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Plasmonic nanoparticles (NPs) have played a significant role in the evolution of modern nanoscience
and nanotechnology in terms of colloidal synthesis, general understanding of nanocrystal growth
mechanisms, and their impact in a wide range of applications. They exhibit strong visible colors due to
localized surface plasmon resonance (LSPR) that depends on their size, shape, composition, and the
surrounding dielectric environment. Under resonant excitation, the LSPR of plasmonic NPs leads to a
strong field enhancement near their surfaces and thus enhances various light—matter interactions. These
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unique optical properties of plasmonic NPs have been used to design chemical and biological sensors. Over
the last few decades, colloidal plasmonic NPs have been greatly exploited in sensing applications through
LSPR shifts (colorimetry), surface-enhanced Raman scattering, surface-enhanced fluorescence, and

chiroptical activity. Although colloidal plasmonic NPs have emerged at the forefront of nanobiosensors,

there are still several important challenges to be addressed for the realization of plasmonic NP-based

sensor kits for routine use in daily life. In this comprehensive review, researchers of different disciplines
(colloidal and analytical chemistry, biology, physics, and medicine) have joined together to summarize the
past, present, and future of plasmonic NP-based sensors in terms of different sensing platforms,

understanding of the sensing mechanisms, different chemical and biological analytes, and the expected

future technologies. This review is expected to guide the researchers currently working in this field and

inspire future generations of scientists to join this compelling research field and its branches.

1. Introduction

The development of sensors for ultrasensitive detection of
biologically active molecules and chemical substances (organic
and inorganic) is crucial for early diagnosis, probing biological
processes, and environmental safety.'™° Early diagnosis is critical
for the prevention of spreading the disease to other parts of the
body or other people."”” ' For instance, we witnessed the fast
contagion of COVID-19 and its impact on the health system
across the globe.”” The early detection of the virus has played a
significant role in the prevention of its spreading.**** Similarly,
the early detection of diseases like cancer not only prevents
mortality but also reduces the treatment cost.”" In connection
with this, various molecular diagnostics techniques have been
developed based on the detection and quantification of nucleic
acids (DNA and RNA), proteins, peptides, or antibodies using
polymerase chain reaction (PCR),”> enzyme-linked immunosor-
bent assays (ELISA),>® immunofluorescence,”” etc. On the other
hand, various analytical chemistry techniques such as gas/liquid
chromatography, mass spectrometry, nuclear magnetic reso-
nance spectroscopy, and atomic/emission absorption spectro-
scopy have been developed for the detection of chemical
contaminants in water or air.”® Although modern analytical and
molecular diagnostics techniques are precise and reliable, they
are expensive and time-consuming due to complex instrumenta-
tion. Nevertheless, in the last three decades, various types of
nanoparticles (NPs) have been extensively exploited in analytical
chemistry, molecular diagnostics. This has led to the develop-
ment of new research fields so-called nanosensors and nanobio-
sensors, where the sensing platforms are constructed using
nanomaterials.>* Generally, nanoparticles act as optical or
electrochemical sensors, offering efficiency, ease of use, and
cost-effectiveness.

Among all, plasmonic NPs are one of the most studied
materials over the last three decades in the field of nanoscience
and nanotechnology and have emerged at the forefront of
chemical and biosensors with a detection capability of fast,
efficient, point-of-care, and cost-effective.**° In particular,
gold (Au) and silver (Ag) NPs have received significant attention
due to their tunable optical properties in the visible to near-
infrared (NIR) range.'®?”~*° Over the years, plasmonic NPs have
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been greatly exploited in a wide range of applications including
photonics, light harvesting, chemical and biological sensing,
imaging, and therapy.***>*! They exhibit unique optical proper-
ties due to strong localized surface plasmon resonance (LSPR)
that arises at the surface of NPs. LSPR refers to the collective
oscillations of conduction band electrons at the interface of
plasmonic NPs and their surrounding medium (typically dielec-
tric) upon their interaction with electromagnetic radiation.***°
The electron cloud oscillations confine on plasmonic NPs
according to their dimensions and thus the wavelength of the
LSPR band in the extinction spectra of the NPs strongly depends
on their size, shape, composition, interparticle distance, and
refractive index of the surrounding medium.*”*° Because of
intense efforts from researchers across the globe, currently, we
are in a position to precisely control the size, shape and
composition of plasmonic NPs through colloid chemistry.***>
A few milestones of the colloidal synthesis of plasmonic NPs
include the Turkevich synthesis method,*>*” seed-mediated
synthesis of Au & Ag nanorods (NRs),***° polyol synthesis of
Ag nanocubes (NCs),*® Ag nanoplates (NPTs),”" Au nanoshells,**
Au nanostars (NSTs),>>>* etc. have opened doors for precise
shape control of plasmonic NPs. The developments in the
colloidal synthesis of plasmonic NPs have enabled the tunability
of their LSPR in the visible to NIR. Recently, there has been
growing interest in obtaining plasmonic NPs with chiroptical
response by shaping or assembling them into chiral morphology
(twisted or helical).>>>® Such chiral NPs exhibit circular dichro-
ism signals at their LSPR position, which are tunable from
visible to NIR.

The LSPR strongly enhances the light-matter interactions on
the surface of NPs by focusing the incident light at a nanometer
scale through the incident enhancement of electromagnetic
field by several orders of magnitude. These properties have
made the plasmonic NPs highly attractive for ultrasensitive
optical sensing of various analytes ranging from inorganic ions
and small organic molecules to biomacromolecules by refractive
index sensitivity, colorimetry (based on an analyte-induced
aggregation of NPs), and LSPR-enhanced techniques such as
surface enhanced Raman scattering (SERS) and surface
enhanced fluorescence (SEF).'%*77*%738 The first breakthrough
study of DNA-Au NP interactions was published in 1996 by

This journal is © The Royal Society of Chemistry 2024
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Mirkin et al>® and Alivisatos et al.,*® reporting the reversible
aggregation of oligonucleotides-capped Au NPs by the addition
of complementary DNA. These reports have laid the foundation
for not only DNA sensing but also sensing of other biomolecules
using plasmonic NPs. The sensing is usually based on the
change in LSPR of plasmonic NPs by selective aggregation of
NPs or change in surrounding dielectric constant upon binding
to a target molecule.®® As the plasmonic NPs exhibit intense
colors in the visible region due to high extinction coefficients,
the change in color (usually red to blue or violet for Au NPs)
upon analyte-induced aggregation makes them suitable for
naked-eye detection.®"

On the other hand, SERS has evolved as one of the most
sensitive analytical techniques for ultrasensitive detection (even
quantification to some extent) of various analytes."*** " Previous
studies have demonstrated the capability of detecting signals from
single molecules by SERS.*"®® Moreover, it is a non-invasive
technique, and it doesn’t require specific binding of analytes to
plasmonic NPs. It is based on enhanced Raman scattering of
molecules that are placed near or on the surface of NPs mainly due
to the electric field enhancement caused by LSPR. This technique
has been extensively investigated in the last two decades for
sensing a wide range of analytes using plasmonic NPs of different
shapes and their assemblies."* Besides, SEF has also gained
significant attention for enhancing signal-to-noise ratio and
improving the sensitivity of fluorescence-based bioassays, where
the fluorescence enhancement strongly depends on the size of

plasmonic NPs.>”®® Due to their interesting optical properties,
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plasmonic NPs have emerged at the forefront of materials for
chemical and bio-sensing.*® Over the yars, numerous review
articles have already been published on various aspects of plas-
monic NP sensors, especially focusing on SERS, LSPR shifts, and
colorimetric-based sensing.>%1113:3536:64667075 However, as the
field is well-established, there is a need to discuss the current
progress in terms of fundamental understanding, technological
advances, and challenges remaining to be addressed, along with
prospects in different aspects of plasmonic sensors. Therefore,
researchers of different expertise in plasmonic sensors have joined
to provide a state-of-the-art overview of various subtopics of
plasmonic sensors. As outlined in Scheme 1, this review covers
the research progress on different aspects of plasmon NP-based
sensors: (1) shape-controlled synthesis of plasmonic NPS with
tunable optical properties, (2) different methods of sensing using
the plasmonic NPs, (3) SERS (fundamentals, different types of
substrates, and sensing different analytes and sensing reaction
intermediates), (4) LSPR sensing (fundamentals, methods and
different analytes), (5) colorimetric sensing, and (6) plasmonic
chiroptical sensors. Finally, a brief outlook is provided on the
challenges that need to be addressed soon to realize the real-world
applications of plasmonic NP-based sensors.

2. Methods of plasmonic sensing

This section provides a brief overview of different techniques
used for plasmonic sensing, including SERS, SEFSEF, LSPR,

[ Plasmonic Sensors ]

Shape-Controlled
Synthesis

[ Methods of Plasmonic Sensing j

SERS

(Surface-enhanced
Raman scattering)

SEF

(Surface-enhanced
Fluorescense)

Colorimetric

LSPR-based

(Localized Surface
Plasmon Resonance)

Chiroptical

[

Analytes: Chemical (dyes, explosives, organic molecules, etc.), Biological (DNA, RNA, Proteins,
Antibodies, Cells, Bacteria, Viruses, etc.), Reaction Intermediates, lons, etc.

)

Scheme 1 Overview of the contents of the review, which includes research progress of shape-controlled synthesis followed by different methods of
sensing for sensing different analytes.
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Fig. 1 Schematic illustrations of different types of optical sensing methods using plasmonic NPs. (a) Surface enhanced Raman scattering, in which the
plasmonic NPs enhance the Raman signals of analytes by several orders of magnitude. (b) Surface-enhanced fluorescence, in which the plasmonic NPs
significantly enhance the fluorescence of fluorophores linked to their surface, and then they act as bright fluorescent labels for the ultrasensitive
detection of analytes in standard bioassays. (c) LSPR shift, which is based on an analyte-induced shift in the extinction spectra of plasmonic NCs due to
changes in refractive index or coupling between particles. (d) Colorimetric sensing, which is based on the analyte-induced color change of colloidal
plasmonic NP through aggregation. (e) Chiroptical sensing, which is based on inducing or increasing the CD signal of plasmonic NPs upon their

interaction with chiral molecules.

colorimetric, and chiroptical methods. The basic working prin-
ciples of these methods are schematically illustrated in Fig. 1.
For each method, we briefly describe the working principle and
various sensing strategies and substances. A detailed overview
and state of the art for each method are provided in the
following sections.

SERS

It is one of the most extensively exploited methods in the field of
plasmonic sensors.">’%”” This is based on the enhancement of
inelastic scattering of molecules by several orders of magnitude
(10°~10° or more) through strong electric field enhancement
when they are adsorbed on the surface of plasmonic NPs
(Fig. 1a)."> SERS was first observed from pyridine adsorbed on
rough silver electrodes by Fleischmann et al in 1974.”° The
enhancement was attributed to a surface area-related phenom-
enon. Later, this was observed independently by Jeanmaire et al.
and Albrecht et al. in 1977.7%%° The enhancement was assigned to
the resonant Raman scattering of molecules adsorbed on rough
metal surfaces by the interaction with surface plasmons. The
detailed history of the discovery of SERS was discussed in
previous reviews.'*%+6¢81:82 Eollowing these early works, SERS
has been greatly studied in terms of fundamental understanding
of the enhancement mechanisms, optimization of enhancement
factors, exploring various shapes and sizes of plasmonic NPs,
development of different substrates, and sensing a wide range of
analytes.">**® The SERS enhancement factors are strongly

2088 | Nanoscale Horiz., 2024, 9, 2085-2166

dependent on the chemical composition of plasmonic NPs, the
distance between the surface of NPs and the analyte molecule, the
excitation wavelength, the position of LSPR, and the resonance of
the analyte with the excitation light.*® The sensitivity of this
technique can be as high as single molecule detection in some
cases.>%%%88485 gyer the years, researchers have found that the
aggregated NPs and the NPS with sharp tips exhibit strong electric
field enhancements and thus better SERS signals at the resonant
excitation wavelength. SERS sensing can be performed in different
ways, such as in a solution phase, on a solid substrate, in a
microfluidic flow channel, and inside a tissue, depending on the
type of analyte and the plasmonic substrate,'*!*¢1:6486

SEF

The concept SEF is similar to that of SERS, however, instead of
the Raman signals, the fluorescence of molecules significantly
increases upon placing them in proximity to a plasmonic NP
surface.’”%%%779% The enhancement is caused by the interaction
of fluorophores with surface plasmons, and thus the fluoro-
phores experience a strong electric field enhancement, leading
to enhanced fluorescence intensity. This phenomenon is also
called metal-enhanced fluorescence or plasmon-enhanced
fluorescence.’”®*** The enhancement of fluorescence is
strongly dependent on the overlap of the optical absorption
spectra of fluorophore and extinction spectra of NPs, size of
NPs, and the distance between the fluorophore and metal NP
surface to overcome the quenching by Forster resonance energy

This journal is © The Royal Society of Chemistry 2024
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transfer (FRET).>”°* In addition, plasmonic NPs enhance the
intrinsic radiative decay of fluorophores and thus a reduction
in lifetime. The mechanisms of surface-enhanced fluorescence
have been greatly studied by Lakowicz and co-workers, and they
proposed strategies for radiative decay engineering of fluoro-
phores using metal surfaces. SEF has been greatly exploited in
the sensing of various analytes.’®™*® The working principle of a
typical SEF-based sensor is illustrated in Fig. 1c.°%”% 1t is
based on the enhancement of the fluorescence intensity of
fluorophores that are used as labels in recognizing the binding,
thus SEF significantly improves the sensitivity of the biosen-
sors. This has been widely used in fluorescence-linked immu-
noassays and is compatible with other immunoassays, flow
cytometry, etc.5*?>1°%1%1 Moreover, it can shorten overall assay
times and lower sample volumes, and it can be combined with
lateral flow techniques. In addition, SEF has been explored in
single-molecular spectroscopy, bioimaging, DNA hybridization
sensing, and beyond.'®>™° However, one of the major chal-
lenges is to control the interactions between plasmonic NPs
and fluorophores to overcome the quenching effect.

