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A B S T R A C T

Advancement of materials along with their fascinating properties play increasingly important role in facilitating
the rapid progress in medicine. An excellent example is the recent development of biosensors based on nano-
materials that induce surface plasmon effect for screening biomarkers of various diseases ranging from cancer to
Covid-19. The recent global pandemic re-confirmed the trend of real-time diagnosis in public health to be in
point-of-care (POC) settings that can screen interested biomarkers at home, or literally anywhere else, at any time.
Plasmonic biosensors, thanks to its versatile designs and extraordinary sensitivities, can be scaled into small and
portable devices for POC diagnostic tools. In the meantime, efforts are being made to speed up, simplify and lower
the cost of the signal readout process including converting the conventional heavy laboratory instruments into
lightweight handheld devices. This article reviews the recent progress on the design of plasmonic nanomaterial-
based biosensors for biomarker detection with a perspective of POC applications. After briefly introducing the
plasmonic detection working mechanisms and devices, the selected highlights in the field focusing on the tech-
nology's design including nanomaterials development, structure assembly, and target applications are presented
and analyzed. In parallel, discussions on the sensor's current or potential applicability in POC diagnosis are
provided. Finally, challenges and opportunities in plasmonic biosensor for biomarker detection, such as the
current Covid-19 pandemic and its testing using plasmonic biosensor and incorporation of machine learning
algorithms are discussed.
1. Introduction

The rational design of plasmonic materials has the potential for pro-
found implications within the field of biosensing, drastically increasing
sensitivity and lowering limit of detection of assays that incorporate
them. The materials and configurations through which this effect is
employed has been rapidly expanding, leading to novel particle or
structure geometries and/or configurations leading to greater levels of
field enhancement. Plasmonic enhancement has been demonstrated to be
a largely multifaceted parameter shown to be dependent upon numerous
parameters of the overall system, including particle or structure size,
geometry, arrangement. morphology, material, areal density, among
others [1,2]. As such, there is significant interest in the optimization of
these various parameters thereby allowing the rational design of the
plasmonic nanomaterials with superior performance.

Of plasmonic nanomaterials, classifications can be developed that
differentiate the two main systems reported in literature, namely
particle-based systems and surface-based systems. The former class
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encapsulates efforts of engineering plasmonic nanoparticles based on
material, geometry, morphology, size, and functional coatings [3–9].
Particles within these systems are typically fabricated using chemical
synthesis methods, which provides significant levels of tunability and
repeatability throughout batches. In these systems, the particles are often
suspended and stabilized within solutions where the assays are
completed. The latter class of surface-based systems consists of nano-
particles or structures upon a surface which can be tuned based on ma-
terial, size, areal density, geometry, and periodicity [10]. Though this
class may include singular particles aggregated upon the surface [2,11],
the mechanism and unique optical properties generated by this config-
uration merits differentiation from the former class. Fabrication methods
can vary widely for such systems and prior reports have utilized
simplistic processes such as chemical synthesis to advanced lithographic
processes.

Currently within the field, there exists an emphasis on exploring
various fabrication methodologies and techniques with the focus on the
development of tunable plasmonic structures and systems. Though
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promising results have been shown with various system configurations,
keeping scalability at the forefront of system development will enable
future systems to be applicable in point-of-care (POC) settings [12–14].
This application space requires a unique set of attributes not shared with
use within clinical setting such as low-cost, scalable, and stable systems.
By association, this provides unique challenges concerning fabrication
methods employed or system configurations. There are numerous unique
considerations that must be considered concerning the design and
implementation of plasmonic nanomaterials for POC biosensing appli-
cations. Namely, sensor type and structure (i.e., nanoparticle solution or
substrate-based), reagent usage and sensor stability, as well as read-out
method (i.e., colorimetric, fluorometric, etc.). Each of these factors
have been explored in depth in literatures.

Demand for accessible, effective, and affordable management of in-
fectious diseases in resource-limited settings is seeking for rapid, simple-
to-use, inexpensive diagnostics for POC testing. Diagnostic criteria for
POC testing in these settings are identified by the World Health Orga-
nization (WHO) to be ‘ASSURED’ - affordable, sensitive, specific, user-
friendly, rapid, equipment free and delivered to the end-users [15].
Traditional diagnostic methods such as polymerase chain reaction (PCR)
and enzyme linked immunosorbent assays (ELISA), although provide
reliable diagnosis and post-treatment monitoring, they can hardly be
applied in POC situations because they require a mass of manual prep-
aration steps operated by well-trained technicians [16,17]. As
well-known POC solution, the lateral flow assays succeed in providing
rapid, inexpensive, and semi-quantitative platforms for the detection of
detection of various analytes but are held back by inadequate sensitivity
and selectivity – especially the cross-reactivity problem [18]. Recently,
plasmonic-based biosensors have emerged as a potential solution for
disease diagnostics and treatment monitoring at POC [19–21]. They not
only enhance the performance of existing platforms, but also provide
new-emerging highly sensitive and label-free detection of biomarkers.
Fig. 1 provides an overview of typical biomarkers explored within POC
diagnostic technologies and those covered within this review. Disease
types can vary greatly however biomarker type traditionally falls within
four main classes, nuclei acid, antigen/antibody, virus, and bacteria.
Fig. 1. Overview schematic showing typical biomarkers, the various shapes based
diagnostic technologies reviewed in this work.
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Nanomaterial based sensor design normally include nanoparticles based
designs, on-chip designs and patterned surfaces.

When light impinges from a dielectric medium onto a metallic sur-
face, the electromagnetic (EM) field of the light excites the free electron
of the metal to oscillate coherently and forms what is known as the
surface plasmon [22]. Mainly two types of surface plasmons have been
studied, namely the surface plasmon polariton and the localized surface
plasmon (LSP) as shown in Fig. 1. A surface plasmon polariton is an EM
surface wave that propagates along the planar dielectric-metal surface
(Fig. 2A). A LSP is present when a surface plasmon is confined in a
nanoparticle of size close or smaller than the wavelength of the excited
light (Fig. 2B). For both the surface plasmon polariton and the localized
surface plasmon, there exists a wavelength-specific resonant condition
called the surface plasmon resonance (SPR), under which the surface
plasmon is most efficiently excited. At the resonance wavelength,
enhanced near-field amplitude is present. For localized surface plasmon,
the highly localized field at the nanoparticle diminishes dramatically as it
distances from the nanoparticle. The resonant interaction between the
EM field and the surface plasmon at the SPR condition enables light to
efficiently couple the plasmonic metal nanostructures. Such light
coupling breaks the diffraction limit and creates an enhanced
light-matter interaction at the subwavelength scale. A plasmonic metal
nanostructure can have one or several SPR modes, each mode corre-
sponds to a specific SPRwavelength. The SPRwavelength depends on the
shape and material of the plasmonic nanostructure. It can also be tuned
by nearby polarizable materials and optical cavities and is highly sensi-
tive to the environmental refractive index changes.

The SPR enhanced light-matter interaction has benefited a wide range
of biosensing applications. These applications are mainly of two cate-
gories. First, biosensors that interrogate the environmental changes
through the change of the SPR signal, such as the SPR wavelength shift
and SPR intensity changes. Second, biosensors based on a sensing
mechanism that is not SPR itself but whose sensor responses are
enhanced and augmented by the SPR, such as the SPR enhanced fluo-
rescent imaging and the surface enhanced Raman spectroscopy (SERS)
[23,24].
sensor designs and plasmonic detection that are explored within point-of-care



Fig. 2. The schematics of the mechanism of A. a surface plasmon polariton and B. a localized surface plasmon.

Fig. 3. Overview figure showing the various techniques used for colorimetric
detection using plasmonic structures, namely, varying shape, size and material,
particle coupling, and periodic nanoarrays.
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The objective of this work is to provide a comprehensive review of the
most recent progress on the design and assembly of plasmonic nano-
materials for POC biomarker detection. We will focus on, firstly, the
design and assembly of the nanomaterials and, secondly, the large range
of biomarker sensors particularly suitable for POC disease diagnosis. The
rest of this work is arranged in the following order. In section 2, optical
signal read-out mechanisms will be reviewed, including colorimetric,
Raman, fluorescence mechanisms and their corresponding in-
strumentations. The accessibility and size of these instrument are directly
related to whether these techniques are suitable for POC applications or
not. Section 3-5 categorize all plasmonic devices into three major groups
in terms of their sensing platform structures. Section 3 focuses on
reviewing nanoparticles that are used for fabrication of the biosensing
platforms. Four different forms of nanoparticles including spheres, cubes,
and spikes/stars will be presented. These nanoparticles are either placed
in suspension and or on a chip. Different nanoparticles shapes and chip
platforms will be categorized and discussed. Next, Section 4 reviews
sandwich-, microfluidic-, chip-, and paper-based biosensors with plas-
monic mechanism. Microfluidic system is an emerging tool to precisely
control nanoparticles geometry and size by confining the chemical re-
action in micro channels [24–26]. Paper-based devices are lightweight,
small, easily portable, and are therefore extremely suitable for POC
diagnosis. Section 5 reviews biomarker sensors with carefully patterned
meta-surface using different techniques such as sputtering, photolithog-
raphy and chemical growth. Section 6 provides the author's perspectives
on the challenges and opportunities in the field of plasmonic biosensors
for biomarker detection. The example of using plasmonic biosensor for
detecting SARS coronavirus-2 virus is discussed. Lastly, this paper is
concluded by a summary of the works reviewed.

2. Signal read-out method

Due to the various manifestations of the plasmonic effect and inherent
properties of materials demonstrating this effect, there exists numerous
potential means to read out a signal from plasmonic nanomaterials. This
section will cover main methods exploited including colorimetric,
Raman, fluorescence, and handheld device assisted methods (Fig. 3).
2.1. Colorimetric

Colorimetric plasmonic sensing of target analytes has been a largely
sought-after approach due to the simplistic nature and lack of de-
pendency on complex instrumentation. Fundamentally, this process re-
lies on the localized surface plasmon resonance (LSPR) of the underlying
particle which, because of changes in the local refractive index, will shift
the particles resonance wavelength. This shift is typically detected
spectroscopically, and the position depends on several factors that will be
discussed later in detail. For use within sensing, particles are often con-
jugated to target a specific analyte of interest, and the new complex is
detected by shifting of this resonance wavelength, indicating presence,
and by magnitude, concentration of the analyte of interest. Due to the
3

ability to control a number of parameters surrounding the particles
within the system, including material, shape, size, interparticle distance,
and composition, there exists significant potential for tunability leading
to varying levels of sensitivity. However, for specific materials and con-
figurations it exists within the visible regime and in practice this shift
within the visible regime can manifest into a characteristic color change,
detectable using only a smartphone camera. In the simplest sensor
embodiment, this method utilizes plasmonic nanoparticles within solu-
tion or within an array which results in a distinct and characteristic color
upon analyte binding. Most commonly, such particles are fabricated
through chemical synthesis, and tunability arises from changes in the
chemical used or synthesis procedures. Due to the potential for scaling of
such methods, there is significant potential for colorimetric read-out
methods to be used within POC settings, thus a significant portion of
work within this space targets this use-case and applications include
medical diagnostics and agriculture.

