes. The
momentum mismatching condition exists at certain incident angles θ. Δλ is the resonance shift and ΔR indicates the intensity changes due to
analyte binding.
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2.3 Plasmonic metamaterials

Plasmonic metamaterials have been utilized to further
control collective plasmonic modes and electromagnetic field
enhancement.77–80 The concept of these materials was first
introduced in 1968 by Veselago, who observed the unusual
behavior of light refracted by a left-handed material.81 A few
years later, Pendry et al. noted that microstructures,
fabricated from nonmagnetic conducting sheets smaller than
the excitation wavelength, could be tuned to show varying
magnetic permeability, including imaginary components.82

Based on these observations,81,82 a practical way to
manufacture a left-handed material that does not follow the
conventional right-hand was determined. In 2000, Smith
et al. demonstrated the first left-handed metamaterial, which
simultaneously exhibited negative permeability and
permittivity at microwave frequencies.83 Since then,
metamaterials have been explored extensively for a variety of
applications in optics,84 photonics,85 energy harvesting,86

sensing,87 imaging,88 and spectroscopy.89 Compared with
conventional SPR-based methods, metamaterials can be more
easily fabricated through nanolithography techniques.78 For
periodic arrays of metamolecules, near- and far-field coupling
is utilized to generate resonance with a high-quality factor
(Q-factor). This breaks the damping limit of a single
metamolecule in the dipole approximation,90 thus making
such arrays promising candidates for biosensing
applications.78

2.4 Surface enhanced Raman spectroscopy (SERS)
mechanism

SERS is a highly analytical tool91,92 that has many
applications in the field of diagnostics.93 It can be used to
enhance weak Raman signals of analytes through the use of
plasmonic nanostructures.94–96 Raman spectroscopy evaluates
the vibrational and rotation modes of biomolecules through
the analysis of inelastic Raman scattering of a laser beam.94

Specifically, metallic nanostructures possess a localized
electromagnetic field as a result of LSPR, which affects the
Raman signal of an active analyte in close proximity to the
nanostructure by enhancing the Raman scattering cross-
section.95 Overall, SERS shows a broad range of benefits,
such as high selectivity due to the unique fingerprint
signatures of analytes, easy sample preparation, high
possibility of single-entity detection, high throughput, and
PoC applicability by using available Raman probes.91,92

2.5 Surface plasmon resonance imaging (SPRi)

Surface plasmon resonance imaging (SPRi) is a real-time
optical detection technique that monitors and analyzes
biomolecular interactions without using any labels. While
SPR and SPRi share similar detection principles, the latter
provides high-throughput biosensing or screening
capabilities.97–100 The most commonly used experimental
setup for SPRi is based on Kretschmann geometry.97,100 By
using, for instance, the changes in reflectivity of a thin gold

film that occur upon analyte absorption, SPRi measurements
allow for monitoring tens, hundreds, or even thousands of
interactions simultaneously.101 The combination of LSPRs
that are obtained by nanoparticles close to the metallic
surface and SPRs has been shown to enhance SPRi sensitivity
in viral diagnostics.99,100 SPRi biosensors have been
demonstrated so far based on angles, wavelengths, phases,
and polarization interrogations.97–100 Angle-resolved
interrogation mode, for example, continuously scans the
incident angle with a fixed wavelength, while wavelength
interrogation mode fixes the incident angle, whereas the SPR
spectral profile and dip can be obtained by scanning the
incident wavelength.97–100 Consequently, SPRi configurations
provide a variety of applications for molecular sensing,
healthcare testing and environmental screening with high
throughput characteristics.97–100

2.6 Plasmonic optical fibers

Generally, convection optical fibers are made of silica glass
and have a solid core surrounded by a slightly lower
refractive index cladding.102–105 By using the total internal
reflection effect, they can guide light within the core. On the
other hand, plasmonic fiber-optic biosensors rely on a thin
metallic film or nanostructure along the length of the
sensing area to generate SPR or LSPR.106 Therefore, part or
all of the fiber cladding can be removed via chemical etching
or by side-polishing methods, and nanoparticles or
nanofilms can be deposited. Several optical fiber
configurations such as unclad fibers, side-polished (or D-
shaped) fibers, tapered, and U-shaped fibers have been
demonstrated for sensing applications.106–109 As a label-free
method, these plasmonic biosensors detect biomolecular
interactions with high sensitivity and low levels of detection
(LOD). Their broadband operation, along with their structural
flexibility and nanomaterial functionalization, makes
plasmonic optical fiber-based biosensors ideal for real-time
and in situ biosensing and healthcare applications.106,107,109

2.7 General characteristics of plasmonic biosensors

The basic components of a biosensor are illustrated in
Fig. 3(a) and consist of the target analyte bound to the
bioreceptor, the transducer, which converts the signal into a
measurable quantity, and the reader device, which generates
the results110,111 (detailed descriptions of these components
are available elsewhere and are beyond the scope of this
work110,111). In addition, chemical activation of the surface is
crucial to improve the sensing efficiency of single virus
particles. Some important features of analyte–receptor
coupling on the plasmonic surface are shown in Fig. 3(b).
Typically, in affinity-based plasmonic biosensors, surfaces are
activated by biological receptors, such as antibodies, nucleic
acids, cell membrane receptors, specifically designed
peptides, aptamers, or molecularly imprinted polymers
(MIPs).112 These biological entities show great affinity and
specificity for certain analytes, allowing for the selective
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capture of the target with high sensitivity from complex
biological samples. In the following section, we will focus on
several parameters used to assess the performance of a
biosensor.110 In the context of biosensing, the most
important feature of a sensor is its sensitivity, S,110 it is
described by eqn (3) and can be determined by the slope of
the analytical calibration curve,

S ¼ Δλ

Δn
(3)

where λ is the surface plasmon resonance and n is the
refractive index of the medium in contact with the sensor
surface. The magnitude of a sensor's sensitivity depends on
the supporting electromagnetic mode, resonant wavelength,
excitation geometry, and properties of the substrate.113

Therefore, bulk and surface sensitivities are not necessarily
linked to each other. For instance, for a thin gold film excited
at a low angle using a Kretschmann configuration, a high
bulk sensitivity (>5000 nm per RI unit [RIU]) can be
achieved, while a simultaneous small surface sensitivity is
obtained because of the high decay depth.44 This implies that
a small amount of an analyte (<10 kDa) can be easily

detected using a biosensor with a small penetration
depth.44,114

Another key parameter is the limit of detection (LOD) or
sensor resolution, which is defined as the smallest amount of
analyte that can be reliably detected by a specific
measurement process. It is determined by the concentration
of the analyte that produces a biosensor response
corresponding to the standard deviation, σblank, of the
biosensor response measured with no analyte and is given
by:113,115