LSPR-shift

The extinction spectra of plasmonic NPs not only dependent on
the morphology but also the dielectric constant of the surrounding
medium.*>*° Thus, the change in the surrounding medium leads
to a redshift or blue shift of the LSPR peak.**”®'%71% Thijg has
been exploited to detect the molecular interactions near the
nanoparticle surface, as illustrated in Fig. 1¢.’%%°%198199 The
NPs either in colloidal form or on a substrate exhibit LSPR shifts
upon interacting with target analyte molecules.>”**'% The inter-
actions can be specific or non-specific depending on the experi-
mental configuration. The extent of LSPR shift depends on the
concentration of the molecules that interact with the NP surface.'®
Based on the LSPR shifts, a range of analytes have been detected in
different sensing configurations. Among all, LSPR-shift-based
immunoassays,'’® LSPR optical fiber sensors''® and label-free
sensing techniques have received significant attention.>”'%

Colorimetric sensing

Sensing based on analyte-induced color changes of probe
materials has been significantly explored in modern science
and technology due to its low cost and point-of-care testing
ability.""'™""® Moreover, it doesn’t require sophisticated instru-
mentation and skilled manpower. One of the most interesting
features that makes colloidal plasmonic NPs highly attractive is
their visible colors due to strong surface plasmon resonance.
Their extinction coefficients are 1000 times higher than those
of conventional organic dye molecular probes used in colori-
metric sensing, thus making them highly attractive as colori-
metric probes for high-sensitivity detection."'®'’” The
colorimetric plasmonic sensing is based on the selective aggre-
gation of gold NPs upon binding to an analyte (Fig. 1d), the
colloidal solution color changes from red to blue due to surface
plasmon coupling between particles in the aggregate.®'''8712°
Thus, plasmonic NPs offer naked-eye detection of analytes, and
the color changes can be quantified using a mobile device to

This journal is © The Royal Society of Chemistry 2024
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obtain quantitative information about the analytes."*" The
colorimetric plasmonic sensing can be either through specific
or non-specific interaction with the analyte.'*®'?*™**” This
method has been extensively applied for the detection of metal
ions, biomolecules, and proteins.'>%!**%”

Chiral plasmonic sensing

Chirality, a commonly observed feature in biological systems, is
one of the most fascinating properties that nature has given us.'*®
On the one hand, organic chiral molecules are being greatly
exploited regarding their synthesis and applications, and inorganic
chiral nanomaterials have received significant attention in the last
decade.” ™" Chirality in inorganic NPs arises due to their mor-
phology which has no mirror or inversion symmetry."**™"** Thus,
they exhibit higher dissymmetry (g) factors (~0.2) compared to
organic systems (~10%).*""** Among all, chiral plasmonic NRs
have received significant attention due to their tunable chiroptical
signal in the visible range and the g-factors."** Chirality in plasmo-
nic NPs has been achieved either by shaping them into helical/
twisted morphology or through chiral self-assembly using chiral
templates."**"*> The strength of chirality (g-factor) strongly depends
on the helicity of the individual or assembled NPs."**'*® Thus,
chiral plasmonic sensing is generally based on the analyte-induced
chirality of plasmonic NPs, as illustrated in Fig. 1e.”*”'*® The
chiroptical activity increases with increasing the analyte concen-
tration, thus enabling its quantitative determination.

2.1. Different types of plasmonic metal NPs used in sensing

The shape of plasmonic metal NPs, which are mostly made of Au
and Ag, is determined by their crystalline structure, facet, and
anisotropy.'*® High uniformity in size and shape can ensure the
investigation of the physical properties and wide applications of
plasmonic NPs. The bottom-up chemical synthesis methods,
including chemical reduction, electrochemical deposition, photo-
chemical reaction, and multiphase-based synthesis, have been
well-developed for the preparation of high-quality NPsP with
superior plasmonic properties. Among the chemical reduction
methods, seed-mediated growth is the most common technique
for synthesizing high-quality NPs. Two steps are involved in this
method: nucleation of nanoscale seeds and atomistic growth of
the seeds to give final NPs."*® Once the nucleated clusters lock
into well-defined structures, the nanoscale seeds are formed.'*°
Different nanoscale seeds can be classified according to their
crystalline structure, defects, and shape. The typical diameters of
nanoscale seeds are in the range of ~1-15 nm. There are three
major categories of nanoscale seeds: single-crystalline, multiply
twinned, and plate-like (Fig. 2a, top). Single-crystalline seeds are
made of the face-centered cubic lattice (fcc) and are typically by
eight {111}and six {100} facets. Due to their small size, their facets
are usually difficult to identify and lack defects. Multiply twinned
seeds are enclosed typically by {111} facets with multiple twin
boundaries in a decahedral shape. When a layer of the fcc lattice
is missed or added in stacking order, plate-like seeds are formed.
By controlling the concentration of nanoscale seeds, the type and
concentration of the capping agent, and the reaction conditions,
differently shaped NCs can be synthesized even from the same

Nanoscale Horiz., 2024, 9, 2085-2166 | 2089
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Fig. 2 Seed-mediated growth of plasmonic metal NPs. (a) Schematics of three representative types of nanoscale seeds (top) and the faceted NCs

(bottom) produced from the seeds by seed-mediated growth. The red lines in the nanoscale seeds indicate twin boundaries and stacking faults.

140,141

Reproduced from ref. 140 with permission from Wiley-VCH publisher, copyright 2009. (b) Schematics showing the overgrowth of homo- and hetero-
structures with the faceted NPs as seeds. Metal nanorods are used as a representative example for controlling sizes and constructing core@shell and
position-selective heterostructures. The illustrated plasmonic NPs are typically made of Au and Ag.

type of nanoscale seed. The typical shapes of final plasmonic
metal NCs obtained from single-crystalline seeds include octahe-
dron, cube, cuboctahedron, and octagonal rod (Fig. 2a, left
panel). The shape of final NCs is highly impacted by the defect
of nanoscale seeds as well. The defect generated in nanoscale
seeds broadens the diversity of final NCs. Decahedron, icosahe-
dron, pentagonal rod, and pentagonal bipyramid can be synthe-
sized from multiply twinned nanoscale seeds (Fig. 2a, middle
panel). Plate-like nanoscale seeds enable the growth of two-
dimensional-like NCs, such as triangular and hexagonal plates
(Fig. 2a, right panel).

The obtained large metal NCs equipped with unique stacking
order and facets can be used as seeds for the further overgrowth
of homogeneous and heterogeneous components. Size control is
one of the purposes (Fig. 2b, top). In order to maintain high
uniformity in size and shape and avoid the production of
byproducts, nanoparticles up to hundreds of nanometers in size
are synthesized step by step by controlling the concentrations of

2090 | Nanoscale Horiz., 2024, 9, 2085-2166

the seeds and the metal salt precursor."*>™** The obtained metal
NCs can also be used to construct heterostructures through seed-
mediated growth. Core-shell A@B heterostructures (Fig. 2b, mid-
dle) have been designed to satisfy diverse demands, such as
plasmon-assisted biomedical applications, solar energy harvest-
ing and photocatalysis. The shell can be made of another
plasmonic nanoparticle, semiconductor (metal oxides, metal
sulfides, metal selenides), silica, polymer, lanthanide-doped
nanomaterial, or metal-organic framework.'*> Moreover, the
shell component can also be selectively deposited at different
positions on the plasmonic metal core where the plasmonic near-
field enhancement reaches maximum to optimize the effect of
the plasmonic enhancement by the metal core. The position-
selective heterostructures can also allow both components to
interact with the surrounding environment. As shown in Fig. 2b
(bottom), dumbbell-like heterostructures are the most common
position-selective heterostructures. However, limited types of
position-selective heterostructures have so far been prepared

This journal is © The Royal Society of Chemistry 2024
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because the conditions to control the deposition location is
usually very delicate."*

Shape and size are the most important factors affecting the
plasmon properties of metal NPs. The incident light can be
confined to different regions on the plasmonic NP surface
because of their specific morphology. Specific plasmon modes
(LSPR) can be supported on plasmonic metal NPs and interest-
ingly the wavelengths of these plasmon modes can be precisely
tuned by varying the morphology and size. The optical properties
of these plasmonic NPs determine their applications. Nano-
spheres (NSs) have attracted the most attention during the past
decades among diverse nanoparticles owing to their simplicity in
synthesis, spherical symmetry, and readiness in assembly.'*® The
isotropic spherical geometry of NSs also allows for the easy
analytical solving of Maxwell’s equations and the calculation of
the absorption, scattering, and extinction cross-sections of NSs,
which is known as Mie theory."*® Taking Au NSs as an example.
They can be synthesized uniformly by seed-mediated growth, as
shown in Fig. 3a.""” The dipolar plasmon mode (Fig. 4, solid
yellow line) can be tuned from 500 nm to 600 nm by precisely
controlling the diameter of Au NSs from 24 nm to 103 nm. With a
diameter larger than 130 nm, both quadrupolar and dipolar
plasmon modes can be sustained. However, the spectral tun-
ability of the plasmon modes is limited for metal NSs. Nanocubes
(NCs), another type of highly symmetric structure, are formed
when the round surfaces of an NS are evenly transformed into
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four flat faces (Fig. 3b). In comparison to NSs, the dipolar
plasmon mode of Ag NCs split into two peaks (Fig. 4, solid pink
line) owing to their sharp corners.*® In addition, complex
plasmon modes can be localized not only to the edges of
nanocubes but also to the sharp corners and flat faces when
nanocubes are deposited on both dielectric and metallic sub-
strates. The corner plasmon modes of NCs can even split into
distal and proximal ones in the presence of a substrate.**°
Anisotropic structures are highly desired because they pro-
vide extra size parameters to control the plasmon modes. When
NSs are elongated along one direction, NRs are obtained. NRs
have longer lengths than diameters, giving rise to an aniso-
tropic shape and a specific length-to-diameter aspect ratio
(Fig. 3c). The wavelengths of the plasmon modes are highly
sensitive to the aspect ratio of NRs (Fig. 4, solid and dotted
purple lines). The longitudinal plasmon wavelength of plasmo-
nic metal NRs can be synthetically varied from the visible to the
IR region. Another attractive property of NRs is their different
responses to incident light linearly polarized along the trans-
verse and longitudinal directions. The odd and even long-
itudinal multipolar plasmon modes have been observed on
Ag NRs with high aspect ratios. The multipolar plasmon modes
can endow NRs with a color routing capability.'>® With emitters
sandwiched between Ag NRs and a dielectric substrate, the
emission of two-dimensional (2D) excitons was found to be
routed to the two ends by the multipolar plasmon modes."®°

V=

=
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Fig. 3 Schematics of representative individual NPs and their corresponding transmission electron microscopy (TEM)/scanning electron microscopy
(SEM) images. (a) Au NSs, TEM. Reproduced from ref. 147 with permission from Wiley-VCH publisher, Copyright 2014. (b) Ag@Au NCs, TEM. Reproduced
from ref. 150 with permission from ACS publisher, Copyright 2019 (c) Au NRs, TEM Reproduced from ref. 151 with permission ACS publisher, Copyright
2015 (d) Ag NWs, SEM. Reproduced from ref. 152 with permission from ACS publisher, Copyright 2015 (e) Au NBPs, TEM. Reproduced from ref. 153 with
permission from Springer Nature publisher, Copyright 2015 (f) Au nanostars, TEM. Reproduced from ref. 154 with permission from RSC publisher,
Copyright 2019 (g) hexagonal Au NPLs, SEM. Reproduced from ref. 144 with permission from Wiley-VCH publisher, Copyrights 2016 (h) Circular Au NPLs,
TEM. Reproduced from ref. 155 with permission from Wiley-VCH publisher, Copyrights 2018 (i) Intertwined triple Au nanoscale rings, SEM. Reproduced
from ref. 156 with permission from ACS publisher, Copyright 2021.
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Nanowires (NWs) are obtained when the aspect ratio is further
increased (Fig. 3d). The excellent electrical conductivity and trans-
parency of plasmonic metal NWs make them useful as transparent
conductive electrodes for flexible optoelectronics.’®® At the long-
itudinal plasmon resonance, the field enhancement is localized at
the two ends for one-dimensional nanostructures. The electro-
magnetic (EM) enhancement around the ends is limited because
of the hemispherical shape. By sharpening the ends of NRs,
nanobipyramids (NBPs) (Fig. 3e) are formed. Higher-order long-
itudinal plasmon resonances (Fig. 4, solid and dotted blue lines)
can be sustained on NBPs owing to the sharp ends."”” Such sharp
ends induce electric field enhancement about three times larger
than that of NRs, promoting the generation of hot electrons.'®>
The local temperature around the tip has been proven to reach
dozens of degrees Celsius because of the enhanced near-field.'**
To fully use the advantages offered by the sharp ends, nanostars of
different types have been developed. Nanostars typically have more
than three sharp branches (Fig. 3f). Their plasmon modes are
dependent on the number and length of their branches, among
other parameters. The drastic electric field enhancement occurs
around the sharp ends and tips at the LSPR for NBPs and
nanostars, which allows them to be used in SERS, sensing, and
photocatalysis.'®*"'®* The sharp ends and tips of NBPs and NSTs
can also induce local strain on 2D semiconductors in contact with
the NPs, leading to the development of single-photon quantum
emitters.'®> When NSs are compressed along a certain direction,
2D nanostructures such as hexagonal (Fig. 3g) and circular
(Fig. 3h) nanoplates (NPLs) are produced. Hexagonal NPLs can
be synthesized by controlling the concentrations of the metal salt
precursor and the seeds. Circular NPLs with different diameters
can be produced through chemical etching on hexagonal NPLs by
adjusting the etching time."**

The thickness is barely affected during the etching process.
NPLs, therefore, provide a more flexible method for tuning the

Normalized extinction

1 1 1

400 500 600 700 800 900 1000 1100 1200 1300
Wavelength (nm)

Fig. 4 Representative extinction spectra for Ag NCs (73 nm in edge
length, solid pink line), Au NSs (88 nm in diameter, solid yellow line),
circular Au NPLs (79 nm in diameter, 22 nm in thickness, solid green line;
99 nm in diameter, 22 nm in thickness, dotted green line), Au NRs (14 nmin
diameter, 59 nm in length, solid purple line; 10 nm in diameter, 63 nm in
length, dotted purple line), Au NBPs (59 nm in waist diameter, 230 nm in
length, solid blue line; 70 nm in waist diameter, 276 nm in length, dotted
blue line). All samples are dispersed in aqueous solutions for extinction
measurements. The data of Au NSs, Au NPLs and Au NBPs are reproduced
from ref. 146, 155, 157 with permission from Wiley-VCH publisher, Copy-
right 2014, 2018 and 2015, respectively. The data of Au NRs are repro-
duced from ref. 158 with permission from ACS publisher, Copyright 2006.
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plasmon mode by independently varying their thickness and
diameter (Fig. 4, solid and dotted green lines). Benefiting from
the large atomically flat facets in the lateral direction, the EM
field can be confined into a large face-contact area between
NPLs and substrates.'®® Especially in NPL-on-mirror structures,
rich optical properties, including magnetic and anapole plas-
mon resonances, have been observed within the dielectric layer
sandwiched between the NPL and the metal film."*® Fabry-
Pefot nanoresonators constructed out of Au NPLs and an Au
film sandwiched with a high-refractive-index dielectric layer
possess high quality factors of up to 76. They also benefit from
the atomically flat surface of Au NPLs."”” To combine the
maximized field enhancement regions of 2D nanostructures
and strongly amplified near-field focusing in dimers, trimers,
and multimers, complex plasmonic nanostructures have
recently been designed and synthesized. For example, Fig. 3i,
displays intertwined triple ring structures whose near-field
focusing can be tailored through the variation of the intragap
distance between the nanoscale rings. Such complex 2D nano-
structures have enabled single-particle SERS with large
enhancement factors (EF) up to ~10°."°°