Due to the amount of work completed within this field, there has been
extensive efforts to characterize and optimize a number of different
design parameters and their effect on the refractive index sensitivity and
visible colors of the particles. Efforts have targeted both computational
optimization and experimental investigation and have studied changes in
particle shape, material formulation, size, and distance between parti-
cles. Shapes including nanospheres, nanorods, nanocubes, nano-
bipyramids, nanoflowers, nanostars, and nanoplates have been
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previously reported [27], whereas those with generally sharper geome-
tries or edges have traditionally been shown to have higher enhancement
levels [28,29]. Of recent, particle size has been demonstrated to be a
significant factor governing near-field enhancement thus regardless of
shape, optimization of size, if possible, is warranted when designing
Fig. 4. Colorimetric plasmonic sensing. A. A method of colorimetric detection enable
solution color changes. This was utilized within for the specific detection of glucose
patients. Replicated with permission from Ref. [31]. B. A method for the detection
onstrates enhanced scattering. Replicated with permission from Ref. [33]. C. A nano L
nm/RIU) and enables colorimetric detection of varying refractive index environment
permission from Ref. [10]. D. A method for colorimetric histology using patterned s
constant of various tissues. Replicated with permission from Ref. [39].
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sensors [1]. Traditionally, particles are fabricated using chemical syn-
thesis methods and most commonly are fabricated from gold, due to the
LSPR falling within the visible regime. Once synthesized, particles can be
functionalized and changes in the near-field such as that due to analyte
binding detected using spectroscopy methods. An interesting alternative
d by etching of gold nanobipyramids within an assay, resulting in characteristic
within a patient cohort and enabled the discrimination of healthy and diabetic
of tumor-derived extracellular via coupling of plasmonic particle which dem-
ycurgus Cup array which demonstrates high refractive index sensitivity (46,000
s, such as that within DNA solutions of varying concentrations. Replicated with
ilver films, enabling the detection of tissues by subtle changes in the dielectric
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to this approach which enables the colorimetric detection of analytes is
through post-synthesis etching or growth, enabling further tuning of
particle morphology and thus properties [30]. In one such study using
this approach, colorimetric detection of blood glucose was enabled by
changing the morphology of the gold nanobipyramids within an assay
through enzymatic etching resulting in a characteristic solution color
change detectable by the naked eye [31] (Fig. 4A). Within the assay,
glucose oxidase oxidizes glucose forming H2O2 which is subsequently
broken down into hydroxyl radicals in the presence of horseradish
peroxidase which accelerates initial nanobipyramid etching. Using this
method, they showed a dynamic range of 0.05–90 μM, limit of detection
of 0.02 μM, time to result of 30min, and good correlation with traditional
hospital detection methods. They lastly employed the sensor for glucose
sensing within serum of a small cohort of healthy people and diabetic
patients and enabled differentiation of the two groups through naked eye
detection alone.

Though single particles within solution represent the predominate
sensor configuration utilized, there has been intriguing recent advance-
ments which utilize coupled particle systems as a means for detection.
Such approaches make use of the plasmonic “hotspot”, or the highly
enhanced EM field between nearby and interacting plasmonic nano-
particles. This phenomenon has been robustly investigated computa-
tionally and experimentally using nanofabricated samples which
provides significant control over sample size, shape, spacing, and thus
properties [32]. However, for use within POC settings there has been
significant interest in finding alternative fabrication methods that are
amendable to scaling. In one such study, Liang et al. [33] took advantage
of the unique plasmonic properties of two morphologies of chemically
synthesized plasmonic nanoparticles, a gold nanorod and gold nano-
sphere (Fig. 4B, left). Independently, the plasmonic properties of these
two distinct particles have been well studied in literature, with robust
links between varying size and shape of particles and characteristic
resonance wavelengths. In this study, 50 nm AuNSs with a resonance
peak of ~550 nm which scatters green light was coupled with 25 � 60
nm nanorods with a resonance peak of ~650 nm which scatters red light.
When these two particles were close enough to one another (<200 nm),
the particles interact with another, leading to coupling and scattering of
yellow light with a significantly higher intensity than either individual
particle (Fig. 4B, middle). This was used as the basis for an assay by
functionalizing both nanoparticles to bind to protein markers on the
surface of extracellular vesicles (30–150 nm in diameter), CD63 and CD9.
As a result, the binding of both particles to a singular extracellular vesicle
would enable detection using dark-field microscopy. This method pro-
vided detection of circulating extracellular vesicles in as little as 1 μL of
plasma and enabled differentiation between pancreatic cancer, pancre-
atitis, and normal controls based on area ratio, a metric that considers the
signal area versus background as a proxy for concentration [33] (Fig. 4B,
right).

The ability to detect multiple analytes within a single test, multi-
plexed detection, lowers cost and simplifies the diagnostic workflow
significantly. As such, there has been significant interest in combining
plasmonic nanoparticles within single assays to allow for the differenti-
ation and detection of multiple analytes simultaneously. The significant
levels of tunability within system design and configurationwhen it comes
to particle-based systems makes them an ideal candidate for such assays.
A straightforward approach to achieve multiplexing is by changing the
shape between multiple underlying particles within the system, however
this increases complexity when it comes to chemical synthesis as each
particle need to be synthesized independently. A simpler alternative
approach which has been investigated is multiplexing spatially, by
patterning specific areas within the assay with unique particles or
structures. In this manner, theoretically the same particles can be used in
multiple areas of the assay, as long as it is spatially accounted for, both
reducing assay complexity and increasing repeatability. In a recent study
in this field, Pinheiro et al. [34] utilized configurable gold nanoparticles
for colorimetric multiplex detection of glucose, uric acid, and free
5

cholesterol in a single paper-based microfluidic assay. This work made
use of in situ gold nanoparticle synthesis for the detection of glucose and
demonstrated detection at physiologically relevant ranges with a limit of
detection of 1.25 mM. For the other two analytes, tailored gold nano-
particles were used to functionalize paper and the optical properties
altered by changing degree of aggregation. Due to the addition of mul-
tiple techniques leading to colorimetric detection, the development and
optimization of such an assay is quite involved, however preliminary
results are encouraging. Another example to achieve multiple readouts is
provided by Wang et al. [35] by utilizing the catalytic-regulated gold
nanoparticle etching process. Aggregation behavior, catalytic activity
and etching level are used in the system as triple sensing channels for
protein discrimination, which can be well reflected by the color change of
solution. The differentiation of pure protein and protein mixtures is
validated through urine sample.

Plasmonic particle-based systems, mainly those for solution-based
sensing, represent a significant portion of the colorimetric sensors re-
ported thus far in literature, however of recent there has been advances
that utilize periodic nanoarrays that enable colorimetric sensing.
Although fabrication of these systems is more complex, requiring
specialized equipment and lengthy processing stages, the ability to
pattern these upon surfaces provides unique potential and integrates well
with standard clinical sample processing. This field is still early in its
development, however if methods are developed that reach scalability of
particle-based system then there exists significant potential or POC assay
development. Gartia and coworkers [10,36–38] developed a periodic
nanolycurgus cup array and demonstrated its potential for colorimetric
detection of refractive index environment changes such as in the pres-
ence of air, oil, ethanol, and NaCl solution (Fig. 4C). In this study, due to
the high sensitivity (~46,000 nm/RIU) they further showed colorimetric
sensing directly upon the fabricated surface via changes of DNA con-
centration within solution [10] (Fig. 4C). Though the fabrication of such
a sensor requires specialized equipment and nanofabrication techniques,
it provides an intriguing proof-of-concept platform that would be largely
applicable in biosensing if scalability was achieved. In another example,
Balaur et al. [39] developed a plasmonic microscope slide that allows
colorimetric histology of tissues without the use of staining by trans-
ducing minute changes in the dielectric constant of various tissue types
into visibly detectable color changes (Fig. 4D). In this paper, they showed
the feasibility to differentiate between normal epithelium, usual ductal
hyperplasia, and early-stage breast cancer within a diagnostic cohort.
Such a system in its current embodiment has little to no POC relevance,
but it's likely that such a configuration would also allow for robust
surface-based colorimetric sensing. Intriguing results have been pre-
sented within literature, however, there still exists high dependence on
nanofabricated samples and lithographic methods to enable colorimetric
sensing. Considering the ideal use-case for this detection method, POC
applications, there needs to be further development into similarly sen-
sitive, yet scalable fabrication methods.

2.2. Fluorescence, Raman, and handheld-format systems

Fluorescence is a photoluminescence process where a fluorophore
molecule absorbs a photon and then emits a photon of lower energy
(longer wavelength). Roughly, the fluorescence process can be separated
into three steps. First, the fluorophore molecule absorbs the photon and is
put into an excited state. Then, the excited fluorophore molecule converts
to a lower energy without emitting any photons. Finally, the excited
fluorophore radiatively decays to a lower energy and emits a photon. In
these three steps, while the second step is independent of the excitation
light intensity, the efficiency of the first and third steps can be enhanced
by a higher excitation light intensity.

Raman spectroscopy is a technique used to identify molecules by
providing a molecular fingerprint. Its working mechanism relies on in-
elastic scattering of light, or specifically, photons, which is also called
Raman scattering. When an incident light or a group of photons pass the
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sample with a photon frequency vi, some will leave the sample in a path
along the direction of the incident light, which is called transmitted light,
while others will leave the sample in all other directions, which is called
light scattering. For the scattered photons, when their frequency (vs)
equals the frequency of incident light (vi), or vi ¼ vs, Raleigh scattering,
occurs. When they are not equal, or vi 6¼ vs, Stokes scattering occurs.
Raleigh scattering is elastic scattering while Stokes scattering is inelastic
scattering. There are two energy scenarios when vi 6¼ vs. As the incident
photon interact with the electron cloud of the sample, the vibrational
energy of the electron cloud either gains energy (goes to a higher energy
level) or loses it (goes to a lower energy level) after the photo is emitted
out (Fig. 5A). Correspondingly, to maintain the total energy in the sys-
tem, the emitted photon will either have a lower energy (lower fre-
quency) when the electron adsorbs energy or a higher energy (higher
frequency) when the electron lose energy. If the emitted photon's energy
(or frequency) is smaller than that of incident photon, or vs < vs, Stokes
scattering will be observed. On the other hand, if the emitted photon's
energy (or frequency) is larger than that of incident photon, or vs > vs,
Anti-stokes scattering will be observed (Fig. 5B). These shifts in energy,
also called Raman shift, provide information about the vibrational mode
in the sample molecules. Hence, Raman can be used to reveal the identity
of the sample molecule by comparing the observed shifts in frequencies
to those known substances. In addition, the intensity of those peaks
represents the number of photons received by the detector. The higher
the intensity, the more photons are detected. By this means, Raman can
quantitatively measure the concentration of the sample.. As shown in
Fig. 5C Conventional Raman spectroscopy has a big and bulky machine
body that include all the optical components in it such as a microscope,
lens, lasers, filters, etc., which can be hardly adapted to POC applications
due to their bulky size. However, more recently, handheld Raman
spectrometer (Fig. 5D) has emerged in the market that make Raman
detection and analysis easily and conveniently accessible, opening a new
revenue for its applications in the realm of POC medical diagnostics.