LOD ¼ m
σblank

S
(4)

where m is a numerical factor. A typical resolution of 10−6

RUI has been demonstrated with gold films and a
Kretschmann configuration.116 Piliarik and Homola117

calculated the ultimate theoretical resolution of an SPR
sensor to be 10−7 RUI. The authors showed that such a
resolution could be reached regardless of the type of SPR
coupling or signal modulation by, for example, increasing
the signal-to-noise ratio of the detected light using high-end
optoelectronic components.117

Fig. 3 (a) Schematic illustration of a plasmonic biosensor that translates the capture of the analyte to a measurable alteration of light intensity or
resonance shift. Analyte–receptor coupling mechanisms on the plasmonic biosensor surfaces include (b) antibody–antigen binding, (c) enzyme–
surface catalytic reactions, and (d) DNA hybridization.
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The performance of a plasmonic biosensor is strongly
influenced by the spectral shape and background noise of the
readout system. For the spectral shape, the Q-factor is an
important parameter since it is a reliable indicator of the
resolution of the detector for certain analytes and is given by:118

Q ¼ λ

FWHM
(5)

To enhance sensing performance, large Q-factor values are
desirable because sharper resonance peaks with large Q-factors
make it much easier to detect small RI changes.77 For example,
nanostructures that support Fano resonances lead to sharp
asymmetric peaks that show up to two-fold sensitivity
enhancement when compared with conventional
biosensors.119,120

Another important characteristic of a biosensor is the
figure of merit (FOM), which is the ratio between the
sensitivity and full width at half maximum of the resonance
spectra.114

FOM ¼ S
FWHM

(6)

The FOM is a key factor for evaluating and comparing different
plasmonic nanostructures with respect to their sensing
potential and is dependent on the metal film, prism material,
and resonance.121 In conclusion, the optimum performance of
a plasmonic biosensor should be evaluated after taking into
account several factors that require carefully consideration.

3 Plasmonic biosensors

Plasmonic optical biosensor technology has emerged as a
powerful diagnostic tool.138–141 By selecting the appropriate

biorecognition element, the technology can be applied to
virtually any type of target molecule, from proteins, nucleic
acids, bacteria, and drugs, and up to human
cells,1,43,119,142,143 while many studies have demonstrated its
utility in the biomedicine and environmental
fields.30,37,89,95,115 In medicine, the accurate diagnosis of
specific diseases is key for the timely and appropriate
treatment and clinical management of a patient. Moreover,
the rapid and early identification of certain viral diseases
before the appearance of external symptomatology can also
be important. This is the case with COVID-19; the
availability of plasmonic biosensors for the rapid and
accurate detection of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) may be useful for massive
population screening, early detection of infected patients,
and more efficient management of the pandemic.1,2,4,144

Owing to the versatility of plasmonic biosensors, the
detection process can be modified. For example, the use
of genomic RNA sequences of the virus target, instead of
viral antigens, has enabled the rapid development of
specific reverse transcription RT-PCR-based genomic
assays.1 Hence, plasmonic biosensors can be applied to
the direct and label-free detection of viral RNA by
designing and immobilizing single-stranded DNA probes,
as receptors, with complementary sequences to specific
SARS-CoV-2 gene fragments on the sensor surface.1

Moreover, the sensitivity and specificity for SARS-CoV-2
could be increased with the combination of several probes
targeting genes of the same virus.1 Henceforth, in this
review, we will discuss recent plasmonic biosensor
platforms for virus detection, with an emphasis on SARS-
CoV-2 (Table 1).

Table 1 Overview of plasmonic-based biosensors for virus detection

Structure Virus detected Detection format LOD sensitivity Ref.

Ag/Au (35 nm/10 nm) chips Avian influenza H7N9 Monoclonal antibody (IgM) 144 copies per mL 122
Cr/Ag/Au (3 nm/40 nm/10 nm) chips Human enterovirus 71 Enterovirus antibody 67 virus particles (vp) per mL 123
Cr/Au (2.5 nm/47 nm) chips H1N1, RSV, adenovirus,

SARS
PCR amplified viral bodies 0.5 nM for adenovirus/2 nM for

SARS
124

Au SPR chip Ebola virus Monoclonal antibodies 0.5 pg mL−1 125
Biacore X bare gold chip HIV Hairpin DNA, capture probes 48 fM 126
Array of Au nanoprism Rotavirus Rotavirus capsid (2B4) antibody 126 ± 3 PFU mL−1 127
Array of Au nanodisks and nanodots Ebola virus A/C protein 220 fg mL−1 18
Planar toroidal gold metamaterial Zika virus Immobilized antibody 5.81 GHz log(pg mL−1)−1 128
Au toroidal metasensor SARS CoV-2 SARS antibody 4.2 fmol 129
Au nanospikes SARS CoV-2 SARS antibody 0.08 ng mL−1 13
Au nano-island layer SARS CoV-2 Thiol cDNA receptor 0.22 pM 130
Hetero-assembled Au nanoparticles
layer

Hepatitis B virus Hepatitis antibody 100 fg mL−1 131

Au spike-like nanoparticles Avian influenza virus DNA–hemagglutinin binding
aptamer

1 pg mL−1 132

Au (∼20 nm) particles Norovirus Norovirus recognizing affinity
peptide

9.9 copies per mL 133

Bioconjugated Au nanoparticle
(10–15 nm)

Dengue and West Nile
viruses

Antiflavivirus 4G2 antibody 10 plaque-forming units
(PFU) per mL

134

SiO2/Au particles (4 nm/100 nm) Zika virus Anti-Zika (NS1) antibody 10 ng mL−1 135
Ag particles (20–80 nm) Dengue virus NS1 antibody 0.06 μg mL−1 136
Au particles (40 nm) SARS CoV-2 Nucleocapsid (N) protein 150 ng mL−1 137
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3.1 Biosensing using plasmonic nanostructures

The first implementation of plasmonic label-free biosensors
for influenza virus detection was reported 25 years ago.145