3. Plasmonic metal nanoparticles-based
SERS sensing

3.1. Fundamentals of SERS

SERS spectroscopy is based on the amplification of Raman signals
from molecules sorbed on plasmonic surface, usually gold or
silver.’®® The discovery of the SERS effect can be attributed to
Fleischman, Hendra, and McQuillan in 1974.”% They observed an
unusually strong Raman signal from pyridine molecules absorbed
on a roughened silver electrode. These authors interpreted the
effect as a local increase of the surface concentration of the analyte
due to the increase of the surface area of the electrode due to its
deterioration because of the consecutive reduction-oxidation
cycles. Consequently, the physical effect was incorrectly named
SERS spectroscopy. However, subsequent independent reports by
Jean Maire and Van Duyne,*® Albrecht and Creighton,”® both
published in 1977, together with the seminal work by
Moskovits'®® demonstrated that this intensity could not be
accounted for an increased surface. Conversely, they reported
SERS as an eminent electromagnetic (EM) effect derived from
the excitation of LSPRs upon their excitation when illuminating
nanostructured metals with the appropriate light, as previously
theorized by Bohm'”° and demonstrated by Otto,*® as a solution of
the Maxwell equations. Also, they highlighted that the scattering
intensity from the adsorbed molecules was 10°~10° times stronger
than the conventional Raman signal. Notably, until 1979, all SERS
experiments were carried out only on electrodes being Creighton,
Blatchford, and Albretch'” the first in report SERS experiments in
colloidal Au and Ag nanostructures. In 1980 Otto reported the
effect of the charge transfer and the resonance at the surface, the
so-called chemical effects on the intensification of the SERS
signal.'’* In 1983/84 the surface selection rules were developed
independently by Creighton'”® and Moskovits.'”* No matter these
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advances and as reported by Moskovits in one of the most influential
reviews in SERS,*® the research and use of this technique became
mostly academic until 1997. In that year, two different papers
demonstrated the capability of SERS for the detection of single
molecules.®®® This fact not only fueled the fundamental research in
the field but also in closed areas such as nanofabrication optical
theory and the development of applications in biology, medicine,
environmental science, or catalysis. Thus, today an extraordinary
effort led by a myriad of research groups is performed to transform
SERS into a real live tool especially in the field of biosciences.

The fundamental components in SERS include a molecule, a
plasmonic material, and EM radiation. The adsorption of the
molecule onto the plasmonic surface is typically classified
according to the strength of bonding into either physisorption
(weak interaction) or chemisorption (chemical bonding). When
this molecule-nanoparticle system is illuminated by EM radiation,
the incident photons can induce substrate excitations such as
electron-hole pairs, surface plasmons, or surface phonons that
contribute to the enhancement. In particular, the nanostructure’s
absorption of light can generate potent local electric fields at the
location of the adsorbed molecular species. This local field signifi-
cantly influences the optical properties of the adsorbate, thereby
causing the SERS enhancement. Moreover, the interaction
between the incident radiation and the adsorbed molecule may
result in photodissociation, photoreactions, or photo-desorption,
each of which leaves unique traces in the resultant SERS spectrum.
On the other hand, the interaction of light with the metallic
nanostructure depends on the value of the complex dielectric
function at the excitation wavelength, which determines the
enhancement observed at a given excitation frequency. Particle
absorption and scattering are influenced by the shape and size of
the metal nanostructure, thus affecting SERS intensities. Further-
more, the excitations in nanostructures are strongly influenced by
the medium’s dielectric constant. The absorption and scattering of
light by metallic nanoparticles (smaller than the wavelength of the
incident light) are crucial properties that yield SERS and provide
the theoretical basis for the explanation of the EM
enhancement.®>#*8%17718% Although LSPR of nanostructures is
necessary for large enhancement factors of SERS, the chemical
interactions between analytes and substrates can lead to Raman
enhancement via the chemical enhancement mechanism that has
often been observed for semiconductor substrates.">'®"

For a single isolated plasmonic sphere (Fig. 5a), the extinction
and scattering can be fully explained by the Mie theory."**"**> When
the light resonates with the LSPR, the metal sphere emits its dipolar
field (Esp). The magnitude of that field at a nearby molecule
depends on the sphere’s radius (r), its distance (d) from the
molecule, the dielectric constants of the metal (¢) and the surround-
ing medium (&), as well as the strength of the incident field (E).
Therefore, the molecule experiences an enhanced local field (Ey)
which includes both electric-field magnitudes: E, + Esp. The light
field enhancement A (v) is determined by the ratio of the field at the
molecule’s position to the incoming field.

_ EM(ZI)
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Here, A(v) is particularly strong when the real part of ¢(v) is
equal to —2¢,. Additionally, for a significant EM enhancement,
the imaginary part of the dielectric constant needs to be small.
These conditions describe the resonant excitation of localized
surface plasmons for a metal sphere.'®* Similarly, the scattered
field will be enhanced if it is in resonance with the particle
LSPR. Therefore, considering the enhancing effects for both the
laser and the Stokes field, the EM SERS enhancement factor,

G5 (vg), can be expressed as:
2, o\ 12
14
(r + d)

(2)

> e —w [
|8<”L) + 28

bws) — €0
&) T 280
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This equation indicates that the enhancement scales with
the fourth power (|E|*) of the local field of the metallic
nanostructure, and that it is particularly strong when excitation
and scattered fields are in resonance with LSPRS. On the other
hand, the EM predicts that SERS does not require direct contact
between the molecule and the metal, but it is necessary a
certain sensing volume. This is because, as shown in eqn (1)
and (2), the EM enhancement factor strongly decreases with the
distance from the metal surface due to the decay of the dipolar
field [1/d]’ to the fourth power, resulting in [1/d]"*.

Maximum values for EM enhancement in spherical isolated
nanoparticles are on the order of 10°. Theory predicts stronger
EM enhancement for regions with sharp features and large
curvatures, which may exist on silver and gold nanostructures.
For instance, the EM SERS enhancement factor can be increased
up to 10 when the particle presents sharp tips or edges. These
features localize the electric field within confined regions,
enabling extremely high enhancement factors.'®>'%¢ Addition-
ally, closely spaced interacting NPs can provide further field
enhancement. EM enhancement factors up to 10'" have been
estimated for dimers of Ag NPs.'®” These substantial enhance-
ments are typically attributed to highly concentrated EM fields
associated with strong LSPRs at interstitial sites (often referred
to as EM or SERS hotspots) in nanostructures consisting of two
or more coupled nanostructured surfaces with closely spaced
features. The size of these hotspots is as small as a few
nanometers, and the EM field concentration on them strongly
depends on the geometry of the nanostructured site where the
probed molecules reside, the wavelength, and the polarization
of the incident light."®> When optical excitation is localized in
such small hot spots, extraordinarily large EM SERS enhance-
ments (proportional to field enhancement to the fourth power)
up to 10" have been theoretically predicted.®

While the EM mechanism is the primary contributor to the
SERS signal, early observations noted a dependence of the
scattering signal on the electrode potential,'®® suggesting an
electronic coupling between the molecule and the metal. In
addition, the presence of metal in the system can alter the
polarizability of adsorbed molecules, thereby potentially
increasing the Raman scattering efficiency. On the other hand,
experimental observations, such as the effect’s dependence on
the chemical nature of the molecule and strong molecular
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Fig. 5 (a) EM mechanism for SERS enhancement for a single isolated sphere. (b) Energy level diagram for a “molecule-metal system” showing a possible

charge transfer involving molecular states (path (i)) and molecular and metallic states (paths (ii), (iii)). (c) Model for the estimation of the molecular
orientation. Absolute orientation of the molecule on the surface and relative orientation of the ring over the surface are represented by XYZ and xyz axes,

respectively.

selectivity, provide clear indications for the existence of an
additional chemical SERS enhancement. Moreover, the best
EM SERS enhancement factors (10'?) leave a gap of about two
or three orders of magnitude to the highest experimentally
observed non-resonant SERS enhancement factors on the order
of 10"°,"® which suggests the existence of additional enhance-
ment mechanism(s) accounting for the missing factors.

Different mechanisms have been proposed to account for
the chemical SERS effect, sometimes also referred to as the first-
layer effect, as it necessitates direct contact between the molecule
and the metal. The electronic coupling between the molecule and
metal and the formation of a surface complex can lead to charge
transfer (CT) from the metal to the molecule, or vice versa, and
within the adsorbed molecule itself, resulting in an increased
Raman signal. Fig. 5b displays a typical energy level diagram for a
molecule-metal system, where the energies of the highest occu-
pied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) are roughly symmetric relative to the
Fermi level of the metal, alongside possible CT processes invol-
ving molecular states (path (i)) and molecular and metallic states
(paths (ii) and (iii)). Generally, the chemical SERS enhancement
factor is believed to contribute enhancement factors on the order
of 10-10?, coexisting with EM enhancement.

The surface selection rules, formulated by Moskovits in the
80’s,"’* explore the alteration of the relative intensity of bands
within a given SERS spectrum as a result of the orientation of
the molecule being studied in relation to the plasmonic sur-
face. For example, when considering mercaptobenzene
(Fig. 5¢),"°° and a C,, symmetry for the mercaptobenzene
group, its vibrational modes can be classified into in-plane
(ip) a1 and b, modes and out-of-plane (oop) a, and b; modes.
On the other hand, assuming that the surface electric field, E,
effectively has only a normal component (Z direction in
Fig. 5¢),"** the intensity of a vibrational mode is proportional
to the square of the scalar product of the electric field and the
dipole moment derivative of the mode, dji/dQ."*>"**

I ’%E
do

2
= 'd# }E|2cos2a (3)

do
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where a is the angle between E and di/dQ. Defining 0 as the tilt
angle of the z axis of the mercaptobenzene unit with the surface
normal (Z), and ¢ as the twist angle of the molecular plane
around the z axis (which is 0° when y is parallel to the surface).
Then, by considering that the ip a; and b, modes have dipole
moment derivatives along z and y axes, respectively, and the
oop b; modes have dipole moment derivatives perpendicular to
the phenyl ring (along x axis), the molecular-fixed axis system
xyz can be correlated with the experimental axis system XYZ by
the two Eulerian angles, 0 and y. The intensities of a,, b, and b,
can be then represented as follows from the above equation:*®

I(ay) oc cos®01%xy) (4)
1I(by) oc sin®0con? y I°(by) (5)
I(b,) oc sin®0sin® y I°(by) (6)

here I° represents the intrinsic intensity of the corresponding
mode without the surface effects (i.e., normal Raman spec-
trum). Thus 0 + 90°, which describes the angle metal surface-S-
1, and y, which describes the orientation of the phenyl ring
against the silver surface, can be calculated as follows:

2, _1(b2) (b))

A V)

()

I(b) I°%a;) 1

Al —
tan0 = 7 T0(by) cosiy

(8)

~

Thus, by assigning the a4, b; and b, vibrational modes in the
SERS spectra, usually by computational density functional
theory (DFT) methods, before and after the coupling, it is
possible to know the tilt and twist angles. The deformation of
these angles is, however, restricted by the fact that the chemo-
receptor is chemically bound to the surface and requires very
large analytes to be effective.

3.2. SERS sensing platforms

SERS-based detection of chemical and biological analytes at the
trace or single molecule level is extremely desirable in a variety
of scientific and technological domains, including analytical
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chemistry,"** materials science,'®> forensics,'*® life science,"”
food industry,"”® explosive detection’®® and biomedical
diagnostics.>®® The advancement of nanofabrication techni-
ques, the ability to obtain desired plasmonic substrates, the
tunability of LSPR of plasmonic substrates according to the
requirements, and the sensitivity of SERS spectroscopy brought
down the detection limits to a single molecule level. In parti-
cular, the design and fabrication of SERS substrates using
desired plasmonic substrates is a key factor in achieving high-
sensitivity detection.”® A wide range of SERS substrates have
been reported in the literature with the specific goal of control-
ling plasmonic hotspots and thus achieving high sensitivity.>*>
SERS substrates can be broadly classified into two types depend-
ing on how the plasmonic NPs are being used in sensing
analytes: (1) plasmonic NPs deposited on solid substrates in a
controlled manner (2) colloidal solutions of plasmonic NPs with
or without Raman reporters decorated on their surface.****** To
fabricate efficient SERS solid substrates various nanofabrication
techniques such as focused ion beam technique,>® soft
lithography,?®® electron beam lithography,”®” stamping,>®
nanosphere lithography,>®® optical lithography,”’° molecular
assembly-based lithography, and colloidal self-assembly have
been employed.”"" Despite tremendous progress in the field,
developing reliable and reproducible SERS solid substrates has
been challenging. Extensive research has been conducted to
optimize SERS substrates by close packing of NPs, using differ-
ent shapes that exhibit strong field enhancements, positioning
the analyte in the hotspot, and integrating SERS spectroscopy
with other analytical systems (e.g., microfluidic, optofluidic, and
paper-based) to achieve ultrahigh detection sensitivity.***>'* On
the other hand, sensing in a liquid medium can performed
using SERS tags or pure plasmonic NPs. In particular, SERS tags
have been extensively used in the ultrasensitive quantitative
detection of a wide range of analytes. SERS tags are commonly
prepared by first functionalizing the surface of Au or Ag NPs of
different shapes with molecules (Raman reporters) that exhibit
strong intrinsic Raman scattering, followed by coating a bio-
compatible shell, usually a polymer or SiO,. The shell can then
be functionalized with a biorecognition system such as an
antibody for specific binding to a target analyte. The SERS tags
can also be used in solid substrate-based sensing platforms.
Besides, the colloidal solutions of bare plasmonic NCs, with or
without a biorecognition system have been used for specifically
or nonspecifically binding to analytes to induce SERS signals. In
the colloidal solution, the SERS detection is also influenced by
the Brownian motion of analytes or metal NPs, and it is often
used to attain quantitative analysis, but it has a low LOD.*'* In
some cases, SERS substrates can be one or a few particles that
enable the detection of single molecules through strong EM
enhancements. On the other hand, they can also be rigid or
flexible solid substrates (glass, silicon, paper, plastic, etc.) in
which plasmonic NPs are chemically or physically immobilized.
The substrates can also be integrated with other technologies
such as microfluidics, electrocatalysis, and beyond. In the
following section, the detection of various analytes using differ-
ent types of SERS substrates has been discussed.
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3.3. Single-molecule SERS (SM-SERS) approaches and
requirements

Numerous comprehensive reviews have extensively covered
substrates and methodologies aimed at acquiring Raman spectra
from individual molecules. Here, our focus shifts towards dis-
cussing and highlighting some of the latest advancements and
promising strategies in fabricating dependable probes for single-
molecule (SM)-SERS in a reproducible manner. Several critical
conditions must be met for successful SM-SERS, including the
design of a nanostructure capable of sufficiently enhancing the
EM field.?*® In SERS, both incident and scattered light undergo
enhancement. The signal amplification thus scales approxi-
mately with the fourth power of the electric field intensity
(~|E|*).2*"2*® For single-molecule measurements, an EM-field
enhancement of at least on the order 10’-10" is required.*"®

The most common approach to obtaining sufficient enhance-
ment factors takes advantage of the electromagnetic “hotspot”
formed in the gap between two adjacent Au or Ag NPs. Plasmonic
coupling at the particle junction results in a highly localized,
strong electromagnetic field if the dimer is excited with light at a
wavelength matching the coupled plasmon resonance.”*® How-
ever, the SERS enhancement obtained from plasmonic dimers is
inversely proportional to the interparticle distance. For NSs, this
typically requires distances on the order of 1-2 nm. Top-down
nanolithography methods such as e-beam lithography or
focussed ion beam milling are capable of fabricating nanostruc-
tures with such high precision. Nevertheless, benefiting from the
EM enhancement requires precise localization of a single analyte
in the hotspot region, a task that can be challenging and reliant
on a suitable localization strategy.