While many portable diagnosis platforms emphasize convenient
detection through bare eyes, it is notable that detection error from bare
eyes can sometimes lead to significantly inaccurate diagnosis results.
Thanks to the rapid development of computing techniques and
Fig. 5. Raman Spectroscopy. A. The change of vibrational energy states in the proce
three different energy shift scenarios. C. A Raman spectroscopy machine. Photo cred
Analytical Devices.

6

miniaturized chips, smartphones have become a highly integrated
sensing and computing system, thus playing a vital role in the portable
diagnosis platform for fast and accurate detection for POC applications.

The sensing capability of smartphones that has been predominantly
utilized in the mobile diagnosis platform is their imaging camera. In
typical colorimetric assays, a biochemical reaction takes place to intro-
duce a distinguishable color change in the solution or chip to enable
detection of analyte. With the use of smartphones, the color transition or
color intensity is captured through the cameras and followed with image
processing techniques and a variety of computations to quantify the
concentration of detected analyte. Examples of smartphone readers for
colorimetric sensing includes the detection of ascorbic acid in tear fluid
by Misra et al. [40], detection of human C-reactive protein with
graphene-based microliter plate in diluted human whole blood by
Vashist et al. [41], detection of cancer antigen 125 (CA125) through
functionalized Au–Ag NPs by Hosu et al. [42], and detection of bacteria
by Zheng et al. [43] In other studies, researchers develop
smartphone-based imaging platforms to serve as a household instrument
for plasmonic detection and analysis software. For instance, Lee et al.
[44] combined a highly sensitive SPR biochip and a simple portable
imaging setup for label-free detection of imidacloprid pesticides. Their
plasmonic chip showed spot shift in response to changes of pesticide
concentration, which can be accurately detected through imaging of
smartphone and do quantitative analysis. Another hand-held SPR imag-
ing platform was developed by Guner et al. [45] which is composed of
SPR sensor chips and a smartphone-based compact optical system
(Fig. 6A). The silver/gold (Ag/Au) bilayer structure coated Blu-ray disc
sensor chips were capable to perform plasmon resonance imaging at the
central region of visible spectrum, and the image intensity was captured
through the smartphone to estimate the analyte concentration. Smart-
phone is also reported to be applied for fluorescence imaging by Lee et al.
[46], as shown in Fig. 6B. In this study, Lee et al. performed a
smartphone-based fluorescence microscopy to do dual-wavelength fluo-
rescent detection of 17-β-estradiol in water. The smartphone's camera is
connected to a microscope with a band-pass filter to display the two
channels fluorescent images of the sensing array with high resolution.
More recently, Bian et al. [47] proposed a metasurface-inspired
ss of a photon interacting with sample molecule. B. A Raman spectrum showing
it by Horiba, Ltd. D. A handheld Raman spectrometer. Photo courtesy of Rigaku



Fig. 6. Hand-held Devices and systems. A. SPR imaging platform integrated with a smartphone. Replicated with permission from Ref. [45]. B. A schematic illustration
of the overall work design for the dual wavelength fluorescent detection. Replicated with permission from Ref. [46].

Table 1
Summary of representative nanoparticle based plasmonic biosensors developed recently.

Particle form Synthesis method System/Method Disease detected Biomarker POC
ability

Limit of
detection

Ref.

Spheres Hydroxylamine hydrochloride
reduction (Ag)

SERS HBV L-arginine, nucleic acid Low N/A [48]

Citrate Reduction (Au) Colorimetric sensing HBV Hepatitis B surface antigen
(HBsAg)

High 1 pg/mL [49]

Seed-mediated growth (Au) Colorimetric sensing HIV HIV template DNA High 0.01 zmol [50]
Citrate reduction (Au) SERS HIV HIV-1 DNA High 0.24 pg/mL [51]
Citrate reduction (Au) Colorimetric sensing TB TB DNA High 19.5 pg/mL [52]
Commercial product (Au) SERS TB ManLAM Low NA [53]
Commercial product (Au) Toroidal

electrodynamics
COVID-19 SARS-CoV-2 spike protein Medium 4.2 fmol [54]

Citrate Reduction (Au) colorimetric sensing epithelial ovarian
cancer

cancer antigen 125 High 30 U/mL [55]

Citrate reduction (Au) Colorimetric sensing COVID-19 SARS-CoV-2 RNA High 0.18 ng/μL [56]
Cube Seed-mediated growth (Au) LSPR Lung cancer MiR-205 Medium 5 pM [57]

Chemical reduction (Au)
Seed-mediated growth (Ag)

LSPR Hypo/hyperkalemia Potassium Low 1 nM [58]

Seed-mediated growth (Ag) SERS Mycotoxin Ochratoxin A Medium 0.01 nM [59]
Sulfide-mediated method (Ag) SPR n/a Immunoglobulin G (igG) Medium 0.6 μg/mL [60]
Chemical reduction (Ag) SERS Toxicity Dithiocarbamate (DTC) Low 44 nM [61]

Spike/star Seed-mediated growth (Au) SPR n/a Genomic DNA Medium 6.9 fM [62]
One-pot seedless protocol SERS Hand, food and mouth

disease
Enterovirus 71 High 107 pfu/mL [63]

Ascorbic acid reduction (Au) SPR Influenza A H5N1, H4N6 Low 0.0268 HAU/
50 μL

[64]

Chemical reduction (Au) SERS Mosquito-borne
diseases

Nonstructural protein Medium 55.3 ng/mL [65]

Chemical reduction (Au) SERS Oxidative stress and
related diseases

Hypochlorite (ClO�) and
glutathione (GSH)

Medium 0.40 μM [66]

Sputtering (Au) SERS Influenza Influenza antibody Medium 10 pM [67]
Other
nanostructures

Seed-mediated Growth (Au) LSPR TB CFP-10 ESAT6 antibody High N/A [68]
Seed-mediated Growth (Au) LSPR Tumor ctDNA Medium 2 ng/mL [69]
NIL and thin-film (Au) Plasmonic

fluorescence
Ebola EBOV antigens Medium 220 fg/mL [70]

Simulation SPR COVID-19 SARS-CoV-2 spike protein Low 111.11 deg/
RIU

[71]

Commercial product (Au) LSPR HIV HIV-1 p24 antigen Low 10�5 pg/mL [72]
seed-mediated growth (Au) LSPR HBV Hepatitis B surface antigen

(HBsAg)
Medium 100 fg/mL [73]

Electrodeposition (Au) LSPR COVID-19 SARS-CoV-2 spike protein High 0.08 ng/mL [74]
Boiling reduction (Au) on
magnetic NP

SPR TB anti-CFP-10 Low 0.1 ng/mL [75]

DNA template (Ag/Pt) Colorimetric Cancer miRNA-21 High 0.6 pM [76]
Dipping (Au) Plasmonic

fluorescence
Malaria PfLDH Low 1 pg/mL [77]
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biosensor, patterned plasmonic gradient, together with a smartphone for
high precision sensing. The patterned plasmonic gradient transduced
local index information into 2D patterns by forming visible resonance
contour lines for easy readout. The smartphone was connected to a mi-
croscope to directly read the 2D patterns with high sensitivity and do the
real-time analysis with a homemade program.

3. Nanoparticle based designs

Most plasmonic biosensor utilize plasmonic nanoparticles to induce
or enhance surface plasmon effect. In designing these nanoparticles-
based sensors, different particle forms, shapes, fabrication methods and
working mechanisms are employed to produce devices that detect
different biomarkers and diseases such as hepatitis B virus (HBV), human
immunodeficiency virus (HIV) and tuberculosis (TB) with various limit of
detection. Table 1 summarizes these characteristics of some the most
representative devices developed recently that are based on nano-
particles. In addition, the potential of these devices’ POC applicability is
evaluated. In the following sub-sections, we categorize the plasmonic
nanoparticles into three major forms including sphere, cubic, and spike/
star structures and reviewed and discussed their role in biosensors.

3.1. Sphere

As early as the late 19th century, the topic of interaction between
light and small particles, especially colloidal particles of gold and silver,
has been attractive to researchers [78,79]. It is widely known that the EM
field around the surfaces of the nanoparticles exhibits strong resonant
and oscillating behavior –which is called plasmon resonance if light with
appropriate wavelength is incident. Various nanostructures have been
fabricated, characterized, and applied in applications through decades of
development on nanomaterial fabrication techniques, such as
self-assembly, chemical growth and lithography. However, nanospheres
are still primarily used in plasmonic sensors due to their easy fabrication
process and low-cost. In addition, significant enhancement of light occurs
in the narrow gap regions when plasmonic nanospheres are closely
coupling [80].

Chemical growth is the most popular method to synthesize Au and Ag
nanospheres of different sizes. Turkevich et al. first developed the single-
phase-based reduction of gold or silver salt by citrate to fabricate size
tunable nanospheres [81]. 40 years later, Brust introduced a two-phase
(water-toluene) reduction of AuCl4� to prepare 1–3 nm gold nano-
spheres (AuNSs) bearing a surface coating of thiol [82]. For the synthesis
of plasmonic AuNSs, gold chloride trihydrate (HAuCl4) is the most
commonly used precursor, which requires reducing agent such as triso-
dium citrate or sodium citrate to initiate the reaction [83–86].
Seeding-mediated fabrication based on the separation of nucleation and
growth is also used to synthesize citrate-stabilized AuNSs with the
diameter up to ~200 nm [87,88]. Silver nanospheres (AgNSs) can be
fabricated in a similar way. For example, by reduction of silver nitrate
(AgNO3) with hydroxylamine hydrochloride at alkaline pH, highly
SERS-active AgNSs with diameters between 23 and 67 nm are produced
[89,90].

Pure nanospheres without further functionalization can be feasible
for label-free disease detection. For instance, Yudong et al., directly
mixed blood serum from patients confirmed with HBV and healthy vol-
unteers with AgNSs solution at 1:1 ratio for SERS measurement [90]. By
comparing Raman bands and first order derivative SERS data in the
serum SERS spectrum between HBV patients and healthy volunteers,
especially the peak position of biomolecules (like L-arginine and
saccharide) that were relevant to HBV transformation and infection, they
achieved a non-invasive and accurate diagnostic of HBV detection in 10
minutes. Another way to utilize pure plasmonic nanospheres for bio-
sensing is through seed-mediated growth. The mechanism is to take
advantage of reducing agent produced in physiological processes or re-
actions in the sample, such as NADH, to reduce HAuCl4, which results in
8

the enlargement of AuNSs. The color change caused by the enlarged
AuNSs is a convenient and robust signal for colorimetric assay. For
example, Peng et al. developed a colorimetric sensing method based on
alcohol dehydrogenase catalyzed AuNSs growth for the detection of the
hepatitis B surface antigen (HBsAg) [91]. In the plasmonic ELISA design,
they attached streptavidin-alcohol dehydrogenase (ADH) to biotinylated
secondary antibodies, so that biocatalytic cycle can be catalyzed between
NADþ and ethanol to generate NADH (Fig. 7A). Therefore, in the pres-
ence of antigen (HBsAg), the size of AuNSs enlarged and the solution
color changed from yellow to purple. Comparing to other sophisticated
methods, it provides POC ability to detect any disease biomarkers as long
as appropriate antibodies exist.