Since then, researchers have developed a variety of biosensor
assays for rapid virus detection and quantification based on
plasmonic technologies.146 Chang et al. reported a simple
strategy for avian influenza A (H7N9) virus detection using an
intensity-modulated SPR biosensor integrated with a
monoclonal antibody (Fig. 4(a)).122 Specifically, the authors
employed a Kretschmann configuration using an Ag/Au (35
nm/10 nm) chip to increase the selectivity for the virus. They
noted an LOD of 144 copies per mL, which indicated a
sensitivity 20-fold higher than with target-captured ELISA
using antibodies, and better than conventional RT-PCR
tests.122 Furthermore, they evaluated their configuration
using mimic clinical specimens containing the H7N9 virus
mixed with nasal mucosa from patients with flu-like
symptoms and noted a detection limit of 402 copies per mL,
which was far superior to conventional influenza detection
assays, and a rapid testing time of under 10 min.122 Likewise,
Prabowo et al.123 demonstrated a portable SPR biosensor for
the quantification of enterovirus antibodies, which showed a
detection limit of 67 copies per mL. In another study, an
SPR-based biosensor was used to detect nine common

respiratory viruses with an LOD of 2 nM for SARS,124 while
an SPR chip developed to detect the Ebola virus showed a
sensitivity of 0.5 pg mL−1.125 The authors modified a gold
chip with 4-mercaptobenzoic acid and used three monoclonal
antibodies of Ebola virus to study the efficiency based on the
affinity constant.125

A biosensing platform developed by Diao et al.126 based
on the Biacore X analytical system was able to obtain 48 fM
of HIV-1-related DNA using entropy-driven strand
displacement reactions (ESDRs) as an isothermal, label-free
nucleic acid amplification technique. The authors developed
a sensitive SPR biosensing strategy for enzyme and label-free
detection based on DNA nanotechnology.126 The whole
detection process was accomplished in 60 min with high
accuracy and reproducibility.126 The authors noted that the
observed biosensing performance could be attributed to the
perfect combination of a hairpin probe, ESDR circuit, and
DNA tetrahedra on the SPR biosensing chip.126 Another SPR
device has been demonstrated to investigate antigen–
antibody interactions of chicken infectious bronchitis
coronavirus.149 The authors utilized a prism configuration
using a 50 nm Au film to increase the specificity of the
virus.149 Compared with the expected response rate, the SPR
sensor had much smaller differences (up to 6.3 times)
between specific and non-specific interactions.149 The effect

Fig. 4 (a) Schematic of a plasmonic biosensor used to identify avian influenza H7N9. A bare Ag/Au chip is cleaned before surface functionalization
with self-assembled monolayers. The capture antibody, at a concentration of 10 μg mL−1, is covalently immobilized to the reaction spot of the chip
(reproduced with permission from ref. 122). (b) Left: Scanning electron microscopy images of the octupolar geometry-based Au nanostructure
used for rotavirus detection. The minimum interparticle distance between two unit cells is 25 nm. Right: Average LSPR peak shift (black square)
and Langmuir isotherm fitting (red line) for various concentrations of rotavirus in distilled water (reproduced with permission from ref. 127). (c)
Schematic of a nano-antenna array for Ebola virus detection. The gold nanodisks and backplane are separated by SiO2 nanopillars, forming
nanocavities. Gold nanoparticles are present on the SiO2 pillar surfaces, where the localized electromagnetic field around the nanostructure is
highest (reproduced with permission from ref. 147). (d) Schematic of a periodic gold nanohole array that was designed in order to selectively
capture lipid vesicles and virus particles inside the nanoholes. The 10 × 10 mm gold nanohole array was formed on a glass substrate by the
template-stripping method. An optical adhesive layer is present between the gold and glass (reproduced with permission from ref. 148).
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of buffer acidity changes was also investigated, showing a six-
fold reduction in non-specific interactions.149

A two-dimensional octupolar geometry-based gold
nanostructure was fabricated by Rippa et al.127 to detect
ultrasmall concentrations of rotavirus, which is the main
cause of childhood viral gastroenteritis in humans (Fig. 4(b)).
Specifically, the authors designed an array of units
comprising three large identical triangular gold nanoprisms
(side length, 200 nm) and one smaller inner prism (side
length, 80 nm), with a 25 nm separation between adjacent
units.127 An LOD of 126 ± 3 PFU mL−1 using a very low
sample volume (2 μL) was estimated. In addition, the authors
evaluated their plasmonic biosensor with two more viruses
(bovine herpesvirus [BHV1] and equine viral arteritis [EVA])
to confirm its sensitivity and specificity. A maximum LSPR
peak shift of 7 nm from a concentration of 1 × 105 PFU mL−1

for BHV1 was measured, while a maximum shift of 6 nm was
observed for EVA.127 A microfluidic polymerase chain
reaction with a gold nanoslit-based SPR sensor was fabricated
to detect the DNA sequence of latent membrane protein 1
(LMP1) from Epstein–Barr virus (EBV)-positive cells.150 The
device was divided into the PCR microchannel and gold
nanoslit of 80 nm width.150 The microfluidic PCR was
integrated with the nanoslit SPR chip, using heat-resistant
double-sided tape.150 Finally, the sensor was evaluated using
samples from nasopharyngeal cancer patients and completed
the analytical procedure in 36 min, with an LOD of 10−11 g
mL−1.150

Recently, an array of gold nano-antennas that uses a
sandwich immunoassay format has been fabricated for single-
molecule detection of Ebola virus antigens (Fig. 4(c)).147 The
nano-antenna consists of SiO2 nanopillars bound to gold
nanodisks and nanodots, which enhance the fluorescence
signal through the formation of nanocavities.147 The authors
used a thiol–gold link and a protein A/C layer to
simultaneously functionalize the surface of the nanopillars
and to prevent signal losses on the gold surfaces.147 They
noted a detection sensitivity for the Ebola virus soluble
glycoprotein in human plasma of 220 fg mL−1; this was a
significant improvement over the recommended
immunoassay test for Ebola virus antigens.147 In addition,
the interaction of light with the periodic array of nanoholes
enabled the extraordinary optical transmission effect,151

which enhanced the transmission of light at specific
wavelengths. These spectral characteristics have facilitated
the development of high-sensitivity plasmonic biosensors
that can be integrated with microfluidics. A metallic
nanohole-based assay was developed148 to capture single
virus-like particles (Fig. 4(d)). The diameter of the nanoholes
was chosen to fit the size distribution of virus particles that
had been treated with a virucidal drug candidate.148 The
sensing performance of the platform was evaluated by
monitoring resonance shifts for the virucidal-induced capture
of single virus-like particles, showing a minimum RI
resolution of 5.5 × 10−5 RIU.148 The authors noted high RI
sensitivity in the functionalized nanoholes with a low surface

coverage when compared with non-functionalized
nanoholes.148

Since terahertz waves are non-ionizing and harmless to
organic tissues and biomolecules, they may become
increasingly attractive for biomedical applications.156 A
terahertz gold metasensor was designed for Zika virus
envelope protein detection.128 Based on toroidal
metamaterial properties, these devices support resonances
that possess much higher sensitivity to RI perturbations in
the surrounding media.82,83 The toroidal metamaterial
consisted of an array of mirroring asymmetric split
resonators and had the ability to support a Q-factor128

around 30. By measuring the shift of the toroidal dipolar
momentum, the authors determined the LOD and sensitivity
of the metasensor to be 560 pg mL−1 and 5.81 GHz log(pg
mL−1)−1, respectively, for a variety of Zika virus
concentrations.128