Bottom-up approaches represent an alternative method,
where the analyte is directly assembled together with the NP
dimer. For instance, Lim et al. reported the formation of Au NS
dimers with a DNA tether, that simultaneously enabled the
localization of a single Raman-active dye at the particle
junction.””! Growing a Ag shell on the Au particle surface further
reduced the interparticle spacing and increased enhancement.
However, nanospheres formed by reduction chemistry or metal
overgrowth are typically not perfectly spherical and may exhibit
facets or edges. This variability can result in variations in the
hotspot size, thus hindering quantitative measurements. A strat-
egy for synthesizing nearly perfect spheres through chemical
etching was reported by the Schliicker group.*** Structural uni-
form dimers of ideal spheres were formed by the substrate-
supported assembly and exhibited excellent and reproducible
plasmonic properties for reliable measurements.>** Nanodimer
formation using alkanethiol®** or DNA-linker’*® has proven
useful for assembling spherical particles. A more versatile
approach to dimer formation, with a defined gap size and
hotspot targeting, is offered by DNA origami technology. DNA
origami is a nanofabrication method that allows the design of
three-dimensional structures with nanoscale precision.>*® This
technique has been employed to assemble complex and multi-
functional plasmonic nanostructures, enabling the study of
enhanced light-matter interactions in various scientific applica-
tions, including SM-SERS.>*’
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The first reports on DNA-origami assembled plasmonic
dimers for SERS were published almost ten years ago. Interest-
ingly, all reports employed different structural designs, illustrating
the great design flexibility of DNA nanotechnology. For example,
Prinz et al. designed gold dimers on triangular DNA origami
scaffolds.”*® Thacker et al. developed a design to obtain strong
plasmonic coupling between two 40 nm gold nanoparticles repro-
ducibly held with gaps of 3.3 + 1nm on a porous DNA sheet.**’
Kiihler et al utilized gold nanodimers linked by a three-layered
DNA origami spanning the plasmonic “hotspot”.>* Pilo-Pais et al.
employed a DNA origami template where Au NPs were selectively
placed on the corners of rectangular origami and subsequently
enlarged via solution-based metal deposition.”*"

In recent years, further origami designs, such as nanoforks
and funnel-spacers,*** have been devised, expanding the metho-
dology towards successful SM measurements. In the first demon-
stration of SM-SERS with DNA-Origami assembled Au dimer
nanoantennas, Simoncelli et al., employed optothermal-induced
shrinking of a DNA template to reduce the gap sizes between two
40 nm Au NSs.>** By shrinking the plasmonic hotspot, SERS
spectra from single molecules positioned in the NP gap were
obtained. However, plasmonic heating is generally not wanted
during the measurement. Along with hot carrier generation, high
temperatures could lead to carbonization of the analyte.”***%
Carbonization is characterized by the emergence of a broad
carbon D-band at ~1350 cm ' and a stronger G-band at
~1580 cm ™' that dominates the time-averaged spectrum. Stra-
tegies to avoid carbonization have been demonstrated, with gold
being less prone to induce carbon formation compared to
silver,>*® and carbonization tends to be further suppressed when
SERS measurements are conducted in water.>®” As briefly men-
tioned earlier, the strength of DNA origami lies in its flexibility
to realize alignments of particles with different shapes and
materials. This flexibility allows for the creation of large hot-
spots capable of accommodating sizable molecules and proteins
while still providing sufficient field enhancement. Nanostars
and bowtie antennas formed by Au nanotriangles have emerged
as alternatives to nanosphere dimers to achieve strong field
enhancement with wider gaps. Au NSTs feature sharp tips where
the electromagnetic field is concentrated at resonant
excitations.”*® Recently, Kanehira et al. reported that dimers
formed with ‘“nanoflower” particles outperform spheres on
“nanofork’-DNA origami nanoantennas.>*® Single protein SERS
was demonstrated by Tanwar et al., where thrombin was bound
to a DNA template and then sandwiched between two bimetallic
NSTs (Fig. 6a).>*° However, aligning NSTs precisely tip-to-tip can
be challenging, even with DNA origami. Furthermore, the sharp
tips of nanostars exhibit limited stability under resonant excita-
tion and are prone to melting during measurement. Other
methodologies have therefore been explored and reported. Heck
et al. demonstrated SM-SERS on biotin/streptavidin with self-
assembled “nanolenses” made of silver particles (Fig. 6b).>*!
Tapoi et al. demonstrated SM-SERS of cytochrome ¢ with DNA
origami nanofork antennas (Fig. 6¢).>*> Zhang et al. demon-
strated non-resonant SERS of Cy5 in 5 nm gaps between gold
triangles on DNA origami.®”
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A general limitation of most of these DNA origami approaches
is a single dye or biomolecule must first be attached to the DNA
origami. Subsequently, the plasmonic NPs are assembled around
the analyte in a second step prior to measurements. This strategy
may not be viable for typical sensing applications, where proteins
or biomolecules must be identified from a liquid sample. Ideally,
a SERS probe would enable the capture of analytes from the
solution. Recently, a DNA origami scaffold with control over the
tip-to-tip alignment of Au NRs with an average gap size of 8 nm
has been reported (Fig. 6d).>** These gaps were accessible for
proteins captured using specific anchoring sites located in the
hotspot region. The capability to target specific biologically
relevant proteins may facilitate future in situ or in vivo measure-
ments, for example, Sharma et al.>** have reported the SERS
detection of single epidermal growth factor (EGF) receptors using
DNA origami-assembled gold nanorod dimer nanoantennas. To
stabilize the structure during measurements, the origami tem-
plate could additionally be protected via site-specific silanization
without hindering any analyte binding.**> In combination with
recent implementations of machine learning for SERS data
analysis,”*® the design for DNA origami assembled nanostruc-
tures for SM-SERS will pave the way for their wider use in
biodiagnostics and personalized medicine.

As discussed above placing the analyte in the hotspot is
critical for SM-SERS. Another approach that has been exploited
for SM-SERS is tip-enhanced Raman spectroscopy (TERS, see
Section 3.6 for more details), in which analyte molecules are
placed in between the plasmonic tip and substrates.**”>*° The
apex of the tip localizes the EM field in a confined space
through the lightning rod effect.>**2*! Thus, the strong cou-
pling between the tip and substrate results in strong EM field
enhancement so the SERS EF. The spectral overlap of the SPR of
the hotspot and the electronic transition of the analyte is an
important factor for SM-SERS.>*® This technique has been used
in the chemical mapping of single molecules with atomic
precision,*? in situ probing of catalytic reactions at the SM
level, molecular conformations in molecular electronics where
SM junctions are used,”® and detection of biomolecules
(viruses, DNA, and RNA)****°%*%* with SM precision. Despite
significant progress in recent years, the practical applications
of SM sensing are yet to be realized. It is still challenging to
prove whether the SERS signals come from SM. Moreover, the
degradation of analytes under laser beam effects the reprodu-
cibility of SM SERS spectra.

3.4. Target analytes

In direct SERS, target analytes are molecules/ions that exhibit
Raman active vibrational transitions, undergoing changes in
polarizability during these vibrations. Moreover, it is more
suitable for molecules with unsaturated bonds and aromatic
rings (high polarizability) like polyaromatic hydrocarbons
(PAHSs), dyes, etc. Nevertheless, other analytes show low Raman
cross-section (Raman efficiency) like some gas species, pro-
teins, etc so an indirect SERS methodology is applied for its
detection. This type of detection implies using plasmonic
substrates/NP functionalized with a Raman active molecule

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Examples of plasmonic DNA origami nanoantennas for single protein measurements. (a) Schematic of gold/silver nanostar dimers formed around
thrombin on a rectangular DNA origami sheet. TEM images of the nanostar dimer structure (Reproduced from ref. 240 with permission from ACS
publisher, Copyright 2021). (b) A single streptavidin molecule is positioned in the gap between silver nanoparticles of different sizes, forming a so-called
“nanolens”. Reproduced from ref. 241 with permission from Wiley-VCH publisher, Copyright 2018. The sequence of AFM images shows the DNA origami
template, the template with streptavidin attached, and the finally formed plasmonic structure. (c) DNA origami nanofork antenna structure. An analyte
molecule is tethered to a DNA bridge spanning the particle gap reproduced from ref. 232 with permission from ACS publisher, Copyright 2021 (d) gold
nanorods assembled by a DNA origami beam. A capturing strand is located between the nanorod tips to bind single proteins from the solution.

Reproduced from ref. 242 with permission from Nature Publisher, Copyright 2023.

(typically with a large Raman scattering cross section and called
SERS tag). Thus, in indirect SERS the interaction of the SERS
tag with the target analyte produces a change in the Raman
intensity or in the Raman shift. In the section, we summarize
the detection of some of the most relevant target analytes,
covering explosives and chemical warfare agents, ionic and
gaseous species or biomolecules.

3.4.1. Explosive molecules and chemical warfare agents
and simulants. Studies on synthesizing and detecting various
explosives and their compositions are in vogue (e.g, organic,
inorganic, plastic-bonded, mixtures, metal NPs, improvised explo-
sives, o and f 1,3,5,7-tetranitro-1,3,5,7-tetrazocane (HMX), etc.).
Generally, they exist in powder (solid) and liquid forms. Their
extremely low vapor pressures (e.g, 1,3,5-trinitro-1,3,5-triazinane
(RDX) ~10"° torr and 2,4,6-trinitrotoluene (TNT) ~10"° torr)
challenge their detection using conventional techniques. Further,
in the real world, dynamic backgrounds will interfere with explo-
sive detection, for instance, trace explosives on various surfaces

This journal is © The Royal Society of Chemistry 2024

(paper, wood, luggage), hidden explosives mixed with other mate-
rials, and buried explosives (in the case of buried land mines/
improvised explosive devices). For these reasons, the trace detec-
tion of explosives, such as 2,4-dinitrotoluene (DNT), TNT, pentaer-
ythritol tetranitrate (PETN), RDX (1,3,5-trinitro-1,3,5-triazinane)
and HMX, etc., gained extensive research interest in recent years.

Tremendous work has been performed to focus on chal-
lenges concerning trace explosives detection, such as innova-
tions in flexible substrates that facilitate swabbing or wiping
from surfaces, vapor detection, and making cost-effective, dur-
able plasmonic structures. The molecular formula and struc-
ture of various explosives and chemical warfare simulants are
provided in Fig. 7. Using tagged Au NRs, trace quantification of
HMX and RDX has been reported recently based on the nitrite
derived during hydrolysis. The study by Guven et al. has also
been extended to real-world soil samples for simultaneous
detection of HMX and RDX and achieving a recovery of greater
than 90%.?>® With a novel 2D transition metal nitride substrate
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Fig. 7 Molecular formula and structure of various explosive molecules and chemical warfare simulants covered in this review.

as plasmonic material, explosive molecules like PETN, RDX,
and HMX were detected on three base substrates: silicon, glass,
and paper. Soundiraraju et al. have observed that the paper
substrate has outperformed the other two substrates and a
commercial substrate in enhancement.>*® Similarly, 2D hybrid
graphene oxide (GO) and Ag NPs substrates fabricated by laser
ablation were used to detect RDX and HMX using SERS with a
sensitivity in the order of picomolar concentration.”>” Singh
and co-workers were ableable to detect DNT and picric acid
(PA), and dipicolinic acid (DPA) with nanomolar sensitivity
using ultra-thin GO doped with nitrogen and nitrogen sulfur
and decorated with Ag NPs.”® Further, Naqvi et al have
achieved laser-ablated AgNP/GO substrates with a dual benefit
of chemical and electromagnetic enhancements.”>® Ag-NPs
embedded in GO have also been used for TNT sensing.”®
Liyanage et al. have used flexible gold NTs-based plasmonic
sensor for the trace detection of RDX, TNT, and PETN, with a
remarkable platforms for reproducibility of 4%, LOD of
56 parts-per-quadrillions and enhancements of EF ~10°. The
selectivity of the performance has also been analyzed by detect-
ing explosives directly from fingerprints transferred to the
sensor using a benchtop Raman system.?®" Silver NTs have also
been shown to be advantageous in the trace detection PA with
UM sensitivity by Wang et al.>®*> Different papers (sandpaper,
filter paper, and printing paper) loaded with picosecond
ablated AgAu alloy NPs were used to detect RDX with enhance-
ment factors 10°. Byram and co-workers have demonstrated
sample collection through swabbing promising real-world
applications in surface examinations.>®®* Fan and co-workers
have utilized plasmonic sticky and flexible SERS substrates to
detect HNX, TATB, LLM-105, RDX, HMX, FOX-7, and TNT
molecules. HNX traces on bags and fingerprints were also