Functionalized nanospheres provide even more possibilities in
biomarker detection. Since Mirkin modified AgNSs with polynucleotides
to achieve colorimetric detection based on the concentration of target
molecule [92], enormous effects have been made for the development of
nanospheres surface functionalization with different probes to provide
highly sensitive and specific detection of a wide range of markers.
Detection of DNA, RNA and oligonucleotide has received the greatest
attention. Capping rationally designed thiol-modified antisense oligo-
nucleotides onto AuNSs is a simple and straightforward approach for
diagnosing. For example, Moitra et al., developed a colorimetric assay
based on oligonucleotides capped AuNSs specific for N-gene of
SARS-CoV-2, which diagnosed positive COVID-19 cases within 10 mi-
nutes [86]. Such modified AuNSs bunch up only in the presence of target
RNA sequence, and lead to a change in SPR with a redshift of ~40 nm in
absorbance spectra (Fig. 7B). More importantly, the colorimetric detec-
tion can even be recognized by naked eye without complicated instru-
ment, which complies with the ASSURED criteria for POC testing. Tsai
et al., shows that when ssDNA modified AuNSs is combined with target
dsDNA, the DNA hybridization affects the zeta potential of the AuNSs,
resulting in aggregation of the colloid and thus a colorimetric change
[85], as shown in Fig. 7C. They extends the sensor to a paper-based
system so that the colorimetric results can be rapidly analyzed by
smartphone instead of sophisticated equipment. In addition to nucleic
acids, antibody or antigen are frequently used in nanospheres surface
modification since they have similar complementary counter parts. For
instance, Ahmadivand et al., conjugated AuNSs with the monoclonal
antibody targeting at spike protein (S1) of SARS-CoV-2 virus and
measured the toroidal dipole-resonant shift with different spike protein
concentrations (Fig. 7D) [93]. The authors demonstrated that dispersing
antibody capped AuNSs to toroidal metasurfaces promoted the binding
strength of biomolecules, and they achieved a limit of detection down to
~4.2 fM. Recently, an entropy-driven DNA amplification networks have
been achieved using photostable Au–Ag hollow porous nanospheres
[94]. Rather than amplify the DNA hairpins, this platform increases
double-stranded assembly structures. Au–Ag nanospheres are engineered
to be hollow and porous for excellent photothermal conversion effi-
ciency. Apart from nucleic acids, functionalized Au nanospheres also
show promising applications in various protein detection. For instance,
Jiang et al., [95] developed a sensor platform consisting of AuNPs
complexed with aptamers to detect exosomal proteins. The exosomes
bind to the aptamers, resulting in the aggregation of AuNPs and a visible
color change that can be detect by naked eyes.

Although broadly used as plasmonic materials, metal nanoparticles
alone are limited by their low tunability and short lifetime. Surface
plasmon hybridization of metal nanoparticles and other nanostructures
can enhance the plasmonic properties and provide better sensing per-
formance. For example, Rostami et al., [96] developed a sensing platform
by integrating graphene nanoribbons and sliver nanoparticles. The pre-
sented hybrid sensor is capable of detecting dopamine and glutathione in
sequence by showing a color change from green to red (dopamine) and to
grey (glutathione) in human serum samples. DA and GSH were success-
fully detected in low concentrations of 0.04 μM and 0.23 μM,
respectively.



Fig. 7. Nanospheres-enabled biosensors for diseases detection. A. The schematic diagram of plasmonic ELISA using AuNSs seed-mediated growth principle. Replicated
with permission from Ref. [91]. B. The schematic representation for the detection of SARS-cov-2 RNA mediated by the antisense oligonucleotides (ASOs)-capped
AuNSs. Replicated with permission from Ref. [86]. C. The schematic illustration of the tuberculosis diagnostic method. Replicated with permission from Ref. [85]. D.
The schematic for the workflow of the SARS-cov-2 spike proteins-AuNSs conjugate and TEM image of conjugated structure. Replicated with permission from Ref. [93].
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3.2. Cube

Nanocubes have also drawn great attention in plasmonic sensing for
their numerous advantages. Nanocubes have large and uniform faces that
can be readily attached to peptidoglycan layer and stay that way, offering
antibacterial effect via enzyme-like activities [97]. Jeon and co-workers
[98] fabricated and compared Au nanospheres and nanocubes with
vertices. The shape effect on the refractive index sensitivity is compared
for their LSPR performance. They found that single Au nanocubes with
vertices are more sensitive in refractive index than single Au nanospheres
of similar size. Nanocubes also provide high electrocatalytic activities
than their spherical catalysts counterparts as result of their abundant
(100) faces [99,100]. For instance, Au coated Pd nanocubes were placed
on networks of single-walled carbon nanotubes (SWCNTs) for building a
9

highly sensitive electrochemical biosensing platform [101]. Platinum
(Pt) nanocubes were used to build an amperometric glucose biosensor to
increase the activity of the oxidation and reduction of H2O2 [102]. In
another work, a non-enzymatic glucose sensor was developed by Yang
et al. [103] using electrospun Au nanocubes decorated on vertically
aligned multi-walled carbon nanotube (MWCNTs) arrays. Further, many
research indicate that polyhedral nanoparticles such as nanocubes which
have many edges and vertices tend to have stronger localized surfaces
plasmon resonance than rounder particles such as nanospheres [58,104,
105].

Au and Ag are the two most commonly used materials for fabricating
nanocubes for plasmon enhancement. Dr. Xia is one of pioneers of syn-
thesizing high quality, uniform Ag nanocubes [106–108], and many later
works that use Ag nanocubes for plasmon biosensing either directly
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employed his protocol or with slight modification. In Xia's method [106],
Ag nanocubes are fabricated using polyol synthesis method where
ethylene glycol is used as the reducing agent and the solvent. Na2S is then
added to the system. Ag2S nanocrystallites, which can reduce AgNO3, are
generated after AgNO3 is added to the solution. This rapid reduction
process helps shape the formation of Ag cube. Poly (vinyl pyrrolidone)
(PVP), which selectively binds to Ag's {100} facets, also contribute to the
formation of Ag cubes. For the fabrication of Au nanocubes, a two-step
seed-mediated growth method is usually employed [109]. In the first
step, the Au seed is prepared by quick addition and mixing of ice-cold
NaBH4 solution into a mixture solution of HAuCl4 and cetrimonium
bromide (CTAB). In the second step, the growth solution is made by
mixing water, HAuCl4, CTAB and ascorbic acid which the seeds solution
is added to. The mixture solution stays at room temperature overnight
followed by wash and centrifugation process to obtain the Au nanocubes.

Before researchers utilized the plasmonic effect to enhance the signal
of silver nanocubes for biosensors, they simply use Ag nanocubes for its
electrochemical properties such as the electron transfer effect withH2O2 .
For example, Yang et al. [100] designed an amperometric bienzyme
biosensor for glucose detection using Ag nanocubes and Au electrode.
The substrate for the Ag nanocubes is horseradish peroxidase
(HRP)-chitosan (CS)-glucose oxidase (GOx) bienzymatic film. The
working mechanism for this biosensor involves reduction of H2O2 which
is produced in the enzyme reaction. The chemical reaction can be
expressed with equations (1)–(3) [100]. Similarly, Yang et al. [103] built
a non-enzymatic glucose sensor based on Cu nanocubes electrodeposited
Fig. 8. Biosensors with plasmon assisted metal nanocubes. A. Au nanocubes which a
plasmonic aptamer sensor on a single Au coated Ag nanocube. Replicated with pe
Replicated with permission from Ref. [59]. D. A plasmonic sensor where Ag nanocube
novel biosensor based on SPR with enhanced sensitivity using Ag nanocubes/chitosan
detect dithiocarbanmate (DTC). Replicated with permission from Ref. [61].
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on vertically aligned multi-walled carbon nanotubes (MWCNTs). It is
demonstrated that this sensor showed enhanced electrocatalytic activity
to glucose oxidation in NaOH solution. Ren et al. [102] promote the
electrocatalytic activity of the oxidation and reduction of H2O2 by
fabricating an amperometric glucose biosensor. In this design, Pt nano-
cubes are used to facilitate the electron transfer activity which signifi-
cantly increase by H2O2 which is produced in the glucose oxidization
process by GOx.

Glucoseþ O2 → Gluconic acid þ H2O2 (1)

H2O2 þ 2Hþ þ Ag → 2H2O2 þ Agþ (2)

Agþ þ e� → Ag (3)

Zhang et al. [57] designed a cancer biomarker detector based on
plasmonic effect using Au nanocubes. The mechanism of the sensor is
based on the increase in reflective index induced by hybridization on the
surface of Au nanocubes which are modified by thiolated single strand
DNA (ssDNA) (Fig. 8A). The device's sensing capability is demonstrated
by detecting microRNA205 (miR-205) which is an important tumor
biomarker. It is shown in the experiment that the limit of detection
reaches as low as 5 pM in serum samples. A recent work also reported
that Au nanocubes with flat surfaces exhibited better performance than
nanospheres for highly sensitive DNA detection assay because of the
faster DNA binding kinetics, sharper DNA melting transition and wider
"hotspot" regions [110]. Another example to detect cancer biomarker is
re modified by thiolated ssDNA. Replicated with permission from Ref. [57]. B. A
rmission from Ref. [58]. C. A plasmon enabled ochratoxin A (OTA) biosensor.
s are loaded on GO on Au films. Replicated with permission from Ref. [112]. E. A
composite. Replicated with permission from Ref. [60]. F. A SERS based sensor to
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presented by Li et al. [111] using the gold-silver alloy nanoboxes. With
the strong Raman signal enhancement capability, the reported alloy
nanoboxes combined with nanoyeast single-chain variable fragments
show high sensitivity and specific capture performance. The researchers
successfully detect three different soluble cancer protein biomarkers
(sPD-1, sPD-L1, sEGFR) with a limit of detection of 6.17 pg/mL, 0.68
pg/mL, and 69.86 pg/mL, respectively. The detection of the three cancer
protein biomarkers is also validated in human serum samples and ach-
ieved high recovery rates.