3.1.1 Plasmonic nanostructures for SARS-CoV-2 detection.
Ahmadivand et al. demonstrated femtomolar-level detection
of the SARS-CoV-2 S protein using toroidal gold
metasensors.129 The authors improved the binding properties
of the device by functionalizing gold nanoparticles with
antibodies for the S protein, resulting in an LOD of 4.2 fmol
mL−1.129 A low-cost plasmonic sensor consisting of an Au–
TiO2–Au nanocup array was demonstrated which permitted
observation of the plasmon resonance wavelength and
intensity change of S protein capturing events by utilizing the
extraordinary optical transmission effect in transmission
light spectroscopy.157 The authors achieved an LOD of 370
virus particles (vp) per mL with a virus concentration in the
range of 0–107 vp mL−1.

A plasmonic nanohole array with S protein antibodies
immobilized on the surface was fabricated152 to detect a
broad range of pathogens in a typical biology laboratory
setting (Fig. 5(a)). By capturing the S proteins, whole virus
particles could be suspended in the nanohole array, which
resulted in a red-shift of the resonance.152 A plasmonic
microfluidic biosensing platform was developed by Funari
et al. who demonstrated the utility of electrodeposition-based
gold nanospikes combined with optical probes.13 Based on
local RI changes caused by the interaction of the SARS CoV-2
S protein and antibodies in the diluted human serum, a shift
of the LSPR resonance peak was detected, with a detection
concentration of 0.08 ng mL−1.13 The authors noted that the
proposed platform could complement existing serological
assays and improve COVID-19 diagnosis.13 A dual functional
plasmonic detection platform that combines the plasmonic
photothermal33 and LSPR effects has been reported for SARS-
CoV-2 detection130,153 (Fig. 5(b)). Two-dimensional gold nano-
islands functionalized with RdRp-COVID cDNA (RdRp-
COVID-C) receptors permit the selective detection of RdRp-
COVID-C through DNA hybridization, giving an LOD for the
cDNA of 0.22 pM. This provides a new approach for SARS-
CoV-2 detection.130,153

A label-free detection assay scheme based on an
antifouling polymer brush biointerface prepared on a gold-
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coated piezoelectric quartz crystal microbalance chip was
fabricated to enable the quantitative analysis of N-protein of
SARS-CoV-2.158 This device improved the bioassay sensitivity
to a clinically relevant LOD of 1.3 × 104 PFU mL−1 within a
detection time of only 20 min.159 A customized SPR
serological biosensor based on the Kretschmann
configuration incorporated with microfluidic components in
a compact and user-friendly platform was demonstrated for
identification and quantification of SARS-CoV-2 antibodies in
clinical samples.160 By using polyclonal antibodies, this
portable plasmonic device has diagnostic sensitivity (99%)
and specificity (100%) for clinical COVID-19 positive and
negative samples.160 Ansah et al. introduced a methodology
for the synthesis of interior hotspots templated with protein
for label-free and on-site SERS detection of the virus.161

Specifically, the structure consisted of Au nanocavity
electrode (AuNC) with a large surface area, high aspect ratio,
and negligible background noise fabricated on a Si
substrate.161 A supporting electrolyte solution of NaCl,
protein and Au precursor was used during electrochemical
deposition to synthesize the core–shell structure that
encapsulated the lysate protein of SARS-CoV-2 (SLs)
protein.161 The whole process was carried out under an
applied potential of 0.3 V and illumination of a laser beam at
785 nm.161 They authors detected SLs with an LOD value of
10−1 PFU mL−1.161 An inverted gold pyramidal metasurface
was designed, fabricated, and evaluated for label-free

hepatitis A virus (HAV) detection by employing SERS.162 The
authors fabricated 300 × 300 μm2 Au nanostructures based
on periodic arrays of inverted pyramidal nanoholes (PNHs)
by using an EBL method.162 The PNHs are equilateral
triangular based (side size of 390 nm) and arranged in a
triangular geometry.162 For this study, the 785 nm excitation
wavelength was used to test the SERS performances of the
PNHs.162 The HAV was detected at a concentration of 103

PFU mL−1, corresponding to 13 pg mL−1.162

3.2 Biosensing using plasmonic two-dimensional materials

A number of studies on two-dimensional (2D) layered
materials for biochemical sensing applications have exploded
since the synthesis of graphene.163 In a variety of healthcare
applications, these materials (e.g. graphene, transition metal
dichalcogenides, graphitic and transition-metal carbides) can
serve as active sensing elements or supporting substrates due
to their electrical, optical, electrochemical, and physical
properties, which are often tunable.164–167 By reducing their
geometrical dimensions, 2D-materials enhance plasmonic
field confinement and enable the excitation of plasmons,
excitons, and phonons to demonstrate new biosensing
functionalities.166–168 In the literature, several review
papers164,165,169,170 have addressed the role of 2D-materials in
developing detection platforms with high sensitivity and
selectivity towards the target analyte.