2098 | Nanoscale Horiz., 2024, 9, 2085-2166

analyzed using the same substrate.”®* Gao et al. investigated a

novel wrinkled, flexible Au-coated polyester (PET) film prepared
by lithography and plasma etching and used it to detect TNT.>*® A
flexible polydimethylsiloxane (PDMS)-based SERS substrate with
Ag NPs has demonstrated TNT detection by wiping a cloth bag by
Gao et al.>*® Moram et al. have used NaCl as an aggregation agent
for AgAu alloy NPs and encompassed them in simple filter
papers. The detection of NTO and DNT was achieved by system-
atically optimizing the soaking time of the filter paper and
studying the effects of the concentration of the NaCl.**” Explosive
vapor detection using SERS is still a challenge because of the poor
adsorption of molecules on the SERS substrate. Overcoming the
challenge, gold NCs were used by Ben-Jaber et al. for the trace
vapor detection of DNT and RDX, achieving an enhancement
factor of 10", the highest reported for the vapors so far.”*® Vapor
detection of TNT, RDX, and PETN has been reported with ng
sensitivity using a handheld Raman spectrometer.>*® A multi-
scale SERS substrate composed of photonic crystals and Au-silica
NPs with core-shell morphology that can detect trace-level vapors
rapidly (3 minutes) of DNT with 1 ppm sensitivity using a
portable Raman spectrometer.>’® Sputtered gold and silver alloy
on roughened glass, along with principal component analysis
(PCA), has been used for the selective detection of three explo-
sives, TNT, RDX, and PETN.>”" Anisotropic and cost-effective Ag
dendrites prepared by electrochemical etching were used to
detect RDX and AN with an enhancement of 10* and RSD of
9%.%”* The study has been further extended using Au-decorated
Ag dendrites, which have enhanced 10° times and lower LOD of
~nM.?”? Femtosecond laser ablation patterned micro square
arrays on the Si surface. It was applied for trace detection of
PA, RDX, and DNT using AgAu alloy NPs as plasmonic material.
Their study found that the nanostructure at a particular fluence

This journal is © The Royal Society of Chemistry 2024
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has yielded higher enhancement in the order of 10° for PA and
10* for RDX. The substrate also demonstrated efficiency in
multiplexing along with PCA.*”* Picomolar detection of TNT,
RDX, and HMX was reported using Au nanogap substrates.?”>
Trimetallic AgAuCu nanostructures obtained via femtosecond
Bessel beam ablation was tested for the trace detection of PETN
and TNT in the nanomolar regime. The nanostructures forming
a ladder-like periodic structure showed advantagesadvantages
over thethe conventional Gaussian beam-structured surfaces.””®
Podagatlapalli et al. have employed Bessel beam ablated Ag
nanostructures obtained in water for the sensing of hexanitro-
hexaazaisowurtzitane (CL-20) with an EF of 10°.*”” Laser-ablated
Si nanostructures, which yielded periodic structures on the
surface, effectively detected 100 nM of 5-amino-3-nitro-1H-
1,2,4-triazole (ANTA) after coating with gold.>’® Simultaneous
detection of explosives mixtures [PA+ 3-nitro-1,2,4- triazole-5-
one (NTO) and PA + DNT| has also been reported using
picosecond laser structured SERS substrates by Byram and co-
workers. Unique Ag nanoribbons were observed during picose-
cond laser ablation of Ag under cylindrical focusing at a
particular fluence, which was further used for explosive sensing
with nanomolar sensitivity.””® Ag NSs fabricated for different
angles of incidence during laser ablation have demonstrated
femtomolar detection of 1-nitropyrazole (NPZ).>*® Superhydro-
phobic substrates with Si pillars decorated with ZnO-Ag NPTs
were used for the detection of NTO (~10~ "> M), TNT (~10~*?
M), and FOX-7 (10™'° M), extending their studies to natural
samples as well.**" Ag-decorated ZnO structures were also used
to detect ANTA, FOX-7, and CL-20.>%* Syed et al. have prepared
reusable and cost-effective Cu NSs fabricated by femtosecond
and picosecond ablation and have demonstrated trace detection
efficiency for CL-20, FOX-7, and ANTA with an EF of 10°%
Subsequently, hybrid nanoparticles, formed by combining laser-
induced nanoparticle-embedded periodic surface structures
(LINEPSS) on Si via femtosecond (fs) laser ablation followed
by 20 nm Ag coating, further improved the EF to ~10’ in the
detection of ANTA molecule, further improved the EF to ~107 in
the detection of ANTA molecule.”® Using a combination of
laser-ablated structures and chemically synthesized gold NSTs,
SERS-based detection of ammonium nitrate (AN) has been
reported by Rathod et al. with uM sensitivity.”®® The mixture of
pesticide molecules (thiram and tetrabenazine (TBZ)) was
detected using fs laser patterned Si with Au NSTs.”*® Bharti
et al. have synthesized alloy NPs by a two-step method of laser
ablation followed by irradiation, and they were used for the
successful detection of PA and AN with EFs ranging from 10
to 10”.%®” Core-shell Au@Pd NPs synthesized using the same
method were used to detect AN and PA.*®® Xiao et al. have used
1-D SPP-supported Ag nanostructures.”® In contrast, hybrid, recycl-
able SERS substrates based on TiO, NRs decorated with Au NRs
were used by Samransuksamer et al. for the detection of TNT.?°
A new method to enhance the sensitivity of detection using a
contactless approach with vigorous dielectric microspheres
(DMs) embedded within a PDMS film has been proposed. The
method was evaluated using 4-aminothiophenol (4-ATP) as the
Raman probe. It significantly improved the detection of

This journal is © The Royal Society of Chemistry 2024
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dipicolinic acid (DPA), an anthrax biomarker, with a 5.7-fold
sensitivity improvement on a solid substrate.”** A multi-color
fluorescent nanoprobe based on Tb®* ion with Au nanoclusters
was synthesized to detect DPA with a sensitivity of 3.4 nM and
high specificity, making it effective, convenient, simple to oper-
ate, and possessing broad application prospects.>®* Low-cost,
scalable polyvinylidene fluoride (PVDF)-based Ag NP decorated
SERS substrate has been used to detect DPA with a sensitivity of
1 ppm.*”® Femtosecond laser ablated Au NSs decorated with
Au NPs were used to detect DPA, DNT, and PA with LODs
0.83 pg L%, 3.6 pg LY, and 2.3 pg L™ ".*°* Bai et al reported
that papain-capped Au NPs tend to undergo well-regulated
aggregation upon adding Hg>" ions and DPA, resulting in ultra-
sensitive detection of DPA without sample pre-treatment and a
low LOD of 67.25 pM.>*® A microporous Si substrate coated with
an optimized layer of Au was developed by Singh and co-workers
for trace detection of PA with LOD in the nM regime, and the
enhancement was attributed to the presence of dense hotspot
network resulting in coupling between both localized and
extended plasmons.>®® Kong et al. have demonstrated a highly
sensitive photonic crystal-based substrate with diatom frustule
and Ag NPs for detecting TNT with 10~ "° M sensitivity. Nanolitre
of the analyte molecules was carefully delivered to the hotspot
area using inkjet printing, resulting in superior sensitivity.>?”
SERS coupled with digital microfluidics (SERS-DMF) has been
proposed for highly sensitive and automated detection of explo-
sives with better reproducibility and efficiency with proof of the
concept for TNT and NTO with LODs of 1077 and 10~ % M,
respectively, by Liu et al.>*® Using a simple, inexpensive hydro-
phobic condensation strategy, biomimetic super-hydrophobic Ag
micro/nano-pillar array surfaces were prepared as SERS sub-
strates for ultrasensitive sensing of PA and NTO with picomolar
sensitivity.”*® Chemically produced Ag NWs were used to detect
perchlorates, chlorates, nitrates, picric acid, and 2,4-dinitro-
phenol.*® Monoethanolamine (MEA) based Au NPs were
employed to selectively and sensitively detect TNT in real-world
samples such as envelopes, luggage, lake water, and clothing,
with a detection limit of 21.47 pM by Lin et al.**" AUNR@Ag NCs
loaded into bacterial cellulose aerogels were used by Wu et al. for
sensitive detection of TNT with enhanced selectivity achieved by
using 4-ATP resulting in EF of 10°.>°> Exotic waxberry-like Au NPs
decorated on PDA were fabricated using seed-mediated growth
and further used for the detection of DNT by Chen et al.’®® Based
on Janowsky complex formation of explosives and the SERS of the
derivatives, TNT, HNS, and tetryl (2,4,6-trinitrophenyl-n methyl-
nitramine) were detected with a sensitivity of 6.81 ng mL ",
135.1 ng mL ™', 17.2 ng mL ™", respectively, by Milligan et al.***
To overcome the signal fluctuations in SERS, a deep learning
model called neural network-aided SERS has been proposed to
bridge the gap between lab and field applications.**® The model
employed a signal-to-noise ratio approach to label the spectra,
which were further classified by the model, and accurate predic-
tions were made in out-of-sample testing. With the goal of
quantification of trace explosives, a low-cost hydrophobic filter
paper has been proposed, coated with silicone oil and using
laser-ablated Au NPs. The authors have used PCA and support
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vector regression to quantify traces of PA with an accuracy of 94%
within 10 s.°°° Working under resonance Raman scattering
conditionsconditions of an explosive molecule, PA, trace detec-
tion (100 nM) was achieved using AgAu nanostructures.*”” Deep
learning method based onon the FAB-ResNet and (NLSTM) net-
works in the successful detection of explosive residues.’*® Detec-
tion of bio-hazardous materials has also been reported using
SERS-based sensing. With the help of Au-coated Si, nanopillars
functionalized with a chemical nerve agent antidote, 4-pyridine
amide oxime, selectively and sensitively detect nerve agents
Tabun, Cyclosarin, and VX in aqueous solutions. The SERS
signals of the analytes distinctly discriminate between specific
and non-specific binding down to sub-ppm levels, with binding
specific SERS response decreasing in the order of Tabun > VX >
Cyclosarin.?”® Self-assembled Au NPs coated with a citrate layer
that acted as a trap for probe molecules were used by Lafuente
et al. for the detection of dimethyl methyl phosphonate (DMMP)
in the gas phase, achieving a sensitivity of 130 parts-per-
billion.>*® The core-shell structure Au@ZrO, has also demon-
strated excellent applicability for detecting DMMP with an RSD of
6.8% and a durability of 30 days.>'" Using high droplet adhesion
that led to a high density of hotspots, femtomolar detection of
two nerve agents, VX and Tabun, has been reported by Hakonen
et al. using flexible Au decorated Si nanopillars and a handheld
Raman system.>'* Gas phase detection of DMMP was reported by
Lafuente and co-workers using Ag nanoplates on different sub-
strates like Si, stainless steel mesh, and graphite foils with
sensitivity down to 2.5 ppmV using a portable Raman
spectrometer.’™® Huang et al. have demonstrated flexible, uni-
form cotton swabs coated with Ag NPs that were tagged to detect
DMMP specifically have shown good reproducibility of 5.6%,
implying practical usage.*'* Electrochemically roughened silver
foil has been used to detect two nerve agents, DMMP and DIMP
in the vapor phase.*'® Wang et al. have shown that by concentrat-
ing the molecules in the vital hotspot areas on the SERS sub-
strates, a thin water film-confined SERS strategy was proposed,
allowing for the successful detection of DMMP molecules weakly
interacting with SERS-active substrates.’'® Wang and co-workers
have achieved sensitive and flexible AuNPs@polyimide SERS
heating chips and successfully detected nM TNT.*'” There are a
few earlier review articles on the technique and materials used for
SERS‘3187326

Trace-level liquid/solid phase detection is essential and
highly beneficial for chemical and explosive sensing applica-
tions. However, detecting vapor-phase chemicals and explosive
compounds is a better solution to overcome the drawbacks of
existing physical probing approaches in the present and fore-
seeable future. It is imperative to create essential technology
that facilitates vapor-phase detection of explosive molecules
economically with better sensitivity and stability. Explosive
vapor sensing has been demonstrated by a few researchers in
recent years.*”” The small quantity of DNT that emanates from
TNT dominates the vapor headspace and aids as a natural
tracer for TNT vapor detection. Therefore, detecting volatile
impurities of TNT, such as 2,4-DNT, 2,6-DNT, and 1,3-DNB, is
desirable. SERS-active substrates’ response time and sensitivity
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are essential for superior DNT vapor detection. TNT vapor detec-
tion is limited due to low vapor pressure. Adhikari et al. have
achieved rapid and sensitive vapor-phase detection of TNT, DNT,
and PETN using nanogap SERS-substrate produced by Au NPs
decoration on SiO, nanopillars and Au layers. The detection
capability of TNT, PETN, and DNT for 10~° atm., 10~ '" atm.,
and 10~ atm. vapor pressure was estimated at a lower laser power
of 0.2 mW, and room temperature.**® Shabtai and co-workers
demonstrated the utility of Au NPs modified quartz fibers for gas
phase detection of VX and HD. They reported the least detection
for VX, and HD at ~8 ppbv, and ~0.73 ppbv, respectively.’*

Detection of airborne chemicals and explosive molecules
using SERS at a standoff distance (unlike the Raman technique)
is challenging owing to the confinement of near-field enhance-
ment. Consequently, very few reports on the SERS studies using
standoff configurations exist in the literature. Phan-Quang and
co-workers have recently demonstrated the ‘first’ in-air SERS
detection in a standoff configuration (at a distance of 200 cm).**°
They have utilized aerosolized plasmonic colloidosomes as air-
borne plasmonic hotspots. They prepared a 3D plasmonic cloud
(containing ~10° Ag NCs cm®) to detect airborne species
(methylbenzenethiol (MBT), rhodamine 6G (Rh6G)), and methy-
lene blue (MB). Zhang et al. have demonstrated the possibility of
remote chemical detection (4-ATP) using fiber-based SERS sub-
strates. Such studies can be extended to explosives and other
hazardous materials.>*' Another exciting work demonstrates the
possibility of detecting buried explosives. In this case, they could
detect buried explosives (2,4-dinitrotoluene) in simulated field
conditions.***> They claim that the explosives used in landmines
are often composed of TNT. Further, its manufacturing impu-
rities include (a) 2,4-DNT, (b) 2,6-DNT, and (c) 1,3-dinitrobenzene
(1,3-DNB). A thorough optimization of efficient SERS substrates
and appropriate progress in signal collection and detection optics
will make it possible to detect buried chemicals (e.g., in sand).
Machine learning/deep learning techniques augment the SERS
data (wherever there are limitations).**> A summary of the
significant works on SERS-based sensing of explosives reported
in recent years is presented in Table 1. In Fig. 8 shows a
schematic summary of the SERS-based explosives sensing tech-
niques, materials, and requirements for commercialization,
including the future challenges and scope. There is also keen
interest in developing novel SERS materials/substrates for detect-
ing explosives.***™3® For example, Kalasung et al. have developed
effective Au/ZnO-based sensors to detect PETN.**® Their sensors
exhibited an optimal performance at 10* g mL~" while the LOD
was 1077 g mL ™' with an EF of 3.01 x 10° As discussed
elsewhere, flexible SERS substrates are essential for various
applications wherein the analyte available is too small and
cannot be transported to the lab.**® These substrates facilitate
swabbing and collecting the trace analyte molecules from any
uneven surface, and further, with the help of a portable Raman
spectrometer, can be used to identify the molecule. With
advancements in the preparation of novel, efficient, versatile
SERS substrates and in the development of miniature spectro-
meters, explosive sensing is expected to become cost-effective and
practical in the near future.
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Fig. 8 A schematic summary of the SERS-based explosives sensing techniques, materials, and requirements for commercialization, including the future

challenges and scope.