Tian et al. [58] fabricated a simple and sensitive plasmonic aptamer
sensor on a single Au coated Ag nanocube, used its LSPR effect to analyze
Kþ ions, and monitored the formation of G-quadruplex structure in real
time. In this design, an ssDNAwith G-rich specific sequency providing Kþ

bonding site is bonded to the surface of the Au@Ag nanocubes as shown
in Fig. 8B. This work showed that LSPR can provide an efficient tool for
monitoring the interaction of Kþ ions with a range of 1� 10�9 - 1� 10�2

M and a limit of detection of 1� 10�9 . M. Tang et al. [59] constructed a
photoelectrochemical immunosensing platform using Ag@AgCl nano-
cubes decorated on reduced graphene oxide (RGO) heterostructure. RGO
nanosheets serves as the substrate for Ag@AgCl nanoparticle are used for
their improved charge separation and transportation. The device is
fabricated by a sacrificial salt-crystal-template procedure followed by an
ethylene glycol assisted reduction reaction. In their study, Tang and co-
workers observed that glucose oxidase oxidation generates H2O2 which
have etching effect on Ag nanocubes. The etching of the Ag material can
be quantified via measuring the photocurrent. Therefore, they use this
phenomenon as a new mode of signal detection and designed the plas-
mon enabled ochratoxin A (OTA) biosensor with the structure afore-
mentioned which showed high sensitivity, low limit of detection and
good reproducibility which can be ascribed to the role of LSPR (Fig. 8C).
Xie et al. [112] investigated the plasmonic enhancement of the sensor
based on Ag nanocubes loaded graphene oxide (GO) (Fig. 8D). In their
study, they fabricated a plasmonic sensor where Ag nanocubes are loaded
on GO on Au films. The enhancement is studied and via modeling the EM
field patterns using FDTD solutions software (Lumerical Solutions). The
found that the high EM field of Ag nanocubes, the localized surface
plasmons (LSP) and the propagating surface plasmons (PSP) are
responsible for the over 30 enhancement factors. Zhang et al. [60]
fabricated a novel biosensor based on SPR with enhanced sensitivity
using Ag nanocubes/chitosan composite. They synthesized Ag nanocubes
using sulfide-mediated method. Au film is used as the substrate for the
spin-coated Ag nanocubes/chitosan composite. The schematic of the
device is shown in Fig. 8E. They attribute the enhancement in SPR
response to the electronic coupling of the Ag nanocubes and the plas-
monic surface waves. The biosensor demonstrated by detecting the IgG of
mouse. In the experiment, the device showed a large detection range
from 0.6 to 40 μg mL�1. Zhang and coworkers reported an electro-
chemiluminescence sensor enabled by surface plasmon coupling effect on
Au nanocubes. The found this effect is particularly strong on the apexes
and edges of the Au nanocubes. Graphite phase carbon nitride quantum
dots are used to further enhance the surface plasmon coupling effect, and
as a result, the signal has been increased three times. In addition,
toehold-mediated strand displacement, a simple and enzyme-free strat-
egy, is employed to amplify the nucleic acid. The biosensor can detect
rapidly accelerated fibrosarcoma B-type (BRAF) gene with a range of 1
pM to 1 nM and a limit of detection of 3:06� 10�5 nM. Zhu et al. [61]
developed a SERS based sensor to detect dithiocarbanmate (DTC), a
pesticide, using sponge like RGO wrapped Ag nanocubes. As shown in
Fig. 8F, layers of porous RGO sheets form a scaffold structure to hold Ag
nanocubes. Adjacent Ag nanocubes contribute to the “hotspot” for the
amplification of SERS signal. The sensor's selectivity of DTC is owing to
the pesticide's preferential adsorption on the Ag surface and aromatic
pesticides on the RGO surface. The detecting concentration ranges from
50 nM to 2 μM, and the limit of detection are 10–16 ppb.

Nanocubes can be applied to directly capture virus. A team has been
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working on the detection of norovirus using molybdenum and silver
nanotubes by SERS. These nanocubes were functionalized with
norovirus-specific antibody so that a core-satellite immunocomplex can
be formed through antigen-antibody immunoreaction [113,114]. This
detection sensor was characterized with a broad linear range from 10
fg/mL to 100 ng/mL and a limit of detection of ~0.1 fg/mL.

3.3. Spike/star

In addition to spherical and cubic shapes, AuNPs can be synthesis into
star or spike shapes or similar shapes with sharp vertices [115]. For the
first time, Au nanostars (Fig. 9A) were used in an assay for DNA detection
based on selective capturing of DNA targets [62]. It is found that the
electrical field enhancement at the nanostar tips contribute to the
coupling of the LSP and surface plasmons. This bioprobe can detect un-
amplified human genomic DNA extracted from lymphocytes with a
sensitivity down to 10 aM. Chatterjee and co-workers [116] developed a
high-yield synthesis for fabricating Au nanostars with just one step. These
nanostars have longer and sharper spikes which contribute to stronger
“hotspot” at the spike tips. They also employed numerical tools to
quantify the local electric field enhancement and LSPR. The single
molecule SERS enhancement factor was found to be 1010 to 1013 in the
calculation of optical simulation. Reyes et al. [63] developed a SERS
based label-free method that utilize protein-induced aggregation of
colloidal Au nanostars for rapid detection of enterovirus 71 (EV71)
without substrate and laborious sample handling (Fig. 9B). Ahmed et al.
reported a self-assembled Au nanostar based chiroimmunosensor for
virus detection, specifically, avian influenza A (H4N6) [64]. They syn-
thesized AuNPs into four different morphologies, namely,
prolate-shaped, dendritic-shaped, flower-shaped and spiky-like AuNPs.
The detection performance of these AuNPs is compared in the test of
detecting influenza A virus (Fig. 9C). It is shown that the detection ranges
are heavily dependent on the shapes of the AuNPs. Dr. Hamad-Schifferli
and her research group developed a SERS based multiplexed assay that
can distinguish between Zika and dengue, mosquito-borne diseases
which have similar symptoms but may result in greatly different health
outcomes [65]. This assay is designed to be a POC biosensor in which Au
nanostars are conjugated to specific antibodies for Zika and dengue and
employed in a dipstick-format immunoassay. The viral nonstructural
proteins (NS1) from dengue and Zika are used as biomarkers. The
immunoassay consists of a nitrocellulose strip on which NS1 antibodies
are immobilized on the test line and a control antibody at the control line.
Fig. 9D shows the immunoassay's schematic. To reduce time-to-result on
a single platform without additional labeling and immobilization, a team
reported an Au nanospike biosensor composed of DNA to achieve three
functions at one time - target recognition, signal amplification, and
connection to substrate [117]. They introduced DNA 3-way junction on
the surface of Au nanospikes for protein recognition aptamer, FAM dye
and immobilization thiol-group, respectively. A SERS based bioprobe
was reported by Wang et al. that can image and biosense hypochlorite
(ClO�) and glutathione (GSC) [66]. 4-mercaptophenol (4-MP)-function-
alized Au nanoflowers are fabricated and used to provide a large amount
of “hotspots” to increase the SERS signals. The biosensor's working
mechanism is shown in Fig. 9E. As a result, the limit of detection of the
biosensor can achieve 0.38 and 0.4 μM for GSH and ClO�, respectively.
More recently, a new method is proposed to fabricate scaled-up, repro-
ducible plasmonic biosensor which include a large number of “hotspots”
for greatly enhanced detection capabilities [67]. In this design as shown
in Fig. 9F, Au are made into nanopillars arrays by depositing AuNPs on a
plasma-etched PET substrate via a vacuum process. The enhancement
was found to be over 8.3 � 108-fold for SERS and 270-fold for plasmon
enhanced fluorescence due to the high density of plasmonic coupling and
quantity of “hotspot” in this design. The biosensor is able to detect
influenza related antibodies with high sensitivity. This fabrication tech-
nique, which is simple and highly scalable, provide new avenues to
facilitate mass production for POC plasmonic biosensors.



Fig. 9. Spike/star shaped AuNPs based plasmonic biosensor. A. The DNA detection using Au nanostars. Replicated with permission from Ref. [62]. B. A SERS based
label-free method that utilize protein-induced aggregation of colloidal Au nanostars for rapid detection of EV71. Replicated with permission from Ref. [63]. C. A
self-assembled Au nanostar based chiroimmunosensor for virus detection. Replicated with permission from Ref. [64]. D. A SERS based multiplexed assay that can
distinguish between Zika and dengue. Replicated with permission from Ref. [65]. E. A SERS based bioprobe that can image and biosense hypochlorite (ClO�) and
glutathione (GSC). Replicated with permission from Ref. [66]. F. A scaled-up, reproducible plasmonic biosensor that include many “hotspots” for detection
enhancement. Replicated with permission from Ref. [67].
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4. Sandwich-, chip-, and paper-based designs

Immobilizing nanoparticles onto solid substrates provides higher
flexibility, robustness, and easy application to plasmonic sensing, espe-
cially when applying non-water-soluble molecules [118]. This section
reviews three major sensing platform structures, namely, sandwich-,
chip-, and paper-based designs for plasmonic biosensing. Silicon has been
used as a traditional substrate for nanoparticle immobilization for years
due to the well-developed nanofabrication methods, such as e-beam
lithography [119,120], charged particle beams [121] and thermal
evaporation [122], to precisely control the size, shape and density of
deposited nanoparticles. For instance, Bibikova presented a straightfor-
ward method to produce SEIRA- and SERS-active substrates based on the
plasmonic properties of wet-chemically synthesized AuNSts, which were
subsequently immobilized at silicon chips mediated by a gold layer and
α-ω-dimercapto polyethylene glycol [123]. The advantage of nano-
particle deposition at the silicon surface is their strong adhesion at the
gold-coated silicon interference. This property significantly improves the
stability of the obtained AuNP modified Si substrates, which allows
reusability after cleaning.
12
4.1. Sandwich structure

Immunoassays typically include two modes: competitive and
noncompetitive assays. In competitive assays, unlabeled antigen in the
test samples competes with prelabeled antigen to bind the antibody.
When the amount of antigen in the test sample increases, the detected
signal measured from the labeled antigen typically decreases. As a result,
competitive assays need to have a strong detected signal for the labeled
antigen [124,125]. The other mode is the noncompetitive immunoas-
says, which typically combine a primary antibody for immobilization and
a secondary antibody for signaling. Since analyte is bonded between two
antibodies, this type of assay is also known as the sandwich-type assays.
The measured signal is directly proportional to the concentration of an-
alyte, and this type of assay has very high sensitivity.

For decades, sandwich-structured biosensors have been intensively
developed for disease diagnosis. The most commonly used sandwich
immunosensor is the AuNPs/antigen/AuNPs where AuNPs are conju-
gated with different antibodies for different detection purposes. For
example, Kim et al. [126] developed a heteroassembled AuNPs
sandwich-immunoassay LSPR chip for detection of hepatitis B surface
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antigen, which is shown in Fig. 10A. The HBsAg were captured on AuNPs
arrayed on glass substrate, and the captured HBsAg were further conju-
gated with a layer of AuNPs for signal amplification. The gold nano-
particles were fabricated through a classic seed growing method. This
platform is able to detect HBV with a LOD of 100 fg/mL in 10–15 min,
which satisfies the rapid and sensitive requirements of POC diagnosis.
These results were validated in spiked human serum samples. Similar
AuNPs/antigen/AuNps sandwich-structured immunosensors include the
detection of ManLAM (Tuberculosis biomarker) with SERS by Crawford
et al. [127], detection of SARS-Cov-2 Virus (COVID 19 protein) with SPR
by Das et al. (Fig. 10B) [128] and the detection of thrombin by Lee [129].