Fig. 5 (a) Schematic of the thermoplasmonic-assisted dual-mode approach. Amplification-free-based direct viral RNA detection and
amplification-based cyclic fluorescence probe cleavage detection are combined to provide SARS-CoV-2 detection within 30 min (reproduced with
permission from ref. 152). (b) A label-free optofluidic nanoplasmonic sensor that can detect vesicular stomatitis virus and pseudotyped Ebola virus
from biological media with little to no sample preparation (reproduced with permission from ref. 153). (c) Schematic of a biosensor based on a
plasmonic plastic optical fiber coupled with a novel type of synthetic molecularly imprinted polymer (MIP) receptor for the specific recognition of
subunit 1 of the SARS-CoV-2 spike (S) protein (reproduced with permission from ref. 154). (d) Biosensing configuration based on an SPR D-shaped
plastic optical fiber integrated with an aptamer for the recognition of the receptor-binding domain (RBD) of the S glycoprotein of SARS-CoV-2
(reproduced with permission from ref. 155).
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For example, graphene oxide (GO)-based fluorogenic
peptide probes were designed to allow the differentiation of
Ebola virus from Marburg virus which has a similar capsid
protein composition as well receptor-extensive vesicular
stomatitis virus.171 The authors used an array of three
fluorescent peptide fragments with modest affinity and
selectivity for these three viruses.171 By increasing the
concentration of the peptide probes and applying statistical
analysis, the authors determined the characteristic patterns
for each virus in a simple way without the need for specific
peptide ligands.171 A reduced-GO-based SPR sensor
functionalized with specific antibodies was developed for the
detection of dengue virus for concentrations of 0.1 pM.172

Peng et al. demonstrated a sensing platform based on
ultrathin 2D-MXene Ti3C2 nanosheets for the detection of
PVR-amplified HPV-18 DNA from cervical scrape samples
obtained from human papillomavirus infected patients.173

The authors noted high sensitivity and selectivity for HPV-18
determination, with an LOD of 100 pM.173 Molybdenum
disulfide (MoS2) nanostructures

166,167,174,175 were synthesized
for nanomedicine and biosensing applications.176,177 For
instance, a MoS2-based biosensor was developed to quantify
hepatitis C virus gene (HCV).175 The authors employed an
isothermal enzyme-free hybridization chain reaction for DNA
amplification to form long dsDNA to explore the plasmon
effect of MoS2 nanosheets.175 The proposed biosensor
detected HCV gene from 0.5 pmol L−1 to 1 nmol L−1 with an
LOD of 0.17 pmol L−1.175

3.3 Two-dimensional (2D) materials for SARS-CoV-2 detection

A 2D heterostructure based on PtSe2/graphene was attached
to the gold film of the SPR biosensor for the rapid detection
of the coronavirus.178 In this work, the performance of the
biosensor was investigated with three different ligand–
analytes: (i) the monoclonal antibodies as the ligand and the
coronavirus spike receptor-binding domain (RBD) as the
analyte, (ii) the virus spike RBD as the ligand and the virus
anti-spike protein (IgM, IgG) as the analyte, and (iii) the
specific RNA probe as the ligand and the virus single-
stranded RNA as the analyte.178 The heterostructure PtSe2/
graphene provided an increased surface area for better
absorption of the target analyte and enhanced the sensitivity
of the biosensor. The authors noted a sensitivity of 833 THz
RIU−1 in SPR frequency for COVID-19 virus spike RBD
detection.178 One year later, the same research group
proposed a graphene-coated BK7/WS2/Au/BaTiO3 sensor for
detecting SARS-CoV-2 virus at an early stage.179 The authors
noted a sensor angular sensitivity of 230.7 deg RIU−1 for
detecting the SARS-CoV-2 whole virus and an angular
sensitivity of 227.6 deg RIU−1 for the detection of monoclonal
antibodies against the SARS-CoV-2 virus.179 In another study,
selective detection of COVID-19 virus is demonstrated by
using an antibody functionalized graphene material as a
Raman transducer platform.180 The phononic energy of
graphene is strongly influenced by the change in its doping

level when an analyte molecule is attached.180 The authors
noted that when negatively charged COVID-19 spike RBD
proteins are bonded to CoV-2 spike RBD antibody
functionalized graphene, a blue shift in the phonon vibration
mode peak results from the p-doping of the p-type
graphene.180 The achieved LOD with this graphene-based
phononic biosensor was 3.75 fg mL−1 and 1 fg mL−1 of spike
virus protein in artificial saliva and buffer solution,
respectively.180

3.4 Biosensing using plasmon-based optical fibers

In the past few decades, optical fibers have evolved from an
optical transmission waveguide to important components of
applications ranging from small particle
manipulation102–105,181 to medical imaging.182 In the past
decades, a new class of optical fiber sensors based on SPR
has been added to the family of PoC devices.183 Plasmonic
fiber-optic biosensors offer an interesting alternative to
classical prism-based configurations and are advantageous in
terms of flexibility and cost. Plasmonic optical fiber
platforms have provided miniaturized sensing approaches for
the determination of clinical biomarkers.184

An SPR-based optical fiber device has been developed for
the analysis of avian influenza virus subtype H6.185 The SPR-
based optical fiber consists of a 40 nm thin gold film and a
side-polished structure.185 To optimize the self-assembled
monolayers and subsequent antibody functionalization, the
detection surface of the SPR-based optical fiber was modified
with plasma at low temperature, which rendered better
results than chemical modification.185 The binding
interaction between immobilized antibodies and antigens on
the cell surface was evaluated with 104 to 108 embryo
infectious dose (EID)50 per 0.1 mL of virus, leading to an
LOD of 5.14 × 105 EID50 per 0.1 mL and an average response
time of 10 min.185 By combining the optical properties of
LSPR nanostructures with the total internal reflection of
optical fiber configurations, better spatial sensitivity can be
achieved. For example, the integration of gold nanorods into
a fiber-optic platform permitted the development of an
immunosensor for the determination of Cymbidium mosaic
virus and Odontoglossum rings spot virus186 in plants. To
achieve direct sensing of the analytes, gold nanorods were
employed to generate a near-infrared sensing window to solve
the color interference issue of sample matrices.186 The
optical fiber LSPR-based platform provided an LOD of 48 pg
mL−1, while the RI resolution was 8 × 10−6 RIU.186 The
authors noted that the improvement in sensitivity in
comparison with ELISA was attributed to the properties of
nanorods, which simultaneously prevented the color
interference of similar-sized nanospheres.186 A tilted fiber
grating surface coated with gold nanoparticles has been
demonstrated for the detection of Newcastle disease virus
(NDV).187 Modification of the fiber cladding with gold
nanoparticles (with an average diameter of 80 nm) enhanced
the sensitivity as a result of the LSPR field, while activation
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of the nanoparticles with staphylococcal protein A improved
the bioactivity of anti-NDV monoclonal antibodies by up to
ten times compared with that of a tilted fiber grating without
gold nanoparticles.187 Monitoring of resonance wavelength
red-shifts showed a minimum detectable amount for virus of
approximately 5 pg; this is slightly better than that achievable
by RT-PCR (10 pg).