3.4.2. Tonic species. The application of SERS in the direct
detection of ionic species faces significant limitations, primarily due
to their small Raman scattering cross-section or the absence of
vibrational modes in atomic species. Despite the availability of
alternative characterization techniques, such as absorption or emis-
sion spectroscopy for metal cations, which boast detection limits in
the picomolar range, these methods often necessitate large sample
amounts and are inherently destructive. In contrast, SERS spectro-
scopy offers a non-destructive approach that requires a small
sample volume. Consequently, over the past few decades, numerous
indirect SERS strategies have been developed to selectively detect
and quantify various ionic species. The success of the detection of
ionic species mostly depends on the specific characteristics of the
ionic species, the metal nanostructures used, and the experimental
conditions.

3.4.2.1. Metallic cations. Metallic cations, as atomic species,
cannot be detected directly by SERS. However, different indirect
SERS strategies have been developed for the selective and sensitive
detection of metallic cationic species. Different strategies have been
reported for cations such as Cd(u),>****> As(m),*****” Hg(u),>*>>*%>>
Pb(u),***>* Cu(m),>** and Zn(u),*** among others. One of the most
common strategies involves inducing the aggregation of a colloidal
dispersion of plasmonic nanoparticles through the presence of the
target metal cation. This process begins with the functionalization
of plasmonic nanoparticles, wherein they are initially coated with a
Raman-active molecule displaying a specific affinity for the target
cation via covalent or not covalent interactions. In the presence of
the cation, the nanoparticles aggregate, forming hotspots that
significantly enhance the SERS signal of the attached Raman-
active molecule on the plasmonic surface (Fig. 9a).>*”*>® This SERS
signal enhancement is directly proportional to the concentration of
the target cation, allowing for quantification. However, a key
challenge lies in achieving high selectivity, necessitating the careful
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selection of an appropriate chelation system to avoid undesired
interactions. Each system is tailored to a specific metal cation; for
instance, Duan et al.*** designed a self-aggregating gold nanoparti-
cle system for the detection of Cd(m), a metal associated with
conditions like cancer and cardiovascular diseases. The chelation
of Cd(n) is initiated by atom transfer radical polymerization from the
nanoparticle surface (SI-ATRP), resulting in immediate nanoparticle
aggregation that produces an increase in the SERS signal of the
nanoparticle probe. Importantly, this process is selective, as it does
not occur in the presence of other cations.

Not all strategies for detecting metallic cation detection via
SERS involve the aggregation of colloidal metal nanoparticles; some
focus on solid plasmonic substrates functionalized with a DNA
probe, which undergoes conformation changes in the presence of
the target cation leading to a “turn-on/turn-off” SERS response.
This approach has been extensively used for quantification of
Hg(n). For instance, Chung et al>*° employed a doubly labeled
DNA, incorporating a thiol for binding to Au surface and a Raman-
active molecule to provide the SERS signal at opposite ends. In the
absence of Hg(u), no significant SERS signals are observed, as the
Raman-active molecule remains distant from the Au surface.
However, the presence of Hg(u) induced a conformational change
of the DNA, causing the approximation of the Raman reporter to
the surface, leading to the amplification of the SERS signals.
Another strategic approach capitalizes on the strong affinity of
certain cations for the plasmonic metal surface, as observed in the
case of Hg(un) ions and gold. This high affinity prompts the
displacement of a pre-assembled Raman-active molecule from
the gold surface leading to a reduction in the SERS signal®**
Moreover, higher concentrations of Hg(u) result in a more sub-
stantial replacement of the Raman-active molecule, leading to a
further decrease in the SERS signal (Fig. 9b). It is important to note
that this method is specifically applicable for identifying cations (or
anions) with a pronounced affinity for the plasmonic surface.

This journal is © The Royal Society of Chemistry 2024
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Regardless of the approach taken, the development of a
strategy for simultaneous detection and quantification of var-
ious cations is a challenge. This challenge becomes particularly
pronounced when the accurate quantification of each cation is
required. To progress in this field, further exploration is

This journal is © The Royal Society of Chemistry 2024

ve SERS spectra of 4-MBA at different pHs and experimental calibration curve
rom ref. 355 with permission from ACS publication, copyright 2021.

essential, potentially involving the development of intricate
plasmonic nanostructures. These nanostructures can integrate
various chelation agents customized for each specific cation,
resulting in the generation of distinct Raman responses as a
function of the bound cation.
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3.4.2.2. Anions. Similar to cations, atomic anions (such as
halogens, S>~, N7, etc.) cannot be directly detected by Raman.
However, unlike cations, the direct or indirect detection of
anions is deemed less significant, resulting in less exploration
of their SERS detection. A notable exception lies with oxyanions
(S04>7, ClO, 7, etc.) and other anions such as cyanide (CN ™) or
thiocyanate (SCN~) which possess moderate Raman cross-
sections enabling their direct detection by SERS. Nevertheless,
their limited affinity for plasmonic surfaces presents a chal-
lenge for direct detection. To overcome this hurdle, a common
strategy involves functionalizing the plasmonic substrate to
render it positively charged. This modification induces an
electrostatic attraction, drawing the anions into close proximity
with the SERS substrate, thus facilitating their detection. Du
et al.*®” employed this strategy to successfully detect anions in
water. They modified Ag-based SERS substrates with amino and
amide groups to create a positively charged surface, enhancing
the substrate’s affinity for anions such as S04>~, CN~, SCN™,
and ClO, . As a result of this functionalization, the detection
limits reached the ppb regime, showcasing the effectiveness of
this approach in improving sensitivity for anion detection. It
should be noted that while there are numerous approaches to
detecting metallic cations, the methods for characterizing
anions are comparatively fewer. This discrepancy likely arises
from the lower perceived significance and demand for their
detection and quantification.

3.4.2.3. H;0"/HO™ ions. The quantification of the H;0"/HO™
ions holds significant importance in biological systems due to
the implications of pH. Understanding pH is paramount as its
value profoundly influences the functionality of cells and organ-
isms across myriad facets. In numerous applications, the neces-
sity for straightforward, intuitive, sensitive, and stable pH
detection, encompassing both acidic and basic characteristics
inside and outside the cell, is indisputable. Moreover, SERS pH
sensors offer the advantage of in situ real-time pH monitoring in
a non-invasive and non-destructive manner. Halas et al. were the
first to report the effect of the pH medium on the Raman signal
of the 4-mercaptobenzoic acid (4-MBA) due to the partial ioniza-
tion/deionization of the carboxylic group,™® converting this
Raman active molecule in a pH indicator that was used for the
development of different pH sensors. However, while 4-MBA can
accurately predict pH values within the range of 5.0 to 8.0
(Fig. 9C),*® its limited coverage is insufficient for various
applications. Consequently, alternative molecules with broader
PpH ranges have been explored. These include 3,5-dimercapto-
benzoic acid, ranging from pH 4.0 to pH 8.0;>*° 4-mercapto-
pyridine, from pH 3.0 to pH 8.0;*®° 4-aminothiophenol, with a
range of 3.0 to 9.0;°°" Alizarin Yellow R, covering pH 10.04 to
14.04;362 among others. However, to date, no SERS pH sensor
has been able to cover the entire pH range simultaneously, thus,
further investigation is necessary to develop such a sensor.

The literature offers numerous examples of both extra-
cellular and intracellular pH SERS sensors. For instance, De
Marchi et al.>*® introduced a noteworthy extracellular pH SERS
sensor consisting of a mesoporous plasmonic substrate
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(Au@Ag@mSiO, nanorattles functionalized with 4-MBA). This
substrate allows for the diffusion of metabolites secreted by
bacterial colonies, thereby inducing pH variations, which in
turn enables the correlation between metabolite production and
the corresponding phenotype discrimination. On a different
note, Ren et al.>®® developed an intracellular pH SERS sensor
based on Au NPs functionalized with 4-mercaptopyridine (4-
MPy) as the probe molecule and Bovine serum albumin (BSA) to
provide biocompatibility and stability. These NPs exhibited
exceptional sensitivity from pH 4 to 9, biocompatibility, and
stability. This innovative approach facilitates long-term dynamic
monitoring of cellular processes and offers the potential for
discriminating between normal and cancerous cells based on
their pH distribution.

3.4.3. Gaseous species. In the XXI century, the key “4S”-
sensor performance parameters: sensitivity (i.e. LOD), stability (i.e.
drift, reversibility), speed (i.e. response/recovery time) and selectiv-
ity (i.e. no cross interferences to target response) have gained
significant improvements. Nevertheless, the reliable detection of a
specific component in a complex environment where other com-
ponents may interfere remains a challenging task for “the state of
the art” chemical microsensors. As Raman scattering analytical
technique, SERS enables identification of target molecules in
complex mixtures based on their unique molecular vibrational
fingerprint in a nondestructive mode and multiplexed manner.
Over the last decade, several SERS-based sensing studies have
shown the capability for ultrasensitive detection of gaseous species
representative of various fields of applications such as environ-
mental pollution,****%> chemical threat protection,***® persona-
lized medicine and predictive health-care treatments,***>”* and
food safety screening.’”? The target molecules for these applica-
tions are mostly volatile organic compounds (VOCs) like aromatics,
aldehydes, biogenic amines, toxic industrial chemicals (TICs) and
chemical warfare agents (CWAs).

Detection, identification, and monitoring of ppb to few ppm
of toxic and harmful gases in the environment is essential to
address societal challenges; but is nonetheless challenging.
This means, considering the low density of gases and the SERS
surface selectivity, very few molecules per unit volume are
available for detection. There are scarce examples of label-free
SERS detection of gases, even at ppb level, by direct interaction
with the bare metallic surface.’’”*”® From a methodological
point of view, the conventional approach uses rigid or flexible
SERS substrates and gas sampling is performed directly from
the environment. The experimental LOD and response time are
mainly determined by the “sticking” probability of the target to
the SERS substrate, highlighting the importance of proper
surface functionalization and fluid-dynamics. The other impor-
tant facing challenge is the small Raman cross section of the
gaseous molecules of interest,*®° ie. poor Raman scattering
efficiency, up to 7 orders of magnitude lower than that of
standard SERS probes. Thus, although in SERS the rational
design of the metallic nanostructure is relevant, in the case of
SERS-based gas sensing, the development of strategies for gas
molecules confinement near the plasmonic surface is of para-
mount importance.*$%3%2

This journal is © The Royal Society of Chemistry 2024
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Different approaches are being applied to bring the detection
limits down to relevant levels for practical applications, including:
analyte condensation by cooling the plasmonic material,*** electro-
dynamic precipitation of targeted charged molecules,*®* the use of
3D matrices for constructing plasmonic nanostructures with effi-
cient access to target analytes,®”3”*3%388 hyhridization of noble
metal-based SERS active substrates with semiconductors®®*#%3%
for the synergetic coupling of EM and charge-transfer (CT) mechan-
isms, and surface functionalization. By far, functionalization of the
metallic surface (see Fig. 10) is the strategy most widely attempted
for enhancing the gas adsorption efficiency by means of: (i) captur-
ing probes capable of non-covalent interactions with large Raman
cross-section values for being used as reporters,®***'=% (i) ultra-
thin layers of sensing materials capable for specific adsorption or
eventually “in situ” reaction with the target molecules provoking a
solid transformation,®**% (iii) 2D nanomaterials,***?* (iv) thin
sheets of porous metal oxides®**>*® and (v) the extensively studied
and reviewed metal-organic frameworks MOFs(mainly ZIF-
8).364366:399-405 gpecial attention deserves the scarcely explored field
of metal-oxide-wrapped plasmonic nanostructures. A SERS substrate
based on CuO-coated (6 nm thick) Au-wrapped Si nanocone array
was validated for the detection of 2-chloroethyl ethyl sulfide (CEES)
in 10 min and the lowest detectable concentration was 10 ppbV.**>
The adsorption of CEES molecules on the CuO coating is attributed
to the surface-hydroxyl-induced specific binding. Above all, metal-
oxide-wrapped metal architecture offers unique opportunities for
the development of dual-modal chemoresistive-SERS platforms.®”

In addition to the preconcentration based SERS signal ampli-
fication, MOFs may also impair selectivity by molecular sieving
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Fig. 10 Schematic illustration of SERS applications for gas sensing with
focus on challenges and some of the surface nano-engineering strategies
discussed in this section.
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effect, improve the stability of the metal and prevent the EM field
decay along the radial direction.’”® Different strategies are
described in the literature to unite MOFs with metal nano-
particles for gas detection.?® The most extended is the encapsu-
lation of individual metallic nanostructures into porous
frameworks. As an example, a SERS platform based on a close-
packed thin film of Au@Ag NRs individually encapsulated within
a ZIF-8 framework has been demonstrated for the detection of
chemical weapons in gas phase®® (see Fig. 11a). Interestingly, the
characteristic Raman peak of ZIF-8 at 685 cm™ ', was used as an
internal standard for quantitative detection. The performance
with a portable Raman instrumentation was validated for
2.5 ppm of DMMP in ambient air, and 76 ppb of CEES; with
response times of 21 s and 54 s, respectively. The SERS substrate
showed good stability and reusability by degassing at 200 °C. H,S
detection by Au NBPs encapsulated in ZIF-8 occurred thanks to
indirect detection.*”" Before introducing the gas, the peak corres-
ponding to Au-Br (273 cm™ ') (cetyltrimethyl ammonium bro-
mide is used as a soft template in the synthesis), is observed and
after H,S exposure this peak decreases and at the same time Au-S
peak (175 cm™ ') increases. The dynamic range for detection was
0.13 ppbV to 1300 ppmV. As proof-of-concept demonstration, this
SERS substrate was applied to monitor the release of H,S from
spoiled fish samples. Core-shell Ag NC@ZIF-8 nanostructures
with cysteamine anchored on the silver surface have been used as
SERS probes to build up the Array-SERS chip*®” for benzalde-
hydes detection (recognized as lung cancer biomarkers).
The PDMS chip has a prism array patterned in the microfluidic
channel to increase the sticking probability of the gaseous mole-
cules and sensing interfaces and lower the LOD to 1 ppb. Through
the specific Schiff reaction, a LOD of 10 ppb for aldehydes was
achieved on gold super-particle functionalized with 4-ATP and
coated with a thick shell of ZIF-8.°°> Here, MOF shells play an extra
role: precluding big gaseous molecules present in complex VOC
systems. In an attempt to accumulate more molecules in the
proximity of the plasmonic surface for lowering LOD, hollow ZIF-8
wrapped in gold has been recently investigated.’*®

Although less investigated, the opposite configuration, coat-
ing of nano-porous particles with metallic nanoparticles also leads
to plasmonic architectures with remarkable performance. As an
illustrative example, the 2.5 ppm LOD of naked MIL-100 (Fe) crystals
for toluene (attributed to m-m interactions and CT mechanism)
decreased to 0.48 ppb level upon decoration with Au NPs due to
hotspots formation.>”® Recently, the detection of DMMP down to
the 100 ppb level has been demonstrated with MCMA48-Au
nanostructures,®® comprising a spherical MCM48 mesoporous
silica particle (1237 m® g ) as core and a matrix of individual Au
NPs randomly distributed on its outer surface (see Fig. 11b) The
robust, reliable, and reusable SERS platform resulting from the
integration of MCM48@Au nanostructured material in a microflui-
dic Si chip exhibits promising capabilities for on-field application.