In immunoassays, one of the key challenges is to enhance the plas-
monic signal. For this purpose, different signaling markers have been
employed in the sandwich immunoassays. For example, Zou et al. [130]
developed a sandwich-structured immunosensor to detect Tuberculosis
with magneto-plasmonic nanoparticles (MPN) (Fig. 10C). In this plat-
form, antigen was captured on a gold chip and conjugated with
Fe3O4@Au nanoparticles for enhanced signaling. Zou et al. fabricated
Fe3O4@Au core-shell nanoparticles in three different morphologies (i.e.,
sphere, short spiky and long spiky) to amplify the SPR signals and found
spherical MPN can enhance the electronic coupling effect significantly,
showing the best detection sensitivity. Their system was able to detect
CFP-10, which is an early secretary antigen of Tuberculosis, with a LOD
of 0.1 ng/mL. The developed immunosensor was evaluated in artificially
CFP-10-containing urine which are easy to collect. In another study from
Zhang et al. [131] they form the sandwich sensor by using IRDye800
fluorophore to label the captured antigen on the plasmonic Au substrate
for the detection of type 1 diabetes. Li et al. [132] also employed
IRDye800 fluorophore in their sandwich sensor for labeling (Fig. 10D).
However, Li et al. developed this platform not to detect an
already-known disease biomarker, but to profile the autoantibodies that
are related to hypertensive heart disease. Through evaluating the
detected cardiovascular autoantibodies, autoantibodies to troponin I,
annexin-A5, and ADRBK1 emerged as the most strongly associated with
LV remodeling and dysfunction in patients with hypertension.
Fig. 10. Scheme of sandwich-structured biosensors for diagnosis. A. The heteroassem
permission from Ref. [126]. B. The structure of the gold nanorod assisted plasmonic
with permission from Ref. [128]. C. The magneto-plasmonic nanoparticles enhanced S
plasmonic sandwich microarray structure to detect cardiovascular diseases. Replicat
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4.2. Microfluidic chip

Being the technique to precisely manipulate fluids at the microscale,
microfluidic technology is capable of implementing bioreaction with
minimized reagent and shortened span, thus can significantly reduce the
cost and time of detection [24–26]. Compared with traditional platforms,
integrating microfluidic systems with plasmonic microsensors offer a
bunch of advantages in cost, sensitivity, and adaptability. Microfluidic
chips are typically fabricated in a simple and reproducible approach with
low cost, which are suitable for fabrication with batch mode in clinic. In
the meantime, microfluidic reactors enable homogeneous and thorough
reaction with reduced specimen, thus increasing the sensitivity and ac-
curacy of detection. Further, microfluidic chips are versatile and can be
easily adapted for various purposes, such as automated measurements,
connection to other instruments, and label-free sensing. Low cost,
portable device, high throughput, high sensitivity, rapid reaction,
simplified steps, all of which outstanding characters indicate that
microfluidic-based plasmonic sensing platforms are ideal for POC disease
diagnosis [133,134].

Thanks to the high throughput, microfluidic chips can generate a
well-defined detection environment for plasmonic sensing systems.
Mühlig et al. [135] set up a droplet-based lab-on-a-chip device to detect
mycobacteria using SERS. In this platform, bacteria were disrupted and
pumped into the microfluidic channel together with the fabricated Ag
nanoparticles to record the LOC-SERS spectra. The droplet-based
microfluidic device can analyze a large number of independent sam-
ples rapidly with low sample volume, thus can conveniently generate a
statistical valid data set for detection. However, this system still requires
a Ramanmicroscope to do the measurement, which limits the application
scenario. Other researchers incorporate microfluidic devices with plas-
monic sensors to introduce a fast and portable detection method
[136–139]. For example, Yap et al. [136] presented a novel bifunctional
microfluidic SERS immunoassay with plasmonic-magnetic nanoparticles.
In the immunoassay, plasmonic nanoparticles act as soluble SERS
immunosubstrates and magnetic particles promote micromixing,
bled AuNPs sandwich immunoassay LSPR chip to detect HBV. Replicated with
immunoassay for detection of COVID-19 SARS-CoV-2 Spike Protein. Replicated
PR chip to detect Tuberculosis. Replicated with permission from Ref. [130]. D. A
ed with permission from Ref. [132].
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together yielding a rapid detection in a simple device. Zhou et al. [137]
built up a cost-effective plasmonic immunochip for the detection of
carcinoembryonic antigen (CEA) by integrating plasmonic sensing with
microfluidics and nanoimprint lithography (Fig. 11A). Plasmonic nano-
cave array with excellent bulk refractive index sensitivity is implemented
in the platform to provide stable functionality and simple measuring
configuration. This chip achieves detection capability for the CEA con-
centration of less than 5 ng/mL within 30 min, which is much lower than
the CEA cancer diagnosis threshold of 20 ng/mL. Vazquez-Guardado
et al. [138] developed a plasmonic sensing system to directly detect
neurotransmitter dopamine from whole blood (Fig. 11B). The micro-
fluidic separator enables in-line separation of plasma directly from the
bloodstream and channels it to the detection area coated with inorganic
cerium oxide nanoparticles for rapid detection. The platform achieves
detection of dopamine at 100 fM concentration in simulated body fluid
and 1 nM directly from blood. In the following year, Inci et al. [139]
reported a disposable hand-held microfluidic plasmonic platform to
detect hemoglobin protein. With the capability to finish the typical assess
in 15–30 minutes for end-users, this cost-effective miniaturized chip
shows great potential in POC applications. At the meantime, microfluidic
devices are easily to be designed with parallel microchannels, which
allows for parallel detection of multiple antigens [140,141] An example
was presented by Geng et al. [140] with an optofluidic-portable platform
to integrate LSPR spectroscopy and microfluidic technology to deliver a
low-cost, ultra-sensitive detection system for liver cancer antigen
(Fig. 11C). The vacuum evaporation followed by thermal annealing
method was used to fabricate the AuNPs on microfluidic chip. This chip
contains 9 cells and is connected to optical probe and data handling
system to allow for parallel in-situ test and real-time measurement. Soler
et al. [141] also reported a nanoplasmonic microfluidic biosensing sys-
tem that can do simultaneous detection of two bacterial infections:
Chlamydia trachomatis and Neisseria gonorrhoeae. This system introduces
precise immobilization of specific antibodies on the individual sensor
arrays for selective detection and real-time quantification with a limit of
detection of 300 CFU/mL and 1500 CFU/mL for the o bacteria
Fig. 11. Microfluidic plasmonic sensing platforms. A. A microfluidic immunochip
Replicated with permission from Ref. [137]. B. A microfluidic separator embedded w
blood. Replicated with permission from Ref. [138]. C. An optofluidic biosensor platf
from Ref. [140].
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respectively. Pel�aez et al. [142] combined the SPR gold chip with
microfluidics to realize POC for tuberculosis diagnosis. The presented
biosensor is functionalized with highly specific monoclonal antibodies,
allowing for detection and quantification of the heat shock protein X
(HspX) directly in pretreated sputum samples. Microfluidic plasmonic
sensing system offers new solutions for the current COVID-19 pandemic.
Funari et al. [143] developed an opto-microfluidic chip for the detection
of antibodies against SARS-CoV-2 spike protein by gold nanospikes. The
microfluidic chip is covered with functionalized Au nanospike and
combinedwith a homemade reflection probe to collect the reflective light
to record and process the absorbance spectrum. Funari et al. showed that
this opto-microfluidic platform can detect the target protein in diluted
human plasma within 30 minutes and achieves an LOD of ~ 0.08 ng/mL.
4.3. Paper based design

Paper-based sensing platforms have attracted increasing interest and
obtained rapid development in the past few years since Whitesides et al.
first introduced the potential of microfluidic paper-based analytical de-
vices (μPADs) in 2007 [144]. With the advantages of low-cost, wide-
spread availability of material, facile manufacture, high biocompatibility
and ease of use, paper-based devices is becoming ideal platforms for POC
diagnosis applications. Paper-based devices are typically composed of
hydrophilic or hydrophobic microstructures patterned on the paper
substrate to allow for capillary-driven flow. These paper-based devices
are usually fabricated through wax printing [145], inkjet printing [146],
screen printing [147], photolithography [148] and plasma treatment
[149].

Paper-based devices can be easily combined with the colorimetric
detection method to provide fast and cheap diagnosis through visual
readout without handling other tools or apparatus. In colorimetric assays,
the reagents are first loaded to the paper substrate and will be later
interact with the analyte solution to create a visible color change in the
paper. For example, Fakhri et al. [150] developed a novel paper-based
biosensor to detect concentrations of miRNA-21 in human urine
with plasmonic gold nanocave array and a fiber probe for tumor detection.
ith plasmonic sensor to directly detect neurotransmitter dopamine from whole

orm integrated microfluidics and LSPR sensing chip. Replicated with permission
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sample. This biosensor is incorporated with DNA-templated Ag/Pt
nanoclusters to catalyze the reaction of hydrogen peroxide and 3, 30, 5,
50 tetramethylbenzidine (TMB) to produce a blue color. This biosensor is
able to reach a detection limit of 0.6PM with a large linear detection
range. Another example is presented by Srisa-Art et al. [151] to detect
Salmonella typhimurium using paper-based device (Fig. 12A). IMS
anti-Salmonella coated magnetic beads are applied to capture and
separate the bacteria from sample, followed by the implementation of a
sandwich immunoassay for the detection. The concentration of Salmo-
nella typhimurium can be read as the length of colored band and reach a
detection limit of 102 CFU mL�1. Instead of using simple piece of paper,
Son et al. [152] show the potential of PDA-paper in the immunoassays to
detect the high infectious pH1N1 virus among influenza A viruses
(Fig. 12B). Their colorimetric sensor employs PDA-paper chip as the
substrate, which exhibits blue-to-red colorimetric transitions upon
environmental change. Conjugated with antibody, the PDA-paper chip is
able to detect pH1N1 virus with visible color change. Other researchers
also use paper-based colorimetric immunosensors to detect different
irons which are toxic to human beings, including lead ions [153] and
mercury ions [154].

It is worth noting that paper-based colorimetric immunosensors
usually have low sensing signal, which can often limits their application
in the disease diagnosis. To amplify the sensing signal of paper-based
sensors, Alba-Patino et al. [155] developed an origami paper-based
colorimetric biosensor with decreased detection limit. By simply
folding a piece of paper as substrate and loaded with conjugated gold
nanoparticles, the immunosensor can generate simultaneous visualiza-
tion of colorimetric signals in each layer of paper (Fig. 12C). Due to the
semitransparent nature of wet paper, signals are added layer upon layer
Fig. 12. Examples of paper-based immunosensors. A. The readout results from colo
permission from Ref. [151]. B. Preparation of PDA-paper chips and their applicatio
permission from Ref. [152]. C. Schematic representation of the origami paper-based b
and pattern design of the office paper based plasmonic SERS substrates. Replicated
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to form higher optical density. It is showed that the limit of detection is
decreased 10 times in a model immunosensor for the detection of
immunoglobulins.

Paper-based devices also show great potential in SERS. Traditional
SERS immunosensors are fabricated by generating metal nanostructures
on the substrate, which is typically done by sophisticated and expensive
deposition technology. Compared with traditional substrate material
such as silicon wafer or glass, paper has cellulose structure to directly
absorb the reagent via spotting and can even form a higher Raman
enhancement factor [156]. The theme of flexibility, low cost and high
sensitivity can be reflected in many recent studies. For example, Oliveira
et al. [157] decorated office paper with silver nanostars to obtain
increased SERS sensibility, high uniformity and reproducibility
(Fig. 12D). Moram et al. [158] fabricated a SERS platform by employing
filter paper embedded with salt-induced aggregated Ag/Au nanoparticles
and validate their application to detect multiple explosive molecules. Hu
et al. [159] constructed a uniform paper-based SERS test strip via in situ
synthesis of AuNPs on paper fibers for the detection of Mucin-1 in whole
blood. Lee et al. [160] reported a filter paper based SERS sensor which is
hydrophobic modified by alkyl ketene dimer for the detection of pesti-
cide with sub-nanomolar sensitivity. In addition to paper-based devices,
we have summarized a list of other non-metal based plasmonic devices in
Table 2. A commonly used materials is graphene that is proven to in-
crease the sensitivity of plasmonic detections [161]. These nonmetal
based devices’ synthesis and working method, their target disease and
biomarkers, evaluation of potential POC feasibility, and limit of detection
are also summarized and compared.
rimetric paper-based sensor to detect Salmonella typhimurium. Replicated with
n for the colorimetric detection of influenza A (pH1N1) virus. Replicated with
iosensor. Replicated with permission from Ref. [155]. D. The fabrication process
with permission from Ref. [157].