3.4.1 Plasmonic optical fibers for SARS-CoV-2 detection.
During the recent pandemic, a plasmonic fiber optic
absorbance biosensor was successfully fabricated to detect
the SARS-CoV-2 nucleocapsid (N) protein.188 The integration
of gold nanoparticles into a multimode U-bent optical fiber
permitted the detection of the N protein in a patient's saliva
sample within 15 min.188 An alternative biorecognition
system based on aptamers immobilized on gold nanorods
embedded in D-shaped optical fibers was also fabricated for
the detection of the SARS-CoV-2 S protein (Fig. 5(c)).154 The
viral protein was detectable at an LOD of 37 nM and
resonance shifts of 3.1 nm, thereby providing the ability to
detect small viral concentrations.154 The same group
fabricated a synthetic MIP receptor, which was incorporated
into a 60 nm thick gold film D-shaped optical fiber, for the
identification of SARS-CoV-2 (Fig. 5(d)).155 In this work,155

the authors noted that the sensitivity of the proposed
plasmonic biosensor was higher than RT-PCR with a
response time of about 10 min. A photonic quasi-crystal fiber
(PQCF)-based plasmonic platform was designed to provide a
theoretical sensitivity of 1172 nm RIU−1 for the detection of
SARS-CoV-2 within saliva.189 The PQCF consisted of 280 nm
diameter air holes and a 300 nm diameter gold ring around
one air hole near the core of a lattice with a 500 nm
period.189 Sensors used for detecting analytes should be
capable of biosensing and amplification of targeted analytes
at low concentrations. Therefore, Yosra et al. analyzed the
sensitivity and resolution of an optical fiber-based system
with gold–silver alloy nanoparticles embedded in its core and
covered by a layer of graphene.190 The authors190 showed that
the system had a maximum sensitivity of 7100 nm RIU−1,
FOM of 38.8 RIU−1, and signal-to-noise ratio of 0.38.
Moreover, Wu et al.191 showed that the combination of
metallic nanostructures with graphene can provide better
biological sensing because of the adsorption of analytes to
the graphene through π–π stacking. Hence, the modification
of the plasmonic optical fiber with graphene layers may
improve further the performance and detection ability of
future biosensors.

3.5 Biosensing using plasmonic nanoparticles

The characteristics of metal nanoparticles have found the
greatest use in LSPR biosensing, with several applications
utilizing this technique.144,192–194 For example, a sandwich
immunoassay with gold nanoparticles was demonstrated to
detect the hepatitis B virus (HBV) surface antigen (HBsAg).131

For this purpose, a glass substrate was fabricated with
synthesized gold nanoparticles (AuNPs) of three different

sizes (15, 30, and 50 nm) and conjugated with an anti-HBsAg
antibody to detect the target antigen.131 After 10 min, a
second layer of AuNPs conjugated with the anti-HBsAg
antibody was added to obtain a hetero-assembled chip, the
LOD of which was 100 fg mL−1.131 Takemura et al. used the
LSPR signal from Ab-conjugated thiol-capped AuNPs to
amplify the fluorescence intensity signal of quantum dots for
the detection of nonstructural protein 1 (NS1) of the Zika
virus.195 Their biosensor had a wide detection range of 10–
107 RNA copies per mL and maintained its specificity with
human serum.195 Chowdhury et al. also developed a
biosensor using AuNPs and CdSeTeS quantum dots to
identify the serotypes of dengue virus.196 The biosensor had
LOD at the femtomolar level and was successfully applied to
RNA extracted from dengue virus culture fluids.196 Lee et al.
constructed a label-free biosensor for avian influenza virus
(H5N1) using hollow spike-like AuNPs and a three-way DNA
junction.132 To achieve multifunctionality, each piece of DNA
was tailored to aptamers specific for the hemagglutinin (HA)
protein of the virus, fluorescence dye, and thiol group. The
sensor detected the HA protein of H5N1 in phosphate-
buffered saline and chick serum with an LOD of 1 pM.132

Heo et al. fabricated gold nanoparticles with an approximate
average size of 20 nm to detect human norovirus.133 The
authors' novel sensing approach utilized noroviral protein-
recognizing affinity peptides, which are relatively cost-
effective compared with antibodies, to bind noroviral
proteins.133 They noted an LOD of the capsid protein of 9.9
copies per mL.133

AuNPs or roughened gold surfaces are also widely used in
SERS spectroscopy because of their LSPR properties.144 Paul
et al. developed an antibody-conjugated AuNP-based SERS
probe for the identification of mosquito-borne viruses.134

They successfully detected dengue virus type-2 and West Nile
virus at a low concentration of 10 PFU mL−1.134 Camacho
et al. designed SERS nanoprobes using gold shell-isolated
nanoparticles, which contained 100 nm gold nanoparticles
and 4 nm silica shells. The silica shells modified with Nile
blue functioned as the Raman reporter.135 This configuration
was irradiated with a 633 nm wavelength laser beam, and the
Raman signal was recorded by a mapping process. The
nanoprobes successfully detected Zika virus at a very low
concentration (around 10 ng mL−1) and without any cross-
reactivity with dengue virus.135 Luan et al. developed a stable
and bright fluorescent plasmonic nanoscale construct that
consisted of a bovine serum albumin (BSA) scaffold with
approximately 210 IRDye 800CW fluorophores, a
polysiloxane-coated gold nanorod acting as a plasmonic
antenna, and biotin as a high-affinity biorecognition
element.197 This configuration was able to improve the LOD
of fluorescence-linked immunosorbent assays by up to 4750-
fold, shorten the overall assay time (to 20 min), and used
lower sample volumes.197 The authors attributed this
improvement in sensitivity to the BSA blocking method, in
which BSA acts as a blocking agent to minimize non-specific
binding of the plasmonic fluorophore to arbitrary surfaces
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and biomolecules. In another study, an ATR-LSPR-based
optical platform was employed to demonstrate the detection
of ChiLCVa plant virus using its complementary DNA
sequence as a receptor.198 Gold nanoparticles of 50 nm
diameter were immobilized on a functionalized coverslip
surface by the ATR-configured evanescent wave-based LSPR
absorption method.198 The sensor's LOD was 1.0 μg ml−1 for
the plant viral DNA sample, while unique binding dynamics
were observed compared to non-specific DNA.198