The concept of harmful small gaseous molecules detection
by ultrathin layer solid transformation enabled SERS was proposed
by Bao et al.*®* (see Fig. 11c). They found the existence of an
optimal thickness of the CuO wrapping layer and Au@CuO
nanoparticles film in terms of LOD and response time. The
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Fig. 11 Strategies for enhancing the gas adsorption efficiency. (a) Metal organic frameworks Reproduced from ref. 366 with permission from ACS
publisher, copyright 2021 (A) time-resolved SERS detection of gaseous 2500 ppbV DMMP in N, using Au@Ag@ZIF-8 thin film as sensing platform: SERS
intensity mappings; (B) average SERS spectra obtained from SERS mappings; and, (C) SERS intensity ratio /710/l¢gs between the intensity at 710 cm™*
(DMMP) and the intensity at 685 cm™* (ZIF-8) as a function of exposure time. Insertion Au@Ag@ZIF-8 nanoparticle. (b) Mesoporous silica Reproduced
from ref. 398 with permission from RSC publisher, copyright 2023 (A) plasmonic mesoporous nanoparticles (MCM@Au) allocated in the microfluidic SERS
chip illustrating the preconcentration effect; (B) average SERS spectra of DMMP (2.5 ppmV) recorded on the MCM@Au compared to the Raman
fingerprint of pure DMMP and blank MCM@Au. (c) Capturing probes: “in situ” reaction Reproduced from ref. 394 with permission RSC publisher,
copyright 2020 (A) illustration of the interaction between the Au@CuO nanoparticle and H,S; (B) HRTEM image of Au@CuO; and, (C) Raman spectra of
the Au@CuO nanoparticles before (1) and after (Il) exposure to H,S gas (100 ppb) for 10 min, and those corresponding to the Au NPs (lIl) and CuO NPs (IV)
substrates after exposure. (d) Capturing probes: non-covalent interactions, reproduced from ref. 393 with permission from ACS publisher, copyright
2022 (A) Overview of the SERS-based strategy to identify COVID-positive individuals using their breath volatile organic compounds (BVOCs);
(B) Representative SERS spectra of each molecular receptor (MBA, MPY, ATP) in the presence of COVID-positive and COVID-negative breath samples.

thickness of the layer has been demonstrated as a crucial para-
meter in SERS detection for other core-shell structures.>**>3°
When exposed to H,S, the CuO layer transforms to CuS with a
characteristic Raman peak at 470 cm™'. A dynamic range of
0.1 ppb to 1 ppm for H,S with RSD 8.5% with concentration-
dependence pre-processing time (i.e. 25 s for 100 ppb of H,S) is
found. This versatile concept was extended to other gases, SO,,
CS,, CH;SH and HCI by the addition of ultrathin Cu (OH), and
ZnO layers and the integration of the SERS substrate on a micro-
electro-mechanical heating chip to induce those solid transfor-
mations that exhibit higher activation energy. The study of
alternative substrates based on a thin CuO layer coated onto
gold nanoshell films on a polystyrene sphere monolayer demon-
strates the universality of the concept. The proposed strategy
based on stable inorganic layers with higher Raman cross-
section values is well-adapted to the typical excitation power
of portable Raman instruments.

Ling and co-workers have been extensively working on array-
based SERS platforms based on Ag nanocubes (AgNCs) with
different surface functionalities to combine both chemical
capture and physical molecular enrichment strategies. Firstly,
MOF thin layers on top of multilayer ensemble of AgNCs***

2108 | Nanoscale Horiz., 2024, 9, 2085-2166

were studied due to beneficial EM field enhancement by short-
range static dipolar coupling between metallic nanoparticles.
Thanks to the preconcentration-based SERS signal amplification,
an optimal ZIF-8 thickness of 146 nm was determined, and the
resulting platform was successfully tested with polyaromatic hydro-
carbons (PAHs) and VOCs. Recently, the same group reported a
91.7% accuracy for multiplex quantification of SO, and NO, within
the typical composition of exhaust gases. In this case, AgNCs were
functionalized with 4-mercaptopyridine and 4-aminophenyl
disulfide®** capturing probes. By introducing additional thiolated
receptors, the AgNC SERS platform (32 AgNCs pm ™ %) was success-
fully applied for flavor quantification in a machine-learning-driven
“SERS taster”, achieving up to 100% accuracy in an artificial wine
matrix, containing 5 different flavors.” There are many diseases
(diabetes, halitosis, cancer, pulmonary infections including COVID-
19) that could be diagnosed by breath analysis, which is simply a
non-invasive way of sampling. The same group*** has developed a
multi-probe AgNCs array capable of recording distinct SERS finger-
prints after adsorption of exhaled VOCs (see Fig. 11d). Such plat-
form has enabled to identify COVID-19 infected individuals in less
than 5 min, achieving >95% sensitivity and specificity across 501
participants regardless of their displayed symptoms.

This journal is © The Royal Society of Chemistry 2024
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The simultaneous detection and quantification of 9 VOCs on
a single microfluidic platform has been reported by Wang and
co-workers.**® This chip, based on her pioneering work,*"” is
composed of a top PDMS layer with a microcolumn premixer
and a bottom PDMS layer with 3 SERS detection areas. Each
SERS detection unit is a honeycomb-type 3D hierarchical
structure coated with core-shell-shell Au@Ag@Au bimetallic
NCs, but is distinctively functionalized (nanosheets of Ti;C,T,,
2,4-dinitrophenylhydrazine, functionalized Ti;C,T, layer, label-
ling with Rhodamine 6G). The so-called “universal gas sensor”
was evaluated in two application scenarios, i.e. indoor pollution
monitoring and exhaled breath analyses, showing a ppb level
detection performance with a dynamic range of three orders of
magnitude. In addition, it is quite noteworthy the robustness of
the sensing platform, showing a relative standard deviation
RSD of 8% in scanned areas of 100 x 100 pm?* besides an RSD
of 9% among different chips.

SERS technology for gas detection is a relatively young field,
but the last 5 years have seen substantial advances in surface
nanoengineering to address the detection performance require-
ments for closing the gap with real-life applications. Universal
concepts and array platforms combined with customized micro-
fluidics chambers, machine learning and affordable handheld
Raman equipment, rank SERS gas sensing as a real tool for a
broad spectrum of applications with promising market shares.
Nevertheless, there still technical aspects to solve, including the
gas sampling procedures for on-site sensing,*'° the improvement
of SERS instrumentation by means of easy plug-in for focusing on
SERS substrates avoiding photothermal effects, the reusability of
SERS substrates (assisted by UV light,>”” Raman laser line*'! or
annealing®®®*%®1%) an important issue for those that involve a
certain complexity and significant cost. Future translations into
practical workflows would clearly benefit from (i) the unification
of optical and fluidic paths to build optofluidic SERS chips for
highly effective detection, and (ii) the integration of less selective
multiple transduction signals, thus serving to raise the first alarm
before waking up the SERS platform.

3.4.4. Biomolecules

3.4.4.1. Nucleic acid (DNA and RNA) biomarker sensing. SERS
has emerged as a powerful analytical technique for the detec-
tion of nucleic acids (poly-and oligonucleotides based on DNA
and RNA) that can act as important biomarkers in diverse
scenarios ranging from clinical diagnosis, bioterrorism, foren-
sic cases, environmental analyses, and food safety.”>*"*™*'® One
of the most established analytical tools for the detection of
these markers is PCR and related molecular assays in variously
modified forms, such as those involving the next generation
sequencing.”>*13144197421 However, the limitations in these
methods, namely the prerequisite of specialized settings both
in terms of infrastructure and expertise, turnaround time,
cross-contamination among samples, and the need for ampli-
fication before detection, challenge their ability to be deployed
for user-friendly and point-of-care (POC) applications. Thus,
faster, and simpler alternative techniques that match the high
sensitivity of molecular assays can be of great value for the on-
demand sensing of nucleic acid biomarkers. SERS has shown
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promise in filling this gap by offering ultrahigh sensitivity with
the potential to detect even single molecules through the careful
design of SERS-active plasmonic nanostructures. Besides, sev-
eral advantages associated with Raman-based sensing provide a
strong justification and rationale for the recent upsurge in seen
SERS-based sensors, especially in the context of DNA/RNA
detection***** These include the ability to use the Raman
reporters (i.e., a dye molecule with a specific Raman signal with
narrow bands), the multiplexing ability (i.e., detecting multiple
targets simultaneously under a single laser excitation), the
relative insensitivity of the Raman signal to environmental
conditions (e.g., variation in ambient humidity, oxygen levels,
and temperatures), low sample volume requirements, and the
ability to monitor Raman signal directly from the whole cells
without requiring significant sample processing. Thus, this
section aims to capture the recent progress made in the relevant
field to date while discussing the challenges encountered dur-
ing operation with the intent to highlight the prospects of
plasmonic NPs for the detection of nucleic acids. The progress
in this area is subdivided into two main strategies, including the
direct (label-free) and indirect (labeled) detection approaches.

3.4.4.2. Direct detection approaches. In the direct approach,
the generated Raman signal corresponds to the intrinsic fin-
gerprints of nucleic acids that are brought in proximity to the
EM fields enhanced by the plasmonic nanostructures, typically
referred to as hotspots. In general, nucleic acids show four
distinct Raman spectral regions corresponding to the (i) ring
stretching bands at 500-820 cm ™' from purines (adenine and
guanine) and pyrimidines (cytosine, thymine and uracil); (ii)
deoxyribose-linked phosphodiester vibrations at 820-1150
ecm ™' where symmetric stretching of phosphodioxy (vPO,")
gives rise to distinctive band at ca. 1089 ecm™; (iii) in-plane
ring variation of nucleobases at 1150-1620 cm '; and (iv)
superimposition of carbonyl stretching modes at 1620-1720
ecm ™ 1.7° These intrinsic modes of nucleic acids are measured by
obtaining the average SERS signal over several spots deposited
on metallic surfaces (bulk SERS) or those arising from EM-field-
activated few scattered locations (few/single-molecule SERS).

The direct SERS-based sensors are straightforward and con-
venient because of no requirement of fabricating and modify-
ing the system with Raman reporters. However, the output
signal highly depends on the effective adsorption and trapping
of nucleic acids on hotspots in plasmonic NPs or SERS-active
substrates. Therefore, reliable strategies that can enhance these
binding events become an extremely important prerequisite for
fabricating ultrasensitive and reproducible SERS sensors for
the detection of nucleic acids.*** The use of external linkers
such as thiols in DNA that can spontaneously bond to plasmo-
nic metal NPs and surfaces is one of the most broadly employed
methods to enhance this binding.***>*?¢ Since the quality and
reproducibility of the SERS signal can be influenced by the
conformation (e.g., secondary structures) within nucleic acid
molecules and their packing density on the metal surface, a
pre-treatment step of, thermal annealing is typically included.
This allows nucleic acids to attain a linear confirmation prior to
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the adsorption on the NPs surface, thus facilitating binding
events.*”® Although the reproducibility in the SERS output
signal is observed to significantly improve with the use of
thiolated DNA, the inherent drawbacks such as dependability
of the process on DNA modification (thiolation) increases the
cost and complexity of operation. Further, the possibility of
non-specific binding of nucleobases on metal surfaces that lead
to flattened configuration of nucleic acids on the NP surface
rather than their placement in a standing-up configuration
(despite the thermal annealing step) challenges optimum
hybridization in the presence of the nucleic acid target.**”

As an alternative strategy, non-specific physical adsorption
of non-thiolated DNA on the metal NP surface via electrostatic
interaction has been attempted.*****” This was initially reported
with negatively charged Ag colloids and mixing of these NPs with
DNA caused displacement of surface ions in NPs to facilitate DNA
binding.**” This was followed by the addition of magnesium sulfate
(MgS0,) to promote NP aggregation. The relatively low affinity of
sulfate ions towards the Ag surface discouraged the displacement of
DNA from Ag NPs even at high MgSO, concentrations. This allowed
to produce a DNA sensor with a single base mismatch in a 24-mer
short nucleotide sequence with a sensitivity of 107® M and a high
signal-to-noise (S/N) ratio.*”” Subsequently, the same group attained
an improved sensitivity (107° M) and reproducibility to detect
single-stranded (ssDNA) and double-stranded (dsDNA) using
negatively charged Ag and Au colloids.**® Further, since the calibra-
tion of sensor baseline is a hallmark for reliable target analyte
quantification, efforts have been made to employ the signal from
the phosphate backbone of DNA as an internal standard to calibrate
absolute signal using iodide-modified Ag NPs and MgSO, in which
iodide ions were proposed to function as a cleaning agent.**

Another important aspect of biomolecular detection is the
ability to detect secondary structures, as these structures may play
important functional roles in various biological processes. An
aggregation-based method was described involving citrate-
capped Ag NPs and aluminium ions (an aggregation agent) to
distinguish the tetramolecular i-motifs (four-stranded DNA struc-
ture produced by cytosine-rich sequences) and G-quadruplexes
(guanine-rich oligonucleotides) with high sensitivity.*>***® The
same group could also discriminate among the four nucleotide
bases in DNA (A, T, C, and G) and specific structures of DNA
(dsDNA, triple-stranded DNA, and G-quadruplex) with high sensi-
tivity and reproducibility using core-shell Au@Ag particles as the
enhancer of Raman signals and Ca®" ions as the aggregation
agent.™' Similarly, titanium ions (as an aggregation agent) and
dichloromethane (as an interfacial agent) have been employed for
the fabrication of a label-free SERS sensor for the detection of
micro-RNAs (miRNA)**? and DNA.**?