Table 2
Summary of examples of nonmetal based plasmonic biosensors.

Materials Synthesis method System/Method Disease
detected

Biomarker POC
ability

Limit of
detection

Ref.

RGO Sputter coating (Au) incubated with RGO SPR Dengue DENV 2 E-proteins High 0.08 pM [162]
Paper Commercial product (Dynabeads, streptavidin�β-

galactosidase conjugate)
Colorimetric
sensing

Salmonellosis Salmonella
typhimurium

High 100 CFU/mL [163]

Photo irridation (PDA) Colorimetric
sensing

Influenza A pH1N1 High 103–5 � 103

TCID50

[164]

Polymer Polymerization SPR HBV Anti-HBs High N/A [165]
Graphene Commercial product (Graphene) Colorimetric Inflammation C-reactive protein High 0.07 ng/mL [166]
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5. Meta-surface patterned design

This section reviews and discusses research efforts made towards the
patterning of surfaces with plasmonic structures for large-scale surface-
based sensors [167]. Table 3 summarized some recently developed,
representative examples of plasmonic biosensors based on patterned
meta-surface and nanoarray structures that enhance the plasmonic effect.
Their synthesis andworkingmethod, their target disease and biomarkers,
evaluation of potential POC feasibility, and limit of detection are also
summarized and compared. This section will cover three main classes
within this field, discussed in increasing levels of scalability, namely
lithographic patterning, nanoisland films, and finally chemical growth
(Fig. 13).
Fig. 13. Overview figure showing the various techniques used for patterning of
surfaces, namely, lithographic patterning, nanoisland thin films, particle ag-
gregation, and chemical growth.
5.1. Lithographic Patterning

Lithographic patterning of metallic films for the creation of plasmonic
nanostructures is a commonly utilized approach that allows for unpar-
alleled levels of tunability and control. By virtue, such systems often
achieve the highest levels of enhancement of the techniques that will be
discussed herein. However due to lack of scalability of many of the
techniques used, these configurations have not found significant trans-
lation to POC applications. Due to the size of the desired structures,
electron-beam lithography is often required for their fabrication, creating
further limitations in terms of scalability and time of processing. In its
most basic form, this technique requires the spin coating and patterning
of a photoresist film via electron-beam writing. Following pattering, the
photoresist can be developed removing the unwanted areas after which
metallic thin films can be deposited and the remaining resist removed via
a lift-off process. Due to the use of an electron-beam, the resolution of this
technique allows for the writing of nanoscale features and highly
controlled geometries benefiting performance. Using this approach, an
Table 3
Summary of examples of meta-surface and nanoarray based plasmonic biosensors.

Surface form Synthesis method System/Method Dise
dete

Meta-substrate Commercial product (Au), magnetic
sputtering method

Plasmonic
fluorescence

Card
dise

Commercial product (Au) SPR TB
Meta-coated
slides

Sputtering (Au) SPR Den
Seed-mediated growth on glass slide (Au) Plasmonic

fluorescence
Diab

Commercial product (Au) SPR Card
dise

Thermal annealing (Ag) LSPR Den
Evaporation (Au) SPR Can
Electron beam evaporation, thermal
annealing

LSPR Live

Coating Au on butterfly wings SERS Mal
Nanoarray Tetrahedron DNA monomers SPR HIV

Commercial product (Spreeta 2000 chip) SPR TB
Commercial product (Au) SPR Ebo
Seed-mediated growth on glass slide (Au) SPR Diab
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early demonstration of plasmon-enhanced fluorescence was shown, with
fluorescence enhancement of up to 1000-fold demonstrated experimen-
tally [32]. Alternatively, more scalable and wafer-scale lithographic
processes have been developed using variations of more standard tradi-
tional ultraviolet lithography. In one example, a modified deep UV lith-
ographic process was used to create wafer scale plasmonic nanohole
array geometries [181] (Fig. 14A). This system was coupled with gold
nanoparticles which when bound to the nanohole array reduces the
transmission at the resonance wavelength of the nanohole array. The
ase
cted

Biomarker POC
ability

Limit of
detection

Ref.

iac
ase

Cardiac troponin I High 0.01 ng/mL [168]

DIG High 63 pg/mL [169]
gue DENV-2 E-proteins Low 0.08 pM [170]
etes Islet cell–targeting

autoantibodies
High N/A [171]

iac
ase

Cardiovascular
autoantibodies

Medium N/A [172]

gue Dengue NS1 antigen High 9 nm/(μg/mL) [173]
cer Carcinoembryonic antigen High 5 ng/mL [174]
r cancer Liver antigen, liver antibody High Antigen 45.24

ng/mL
Antibody
25 ng/mL

[175]

aria Malarial hemozoin Low N/A [176]
HIV-related DNA High 48 fM [177]
Ag85 High 10 ng/mL [178]

la mAb1, mAb2, mAb3 Medium 0.5 pg/mL [179]
etes ZnT8A Low N/A [180]



Fig. 14. Overview of patterned plasmonic surfaces. A. A nanoplasmonic array fabricated using lithographic methods, which utilizes extraordinary transmission
demonstrated by the structure for the sensing of captured analytes then applies this for sepsis diagnosis using two widely accepted sepsis-related biomarkers, CRP and
PCT. Replicated with permission from Ref. [181]. B. A repeated thin film dewetting process to form densely packed particle arrays which exhibit significant Raman
enhancement and was used in the detection of octopamine molecules. Replicated with permission from Ref. [188]. C. A nanoparticle deposition/aggregation using
three different nanoparticle morphologies, their large-scale patterning potential using a polymeric surface, and their application within plasmon enhanced fluores-
cence applications. Replicated with permission from Ref. [2]. D. A solution-based synthesized microchip containing densely packed films and its application within
plasmon-enhanced fluorescence application for the diagnosis of myocardial infarction. Replicated with permission from Ref. [194].
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developed system was coupled with a portable optical reader which
enables POC potential and results from the system could be ascertained
within 15 min. As a use-case for the developed system, the group
explored the detection of sepsis using two sepsis-related biomarkers,
procalcitonin (PCL) and C-reactive protein (CRP), and showed limit of
detection of 21 and 36 pg/mL, for each, respectively. Within a clinical
cohort they demonstrated the ability to distinguish between sepsis,
noninfectious sepsis, and healthy individuals (Fig. 14A). Though these
results are promising and performance impressive, for use within the
POC, scalability is a crucial concern and a shortcoming of lithographic
methods.
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5.2. Nanoisland films

The nanoisland film morphology has been a widely utilized config-
uration due to advantageous optical properties including enhanced field
intensities resulting from closely packed yet isolated clusters of particles.
This general morphology has been fabricated using two main methods,
both involving first the deposition of metallic thin films. In the standard
configuration of this morphology, highly controlled deposition of
metallic film films prior to film percolation is completed (often <10 nm
for gold thin films) [182–184]. High percolation thresholds due to atom
mobility and surface tension results in gold thin films forming in a
non-continuous sheet of closely packed though distinct island-like
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clusters [185]. Due to the close-packed, yet distinct islands there exists
significant interaction between adjacent “hotspots” leading to significant
field enhancement [186]. As the film thickness grows, the film will
become continuous and the advantageous optical properties diminish
[187]. An alternative method in the fabrication of nanoisland-like ge-
ometry is thermal dewetting of gold thin films. In this case, the metallic
thin film layers are heated to high temperatures and rearrangement of the
gold particles occurs as the sheets undergo a dewetting process, resulting
in the formation of nanoislands [188]. By altering numerous parameters
within the process including the temperature, metallic thin film thick-
ness, time of heating, among others, the level of rearrangement can be
altered leaving to various characteristic morphologies [189–193]. One
intriguing study within this field utilized repeated deposition and dew-
etting to increase the number of plasmonic “hotspots” and as a result the
extinction intensity (Fig. 14B). This substrate was tested for SERS of
octopamine molecules with a limit of detection of 10 μM for multi-step
dewetting, compared to 100 μM for single-step detwetting [188]. Both
pre-percolation films and thin film detwetting techniques introduced first
require the step of metal deposition. However due to the thickness of the
desired films and possibility for large-scale patterning, there is potential
for such techniques to be useful for POC applications.

5.3. Chemical growth

Chemical growth is another means for the development of patterned
plasmonic surfaces and has the highest potential for scalability to meet
demands of POC assays. To promote the use for POC applications which
necessitate scalability there has been a continual push in the field for
simplistic fabrication mechanisms which omit the use of specialized
equipment and processing such as that in lithographic processing and
traditional nanoisland films. Arising from this work there has been a host
of papers utilizing a simple yet highly effective technique in which
chemically synthesized nanoparticles are bound onto a substrate forming
a plasmonic surface which can be used directly within fluorescent assays,
surface-enhanced RAMAN, LSPR, and the like [1,2,4,11]. In contrast to
lithographic methods which allow for highly controlled patterning,
within nanoparticle deposition/aggregation there exists no means to
control where particles are patterned and particles are often suspended
within a solution where incubation enables particle binding. By the na-
ture of this process and the need for particle adsorption to the surface,
this process is slow, yet due to the solution-based nature, can be highly
scalable. A unique attribute of these systems is the ability to finely control
the chemically synthesized particles prior to deposition thereby drasti-
cally altering the resulting films optical and plasmonic properties [1,2].
In one example of this system confirmation, three different particle ge-
ometries were explored, namely gold core silver shell nanocubes with an
LSPR peak of 490 nm, and two gold nanorods with LSPR peaks of 670 and
760 nm, respectively, for use within plasmon-enhanced fluorescence
applications (Fig. 14C). Particle aggregation was completed using a
simple incubation process resulting in positively charged plasmonic
particles absorbing to a negatively charged polydimethylsiloxane layer.
Since spacing between fluorophore and plasmonic particles is critical to
overall enhancement, following deposition, a polymer spacer was added
via solution processing to enable a spacer layer between the plasmonic
particles and nearby fluorophores [2]. As a use case, they tested this
substrate for the detection of early-stage biomarkers or acute kidney
injury, namely kidney injury molecule-1 and neutrophil
gelatinase-associated lipocalin and showed 100-fold fluorescence
enhancement over non-treated substrates (Fig. 14C).