Compared with gold nanoparticles, silver nanoparticles
display a higher efficiency of LSPR excitation and a wider
wavelength range.199 Moreover, silver nanoparticles have
sharper LSPR bands, are less dissipative, and perform better
in SERS.193 However, there are fewer studies on AgNPs than
AuNPs as plasmonic biosensors. One reason behind this may
be that AgNPs display toxicity200,201 and antiviral
effects.202,203 Another reason is that bare AgNPs are not as
stable as AuNPs because of quicker oxidation.204 To deal with
these drawbacks, AgNPs are usually coated with different
materials.205 The thickness and the type of coating material
greatly influence the optical properties of AgNPs. A thermally
annealed thin silver film deposited onto a silicon substrate
was used to detect the NS1 antigen of dengue virus in whole
blood.136 After the annealing process, silver nanoparticles
with diameters from 20 to 80 nm were generated and with
inter-structural spacing ranging from a few tens to about 100
nm.136 The authors determined the system to have an RI
sensitivity of 10−3, while an increase in absorption and a red-
shift of 108 nm of the peak absorption wavelength were
observed with antigen binding.136 The sensitivity of this
configuration was found to be 9 nm μg−1 mL−1, and the LOD
was 0.06 μg mL−1. Hong et al. developed hybrid slot antenna
structures with silver nanowires in the terahertz frequency
range to detect bacteriophage PRD1 and obtained an
enhancement factor of 2.5 for a slot antenna width of 3
μm.206

A SERS platform has been used to detect HBV.207 The
authors used a standard, label-free Ag nanoparticle solution
as the SERS-active substrate to test blood serum samples
from HBV patients and healthy volunteers.207 The SERS
spectra of the serum samples from both the infected patients
and healthy volunteers were compared by employing linear
discriminant analysis.207 Using this approach, a SERS
spectrum was produced in 10 min for each sample and with
a diagnostic sensitivity of 91.4%, indicating the great
potential of this platform for a quick, non-invasive, label-free
diagnostic method through the implementation of principal
component analysis (PCA).207

3.5.1 Metallic nanoparticles for SARS-CoV-2 detection. A
SERS platform consisting of heteronanostructures that
control the coupling distance between the two tethered
metallic nanostructures for ultrasensitive and highly selective
nucleocapsid (N-cDNA) gene detection of SARS-CoV-2 was
reported.159 Specifically, the sensing platform consisted of a
silicon wafer that is modified with bovine serum albumin-
reduced graphene oxide and N gene probing oligo-conjugated

AuNPs.159 Superparamagnetic iron oxide nanoparticles were
modified with another N-cDNA probing sequence to
sandwich the immobilized N-cDNA on the sensing
substrate.159 According to the authors, SERS signals
increased by 10 times in the detection limit from 1 fM to 100
aM.159 A plasmonic biosensor for thickness-sensing detection
via utilizing the distance-dependent electromagnetic coupling
in sandwiched Au nanoparticles and Au film structures was
demonstrated for naked-eye detection of antibodies against
SARS-CoV-2.208 This assay provided a broad dynamic range (7
orders of magnitude) and a low LOD of 0.3 pM, leading to
accurate SARS-CoV-2 antibody quantification (sensitivity/
specificity of 100%/99%, with a portable optical fiber
device).208 Reverse transcription-quantitative polymerase
chain reaction (RT-qPCR) was successfully performed in a
reaction vessel containing PCR chemistry, fluorescent probes,
and plasmonic nanoparticles using plasmonic thermocycling,
in which rapid heating of the solution was achieved via
infrared excitation of gold nanorods.209 The authors achieved
SARS-CoV-2 RNA detection in human saliva and nasal
specimens with 100% sensitivity and 100% specificity.209 Lew
et al. have demonstrated a colorimetric serological assay to
detect SARS-CoV-2 IgGs in patients' plasma using short
antigenic epitopes conjugated to 13 nm AuNPs.210 By testing
35 clinical plasma samples of varying illness severity, the
authors were able to identify SARS-CoV-2 infection with 100%
specificity and 83% sensitivity.210

The detection of spike proteins of alpha, beta, and gamma
variants of the COVID-19 virus was achieved by specific
nanostructured molecularly imprinted polymers
(nanoMIPs).211 The nanoMIP-functionalised LSPR sensor
detected all 3 protein variants with a limit of detection of
9.71 fM, 7.32 fM and 8.81 pM using wavelength shifts for
alpha, beta and gamma spike protein variants,
respectively.211 The LSPR sensing scheme of this device is
based on Ag nanoparticles with an average diameter of 22.47
nm and an aspect ratio of 1.15 on a glass substrate.211 A
three-dimensional porous microplasma-engineered
nanoassembly (AgMEN) was fabricated to provide a high
sensitivity to SARS-CoV-2 S variants, including wild-type,
alpha, delta, and omicron detection via remarkable SERS
signal collection.212 An LOD of 1 fg mL−1 and 0.1 pg mL−1

was noted for the S and N spike proteins, respectively.212

Behrouzi and Lin applied LSPR of antigen-coated AuNPs
to detect the N protein of SARS-CoV-2.137 This detection
method gave naked-eye results in 5 min and an LOD of 150
ng mL−1.137 Park et al. used self-assembled AuNP arrays for
the detection of the SARS-CoV-2 S protein.213 Their biosensor
gave quick results with high sensitivity in just 10 min and
without any purification steps.213 Both aforementioned
sensors could be used for the PoC detection of SARS-CoV-2.
In addition, Das et al. achieved an LOD of the S protein of
111.11 deg RIU−1 using a gold nanorod with a Kretschmann
prism configuration.214 Zavyalov et al. built a SERS
aptasensor based on hydroxylamine-reduced AgNP substrates
and successfully detected SARS-CoV-2 in about 7 min with an
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LOD of 5.5 × 104 median tissue culture infectious dose per
mL.215 Tripathi et al. deposited AgNPs over glass coverslips
and used them as SERS substrates.216 The sensor was used to
detect the Japanese encephalitis virus and demonstrated
ultrasensitive detection, with a detection limit of 7.6 ng mL−1

and a linear response from 5 to 80 ng mL−1.216 A colorimetric
assay based on AgNPs with diameters less than 60 nm and
capped with thiol-modified antisense oligonucleotides
specific for the N protein of SARS-CoV-2 has been
demonstrated as being capable of diagnosing positive
COVID-19 cases from isolated RNA samples within
approximately 10 min.217 A naked-eye (equipment-free), label-
free, and RNA extraction-free method for SARS-CoV-2
detection was developed by employing anisotropic Au
nanoparticles.218 In this study, a specific sequence in the
N-gene of SARS-CoV-2 was selected as a target to design
antisense oligonucleotides (ASOs) with an extra strand
polyguanine (G12).218 Inactivated virus samples were added
to anisotropic AuNPs synthesized on four ASOs, and after the
annealing process, the color of the solution changed from
red to purple.218 The authors noted that in microfluidic
paper-based analytical devices, this conjugation method
allowed hybridization and annealing without a denaturation
step, and its corresponding color change could be observed
by the naked eye in the detection zone.218