In chemical growth, techniques common for solution-based synthesis
of gold nanoparticles are modified and in turn can allow for the growth of
particles upon a substrate. As is common within chemically synthesized
particles, protocols of this nature typically include a seeding step fol-
lowed by a growth step where the particle size can be tuned. Though, as
of yet, this technique hasn't been able to show the breadth of morphol-
ogies and geometries able to be formed using standard solution-based
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chemical synthesis leading to lower levels of tunability, the application
of these techniques to substrates has led to the creation of unique mor-
phologies similar to the nanoisland-like films. Considering that fabrica-
tion occurs directly upon the desired substrate and that no specialized
equipment is needed, fabrication can be highly scalable and rapid [187,
194–197]. Many of these structures have found use within
plasmon-enhanced fluorescence and surface-enhanced RAMAN spec-
troscopy. Another unique attribute of chemical methods, is the ability to
pattern alternative substrates, including polymeric surfaces. The earliest
demonstration of this fabrication method was presented by Tabakman
et al. [187], where full substrate synthesis could be completed in ~30
minutes of solution time, which included a three step process. Firstly,
seeding of gold was completed upon the substrate by adding ammonium
hydroxide into a chloroauric acid solution resulting in the precipitation
of Au seeds upon the substrate of choice. Following seeding, reduction of
the gold seeds was completed using sodium borohydride leading to the
formation of Au3þ. Lastly, selective growth of seeds via hydroxylamine
reduction in a chloroauric acid solution enabled reduction of Au3þ onto
the seeds, forming nanoislands [187]. This initial paper further showed
the feasibility for tuning structure by changing parameters including seed
density and concentration of Au3þ during growth phase, altering optical
properties. This substrate was later optimized and utilized for the diag-
nosis of myocardial infarction using the plasmonic nanoislands as a
means for plasmon-enhanced fluorescence [194] (Fig. 14D), where it
showed a diagnostic sensitivity of 100% and specificity of 95.54%. This
study utilized cardiac troponin I, and showed dynamic range of
0.01–1.20 ng/mL and limit of detection as low as 0.0100 ng/mL, an
130-fold improvement over a substrate without nanoislands.

The three methods discussed herein describe the main methods pre-
sented thus far in literature for the patterning of substrates with plas-
monic materials. Future efforts of this field should focus on the
development of alternative fabrication mechanisms that emphasize
scalability and portability to promote use within POC settings.

6. Challenges and perspectives

Despite the booming of development of nanomaterial based plas-
monic sensors for POC applications in recent years, there remain many
challenges at present and ahead. Among challenges the technologies are
facing, we selectively discuss the ones that are most urgent. The first one
is the Covid-19 global pandemic which requires rapid, POC diagnostic
tool to quickly identify contraction of the virus. To develop reliable,
accurate plasmonic sensing tools, machine learning assisted algorithms
can serve as a fast and predictive tool to model the optical properties of
nanoparticles. Miniaturization of sensing devices is also critical in facil-
itating the process of converting the current lab-based detection method
to POC tools. Lastly, in disease detection, there exist many gold standards
in clinical settings, to which many other innovative detection tools are
compared including plasmonic sensing tools. In this section, we provide
discussions and unique perspectives on these areas and hold a general
belief that plasmonic diagnostic devices are able to cope with those
challenges with future works.

6.1. Covid-19 testing

As of November 2021, there are approximately 250 million people
worldwide who contracted Covid-19, a severe acute respiratory disease
caused by coronavirus SARS-CoV-2, and 5.05 million people have died as
a result, according to The New York Times and Johns Hopkins University.
Regardless of the stages of this pandemic, the accessibility to Covid-19
test is critical. The tests have to be timely, easy, quick, and accurate in
order for more people to get tested, which provides important informa-
tion to governments and health agencies to contain the virus and drive
the world to “new normal”. During the pandemic, governments in many
countries offered test sites where people can visit and get tested. How-
ever, problems like complicated registering process, long waiting times
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and travelling to these sites remain hurtles that prevent many people
from getting tested. Therefore, to solve this problem, scientists and en-
gineers developed various types of POC biosensors that aim to provide
rapid testing of coronavirus at one's own location, saving the time-
consuming trip to go to a test site and providing an important tool to
governments and health agencies to monitor the spread and progress of
the highly contagious disease [198–200]. Plasmon enabled Covid-19
biosensors are one of the most promising tools to provide a POC solu-
tions to Covid testing [201]. Djaileb et al. [202] developed a portable
SPR based sensor for Covid-19 detection. In the design, the sensing chip's
gold surface is modified with a monolayer of 3-MPA-LHDLHD-COOH
which bonds with the SARS-CoV-2 nucleocapsid protein (rN). SPR shift
is then observed and calculated as indicator for the existence of anti-rN
antibody release by immune system in response to the SARS-CoV-2
virus. Qiu et al. [203] designed a biosensor that combines the plas-
monic photothermal effect and LSPR mechanism. Au nanoislands are
fabricated and functionalized with complementary DNA receptors.
Selected sequences from of the SARS-CoV-2 virus can be detected
through nucleic acid hybridization on the DNA receptors with a low limit
of detection of 0.22 pM concentration. In addition to developing the
above-mentioned Covid-19 sensor prototypes, researchers have also
investigated the sensor using theoretical analysis and computational
simulations in an effort to design an ideal Covid-19 sensor. Masterson
et al. [204] reported a label-free plamonic nanosensor that can quanti-
tatively detect 10 different biomarkers within one platform. The devel-
oped biosensor platform shows the capability to quantify IgG and IgM
directly from COVID-19-positive patient plasma samples at the same
time. Peng et al. [205] and Manas Das et al. [71] constructed models of
near infrared SPR biosensor and plasmonic immunoassay, respectively,
to explore the theoretical potentials of these sensors in POC coronavirus
diagnoses. Moreover, rapid onsite detection is crucial to realize POC
diagnosis. Li et al. [206] developed a plasmonic biosensor based on
surface-enhanced infrared absorption that can deliver results in real time
and on-site. A genetic algorithm intelligent program was employed to
facilitate automation of the design process with optimal sensing perfor-
mance. Most diagnostic tools need advanced laboratory instrument to
read the result which prevent many portable sensors from becoming true
POC devices. To solve this, Moitra et al. [207] developed a colorimetric
assay with AuNPs with which the result can be observed by naked eye
without the need for any laboratory signal reading system.
6.2. Machine learning

Despite of the advances in development of nanostructures for various
detection purposes, the design of plasmonic sensors remain an iterative
process and calls for experience from researchers. Traditional design
strategy starts from computational modeling of plasmonic nanoparticles
to predict their optical properties. However, these modeling tools to solve
EM equations are typically time consuming. More importantly, there's no
way for the forward simulations to solve the inverse problem, that is to
find the required nanostructure for the target optical property. Thanks to
the fast development of artificial intelligence algorithm during recent
years, there exist new chances in efficient design of plasmonic
nanostructures.

Machine-learning based method serves as a fast and predictive tool to
model the optical properties of nanoparticles. Traditional modeling
methods do the prediction via numerically solving the Maxwell equation,
whose predicting results are usually limited by the resolution and
observational error. Differently, neural network (NN) can discover the
intrinsic correlation between the nanostructure and their optical prop-
erties from a real dataset, even though their underlying physics are un-
known. As a result, NN can provide more accurate predictions than
conventional modeling methods. Besides, once a neural network is
trained well, it can predict the optical properties of numerous designs
within a few seconds [208–210]. NN is also able to solve the inverse
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design problems by directly providing the required design parameters for
target sensing properties [211,212]. Once a NN is trained well from the
provided dataset, the mapping from design parameters to their resulting
optical characteristics are established. The advanced NN tools can
automatically optimizing the design parameters to achieve the target
optical properties, therefore automating the entire design process. In
addition to the plasmonic design, machine-learning algorithms also
facilitate the characterization of plasmonic sensing. Conventional neural
network (CNN) has the outstanding capability to recognize and extract
the features in images, thus becoming a powerful tool in image classifi-
cation. In recent years, CNN has been extensively employed in various
plasmonic image analysis, including the colorimetric detection [213] and
SERS detection [214,215].
6.3. Miniaturization

The main challenges in optical biosensors are the light source and the
optical readout equipment. Conventional optical biosensors have taken
advantage of two “equipment” from nature, the broadband daylight as
the light source and the human eyes as the photodetector in the visible
wavelength. One example of such a sensor is the colorimetric pregnancy
test strip, in which the LSPR by the aggregated gold nanoparticles in-
duces significant light absorption change that can be detected by human
eyes. However, moving forward, improving the sensitivity and resolution
of optical biosensors requires better controlled light sources and more
accurate photodetectors. In recent years, thanks to the fast-growing
semiconductor technologies, cellphones are packed with more and
more powerful computing power and advanced cameras. This brings a
unique opportunity in tackling the aforementioned challenges in the POC
optical biosensors. The light emitted diode (LED) on the cell phone can
act as a light source with well-controlled wavelength and intensity while
the high-resolution camera can act as a sensitive photodetector for the
sensing. Furthermore, the computing power on the cell phone enables the
acquired optical signal to be analyzed with a complex algorithm and
provides real-time diagnosis results.
6.4. Gold standard

Compared to the gold standard methods, such as diagnostics for HIV/
HBV by enzyme immunoassay, detection for Dengue, Malaria and
COVID-19 by PCR, and judgement for TB by growth of colony-forming
units of mycobacterium tuberculosis on culture of sputum [216,217],
the POC testing enabled by plasmonic nanosensors has shown high
sensitivity, low cost, easy operation, and good correlation to those gold
standards [218]. There is growing consensus that these screening tools
can play important role in disease or biomarker detection along with
existing clinical settings, instead of being used as independent technol-
ogies. For instance, reverse transcriptase PCR (RT-PCR) is currently
considered to be the gold standard for the early detection of COVID-19
pioneered by the U.S. Centers for Disease Control and Prevention
[219]. However, the clinical manifestation of COVID-19 can be signifi-
cantly divergent from individual to individual, some patients are even
asymptomatic. Therefore, physicians need to choose suitable techniques,
such as chest computed tomography (CT), ELISA and lateral flow
immunoassay for COVID-19 early diagnosis and clinical management
[220]. RT-PCR offers the most sensitive detection, but this test takes
several hours to complete and requires extensive human labor and
consumable materials. Plasmonic nanosensors can reduce the
time-to-result down to less than 15 minutes with high portability,
although their limit of detection is still not competitive against the gold
standard test. We believe rapid point-of-care technologies enabled by
plasmonic nanosensors are still in development and validation, and they
can serve as an alternative detection procedure for the screening of in-
fectious diseases soon.
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7. Conclusion

Advancement of nanomaterials facilitate the progress in medicine
ranging from implantable biomedical devices [221–226] to disease bio-
sensors as illustrated in this review. The recent progress on the design of
plasmonic nanomaterial-based biosensors for biomarker detection with a
perspective of POC applications was systematically and comprehensively
reviewed. Cutting-edge works in the field focusing on the technology's
design, including especially nanomaterials development, structure as-
sembly, and target applications are examined. Although many technol-
ogies are still in the laboratory research and development phase, some of
them already have met the basic requirements to become a POC device,
while others have shown promising potential to become one. Challenges,
however, remain in plasmonic biosensors for biomarker detection, such
as using the technology for rapid and accurate testing of SARS-Cov-2 and
further enhancing the sensor's accuracy and limit of detection. Still, the
future of the POC plasmonic biosensing technology is full of opportu-
nities such as miniaturization of both the sensor and the read-out ma-
chines and incorporation of machine learning.
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