4 Perspectives and outlook

Progress in material science and fundamental optics will
continue to provide advantages to biosensing research. An
important facilitator of this progress is the use of numerical
analysis tools, such as COMSOL Multiphysics software,38 to
explore geometrical and material parameters for the
optimization of the biosensor's performance. The
combination of various optical and non-optical, for example
electrochemical, detection configurations on a single
platform could also enable multifunctional biosensors to
extract information from a given sample. For example,
plasmon-enhanced electrochemiluminescence (ECL)-based
sensors are a promising option that deserves further
attention.219 The ECL process uses an oxidized luminescent
substrate to stimulate a fluorescent acceptor.219 Therefore,
non-specific signals that are caused by external light can be
minimized. In this regard, Fan et al. developed an ECL-based
biosensor that amplifies the signal by employing a DNA
walker strategy for the detection of the SARS CoV-2 RdRp
gene.220 Despite their simplicity and high sensitivity,
plasmon-enhanced ECL-based biosensors present many
challenges when used in point of care tests;220 more efforts
are needed to overcome them. In light of this, plasmonic
colorimetric biosensing based on etching or growth of metal
nanomaterials presents excellent prospects due to their
simplicity and ease of use as test strips.221 In order to detect
SARS-CoV-2, colorimetric tests were developed using
plasmonic biosensors with Au nanoparticles functionalized
with polyclonal antibodies (f-AuNPs).222 The authors observed

intense color changes with the naked eye when f-AuNPs
accumulated on the virus and noted a detection limit of 0.28
PFU mL−1 in human saliva.222 In addition, the integration of
SERS with etching-based plasmonic colorimetric sensors
could lead to novel, extremely sensitive detection devices.221

Thus, it is possible to significantly improve detection
accuracy and reproducibility, as well as detect targets in
complex samples and serum, by combining several detection
methods.

Likewise, two-dimensional materials, such as graphene,
can provide dynamic control of plasmonic resonances, which
is needed for small molecule detection.223 Moreover, we
envision that hybrid substrate integrating polar materials,
van der Waals heterostructures, metal antennas, and
metasurfaces will open new avenues for future biosensing
innovation. Furthermore, integration with birefringent and
chiral metamaterials for example chiral plasmon224 layers for
measuring chiro-optic response could advance
enantioselective biochemical sensing applications.

Another alternative technique to be considered is
nanopore technology, which allows for the precise detection
of subunits as well as the sequencing of pathogen DNA and
RNA in an effective and versatile way; this technology will be
at the forefront of future state-of-the-art approaches.225

Nanopore-based sequencing systems, such as the one
developed by Oxford Nanopore Technologies, were
successfully applied to SARS-CoV-2 strains at the early stages
of the pandemic.226,227 The rapid and real-time detection of
mutagenized virus is a key benefit of this technique,
providing important data for further epidemiological
analysis.

In parallel, the availability of a variety of metal
nanoparticle synthesis protocols, as well as an increase in the
number of commercial nanoparticle providers, may
contribute to the development of novel biosensors with high
specificity and selectivity.1,5,43,144 To develop high-sensitivity
tests for SARS-CoV-2, the selection of metallic nanoparticles
with appropriate sizes and shapes is a key point since their
physical and optical properties can greatly influence the
performance of a nanoparticle-based diagnostic system.
Although spherical nanoparticles have been studied most
extensively because of their ease of synthesis, other shapes
are worth investigating when a higher sensitivity or a
different sensing strategy is desired but not achievable with
nanospheres. Regarding nanoparticle size, large metallic
nanoparticles have large absorption cross-sections and may
result in systems with higher sensitivities than those utilizing
small nanoparticles. However, all of these parameters need to
be addressed and evaluated on a project-by-project basis as
many other factors could influence the LOD.228

Despite the excellent biosensing performance of
plasmonic diagnostic tools, several technological aspects still
require considerable improvement before fully operative
devices for clinical diagnosis and real-world applications can
be realized. Factors that need to be addressed include cost,
sensitivity, specificity, and reproducibility, as well as user
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interfaces and connectivity that allow for real-time
monitoring of data collection. In terms of cost, inexpensive
disposal chips are necessary to avoid cross-contamination
issues and complicated cleaning procedures while handling
biological samples or body fluids. In this regard, an
integrated approach that allows for single-use cartridges and
a stand-alone reader is desirable. Microfluidic technology can
also play a key role in providing disposable, stable over time,
and easy to manipulate cartridges through the incorporation
of biochips with specific biofunctionalities for each detection
assay. For airborne respiratory viruses, it will be essential to
integrate such cartridges with additional safety steps,
including sample preprocessing, before final detection.229

Another possible advancement is the merging of plasmonic
devices with smartphones; their light sources, cameras, and
image processing and communication capabilities can reduce
costs and facilitate large scale distribution.230–233 Therefore,
the development of portable and wireless nanobiosensors is
essential for diverse applications. Sample collection and
processing is an additional consideration for on-site
biosensing. The large diversity of analytes and the matrix
composition of specimens such as body fluids still remain a
challenge. For example, virus detection from clinical
specimens is still limited owing to the lack of suitable
methods to prevent the interference of biomolecules in body
fluids. In this sense, the design of antifouling coatings that
can take into account either the composition of the media or
the biological receptor's characteristics may help to bridge
the gap between common analytical methods and plasmonic
biosensing applications.

In summary, this tutorial review highlighted the physics
underpinning the mechanics of plasmonic-based biosensors,
the current progress of biosensor research, and the ability of
such devices to detect virus particles viruses. It is worth
noting that, although high sensitivity is always the main goal
of any biosensor, for better clinical and commercial
translation, it is essential to balance the trade-off between
the sensitivity, cost-effectiveness, portability, and stability of
these plasmonic-based systems. Against the backdrop of the
COVID-19 global pandemic, continued biosensor
development is crucial for the realization of more portable
and affordable platforms that can meet global healthcare
needs.
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