It is reflected from the above examples that the use of
different aggregation agents has remained a common under-
lying strategy when non-thiolated nucleic acids are employed to
capture the target nucleic acid in direct SERS-based sensing
strategies. Despite the progress made in aggregation-based
direct SERS sensors, the addition of external aggregating agents
leads to inconsistent aggregation since the trapping of the
target nucleic acid in these aggregates relies on numerous
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interconnected experimental variables, including the concen-
tration and the type of salt, mode and time of physical mixing,
and the sequential order in which the reagents are added
during the assay. To address such challenges, a microfluidic
chip which provides control over the reagent movements and
aggregation in the NPs was proposed.*** The method could
detect unlabeled polyadenosine and polycytosine RNA oligonu-
cleotides selectively using nanolitre volume of the samples.

The aggregation agents-free and label-free sensors for DNA
and miRNA have also been reported.”****” One such method
involved the use of positively charged spermine-coated Ag NPs
that acted as an “electrostatic glue” to adhere DNA on the NP
surface. The adsorbed DNA promoted the clustering in NPs, thus
trapping DNA on hotspots to deliver vibrant SERS signals. The
distinctive difference in the signal with and without the target DNA
served as the basis for the sensor which could detect DNA with
nanograms per millilitre sensitivity.**> The same group employed
microfluidics to enhance sensitivity to picograms level**® and
achieved quantification of the base composition in ssDNA and
dsDNA.*” The key highlights of these studies are that these did
not require pre-amplification and pre-treatment steps, while
achieving good sensitivity with a minute amount of the sample.

Even though the above methods could distinguish either
one or more nucleotides in the DNA sequences, the presence of
the same four nucleotide bases on the target DNA still pose
challenges with the identification of specific SERS signals from
the target after its hybridization with the capture probe. To
overcome this challenge, the adenine base in the capture probe
DNA was substituted with 2-aminopurine and the adenine signal
which was presented solely in the target DNA could be detected
using SERS.**® However, post-modification DNA showed tilted
orientation and thus hindered the interaction of all adenine
bases with the substrate, limiting the efficacy in SERS detection
to less than 5 nm from the surface. To address this issue, peptide
nucleic acid (PNA), an artificially generated DNA analogue that
contains a pseudo-peptide polymer instead of the deoxyribose
phosphate backbone in DNA was used as the capture probe on a
glass slide.**® The PNA molecules are uncharged in nature and
consist of a flexible polyamide backbone and thus provide a
faster hybridization rate and resistance to biological degradation.
The hybridization of PNA with the target DNA results in a net
negative charge which could facilitate the binding of silver ions to
produce Ag NPs in situ through a chemical reaction between
AgNO; and hydroquinone. This Ag enhancement effect was
employed to produce a powerful SERS signal.***

Further, the use of amplification techniques which can
amplify signal by altering the length of the nucleic acid frag-
ments was also exploited to enhance the signals in direct SERS-
based DNA and RNA sensing.**° A recent study evinced the use
of iodide-modified Ag NPs and magnetic beads with duplex-
specific nuclease (DSN)-based signal amplification for the
detection of miRNAs.**® In this method, magnetic NPs with
capture probes first hybridized with the target miRNA, followed
by DSN-mediated cleavage in the formed DNA-RNA duplex that
resulted in the release of miRNA to progress rehybridization
with another probe. This step, subsequently followed by cyclic
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amplification released a higher number of nucleotide fragments
from capture DNA to supernatant. The direct relationship
between the total phosphate backbone (abundant nucleotide)
in the supernatant with miRNA concentration was successfully
utilized for the detection of miRNA-21 with a LOD of 42 aM.
Furthermore, tip-enhanced Raman scattering (TERS) has also
evolved as a promising tool for direct SERS-based DNA and RNA
detection with superior performances and achieving single-
molecule detection.**"

3.4.4.3. Indirect detection approaches. Although the simplicity
of experimental procedure for the direct SERS sensing is appeal-
ing, indistinguishable signals in the case of complex sample
matrices, structural complexity of nucleic acid fragments, reliance
on the surface chemistry of plasmonic nanostructures that mod-
ulate their affinity to nucleic acids, and the relatively low signal
from the target molecules still pose challenges in the real-time
applicability of the direct SERS methods.*"® To overcome such
challenges, an indirect SERS-based strategy has been approached.
The method typically involves the use of a Raman reporter as a
label and measuring the signal corresponding to the distance
between the Raman reporter and SERS-active surface as an indirect
estimate of the targeted nucleic acid. The Raman reporter has
been integrated in a variety of interesting approaches with a
common criterion that the signal intensity of the Raman reporter
should offer a direct relationship with the concentration of DNA/
RNA of interest.

Sandwich-type construction is one of the broadly used
approaches for indirect SERS sensors that uses capture DNA and
reporter DNA probe with a Raman reporter. Both DNAs are
partially complementary to different regions of the target DNA,
which allows the creation of a capture-target-reporter sandwich-
type structure post-hybridization. The use of this approach for the
determination of six DNA targets, including the hepatitis A virus,
Vall7 polyprotein gene, hepatitis B virus surface antigen gene,
human immunodeficiency virus, Ebola virus, variola virus, and
Bacillus anthracis protective antigen gene has been reported.*** The
study employed a chip in a microarray format on which the
capture strand that was partially complementary to the target
DNA was immobilized. The sensor also utilized Au NP nanoprobes
modified with Raman reporter and oligonucleotide sequences that
could specifically bind to the target DNA of interest. When the
sample was exposed to the chip, the target DNA in the sample
could hybridize with the capture probes on the chip, which was
followed by the hybridization of Au NP nanoprobes using the
overhanging region in the capture-target duplex. Washing steps
post-hybridization eliminated the unbound nanoprobes and red
colour (visible to the naked eye) was detected at high target
concentration (pico to nanomolar). The use of Ag enhancement
in which Ag NPs grew as a signal-enhancing layer on the surface of
nanoprobes further improved the sensitivity (high attomolar and
mid picomolar). Subsequently, the same group highlighted the
application of a similar approach for multiple DNA detection in
which chips were replaced with glass beads to provide a random-
array approach for efficient hybridization kinetics, facile operation,
and relatively lower production cost."** Besides Ag enhancement,
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the exploitation of numerous nanostructures with different EM
enhancement factors has been reported for DNA and RNA sensing
using this sandwich-type construction. This includes the use of
silicon nanowires decorated with in situ grown Ag NP,'? in situ Ag
NP on silicon wafer,*** Au particle-on-wire,"*> probe-tethered Ag
NP,**® Ag NP deposited silica-coated poly(styrene-co-acrylic acid)
core,*” and Au NP decorated graphene.**®

In addition to the microarray format, modification of plas-
monic NPs with the capture probes that are complementary to the
target at various locations has also been reported for sandwich-
type indirect SERS-based sensing of nucleic acids.****** In such
cases, in the presence of the target nucleic acid, capture probes
hybridize with the target nucleic acid and create links between
plasmonic NP. This gives rise to controlled plasmonic coupling in
NPs (with and without nucleic acid target), and subsequent
determination of the attached Raman reporter at different loca-
tions provides an indirect SERS response Further, the use of
magnetic NPs in these systems has also seen to provide additional
benefits to facilitate cleaning/separation (washing step) of the
capture-target-reporter hybrids from the reaction mixture and
concentrating the samples to achieve a strong SERS signal.*>'~*>*

Fabrication of a SERS-based lateral flow device (LFD) using
this sandwich-type method has also been established for
detecting DNA related to human immunodeficiency virus type
1 (HIV-1).**® This development could overcome the relatively
lower sensitivity in colorimetric LFDs and provided one step
closer to practical real-time sensing of DNA using the SERS-
based method. The device showed excellent sensitivity of
0.24 pg mL™', which was claimed to be at least 1000 times
greater in comparison to the known colorimetric and fluoro-
metric methods for HIV-1 detection. The same group evinced
the multiplexing ability in LFDs by detecting two DNAs related
to Kaposi’s sarcoma and bacillary angiomatosis with superior
sensitivities.*>® The intrinsic benefits from multiplexing, high
sample throughput, low consumption of sample, and reduced
cost per assay make the proposed SERS-based LFD a promising
platform for the detection of diseases in its early stage. Differ-
ent from a sandwich-type assay, the inherent differences in the
affinity of ssSDNA and dsDNA to metal NPs have also been
exploited for indirect SERS-based DNA and RNA detection.*””
The underlying principle is similar to that exploited under
direct SERS sensing*** with an additional component of a
Raman reporter attached to the probe DNA or the nanoparticle.
Using similar concept, a PNA-based SERS sensor for DNA
detection was also reported.**®4>°

As a further advancement, the integration of enzyme-free
and enzyme-assisted nucleic acid amplification techniques
with SERS has been attempted to improve the sensitivity for
DNA and RNA detection.*” In this case, sensitivity improve-
ment is achieved via either signal (increased SERS signal by
target recycling) or target (increased low amounts of target DNA
to a detectable level) amplification. However, the intrinsic
limitations of target amplification techniques in terms of
potential contamination and non-specific amplification that
require strict laboratory control and skilled labor, provide a
strong rationale for the preferable use of signal amplification
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methods over target amplification. The widely employed
nucleic acid amplification techniques include both enzyme-
assisted and enzyme-free methods. The enzyme-assisted ampli-
fication methods include duplex-specific nuclease (DSN) in
which a specific enzyme can degrade the dsDNA or DNA-RNA
duplex over the ssDNA and double stranded-RNA; and rolling
circle amplification (RCA) which is an isothermal polymerase
chain reaction producing single-stranded repetitive DNA/RNA.
Enzyme-free methods, on the other hand, include hybridization
chain reaction (HCR) which is an isothermal and linear ampli-
fication method that works based on hybridization between
DNA hairpins and interior stands; and catalytic hairpin assem-
bly (CHA) which is a programmable DNA circuit utilizing
partially complementary two DNA hairpins and one ssDNA.

The application of DSN-assisted amplification was reported
using different SERS-active substrates and Raman reporters. Some
representative examples include, Au NPs encapsulated within an
AgAu shell,*****" Au NPs coated with Ag and magnetic NPs,**" Ag-
coated Fe;0, NPs,*®*> Ag-coated Fe;O, and Ag-coated Au NPs,**®
stimuli-responsive DNA microcapsule with Raman dye,*** and
Raman reporter trapped in 3D hydrogels. Similarly, several reports
have highlighted the application of RCA with SERS,*® including
Raman probes functionalized Au NPs,**® probes functionalized Au
NSs on glass slide and Au NRs,*®” and magnetic SERS substrate
with Ag NP decorated core-shell Co@C.**® Although the use of
enzyme-assisted amplification methods has been able to achieve
considerably greater sensitivity and wide linear range for detecting
nucleic acids, the considerations of assay time, cost, thermostabil-
ity of the employed enzyme and requirement of resource-rich
settings may limit the applicability of these methods for real-
time DNA and RNA sensing.

To circumvent those challenges, enzyme-free amplification
techniques have been introduced and CHA is one of the com-
monly reported approaches with a range of Raman reporter-
modified SERS-active substrates.*®® These include, Au nanodum-
bells as core and Au NPs as satellite,"®® AuAg alloy NPs,"”® Ag-
coated Au NPs,””" hollow AgAu nanospheres,’’* Au nanocages,"”
Ag NP-decorated silicon wafer*’* and Au NPs.*”> Another enzyme-
free signal amplification technique that is broadly employed is
HCR, which has, for instance, used Raman probes functionalized
bifunctional bio-barcode Au NPs,*”® DNA probes modified mag-
netic beads and Au NPs with Raman reporter,”® and DNA-
modified Ag NPs.””” In contrast to signal amplification methods
discussed above, target amplification techniques involving PCR
have also been described for ultrasensitive DNA detection with an
LOD of 11.8 aM.*”® Moreover, recent progress in the field has
highlighted the prospects of coupling amplification-free methods
such as clustered regularly interspaced short palindromic repeats
(CRISPR) with SERS for the development of ultrasensitive DNA
and RNA sensors."”*%!

Although the use of SERS as a promising tool for the
detection of DNA and RNA biomarkers has been able to
accomplish superior sensitivity, some of the inherent chal-
lenges with SERS have hampered its applicability for real-time
analysis. Reproducibility of the SERS signal perhaps remains
the biggest hurdle since the amplitude of the Raman signal can
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vary substantially with the uneven and randomly distributed
hotspots created by the plasmonic nanomaterials. These well-
defined hotspots are otherwise critical to attaining a gigantic
enhancement factor from a combination of EM and CT enhance-
ment mechanisms. Thus, insufficient attention to standardizing
protocols (e.g., synthesis of NPs, the configuration of assembly
on surfaces, use of excess chemicals, uncontrolled aggregation,
and limited shelf-life of plasmonic crystals and substrates) can
lead to vast variations and uncertainties in the generated Raman
signals. To overcome these limitations, it is paramount to pay
considerable attention to these variables and thus develop
methodologies to fabricate robust, stable, and cost-effective
Raman substrates within a high precision, reproducibility, is
scalability framework. For example, a recent study designed Ag/
black phosphorus nanocomposite that utilizes photoreduction
to generate hotspots without the need of chemical reagents. This
approach could evade background signal interference from the
biological fingerprint and accurately detect single molecules
with as low as 1072° M sensitivity.**> In addition, adopting
large-scale standardized manufacturing processes, like those in
the semiconductor industry, is crucial for producing stable and
active SERS substrates with extremely high reproducibility. How-
ever, challenges lie ahead in combining colloidal synthesis
approaches that are most suitable for producing SERS-active
plasmonic NPs with microfabrication processes to produce
reproducible surfaces and substrates. More recently, certain
antistrophic colloidal NPs (e.g., nanostars and nanorods),*®* %>
nanoparticle dimers,**® and self-assembled NPs**”*%* have seen
progress towards uniform and even distribution of larger num-
ber of hotspots, which is crucial for greater reproducibility. On
the other hand, use of a standard reference in which the signal
remained constant relative to the employed signal probe has also
been described recently to achieve enviable reproducibility in
SERS-based miRNA sensing.**>**° Another recent study reported
the influence of the nanocrystal morphology for generating
stable, reliable, and reproducible SERS signals using hierarchic
Au NCs assembly assay.*®! The outcomes of this study evince the
better suitability of precisely shaped NCs with the uniform EM
field over the spherical NPs (curved interfaces) for stable and
reproducible SERS signals. Similarly, the fabrication of SERS-
active interior nanogap particles was also reported as a promis-
ing method to achieve stable, reliable, and reproducible SERS
signal with ultrahigh sensitivity owing to uniformity and narrow
distribution in enhancement factors in the as-synthesized
nanostructures.®®***™%* These studies suggest that alternative
approaches for obtaining favorably stable substrates remain
essential for reproducible SERS sensing.

Another challenge with the SERS-based biomolecular sen-
sing is the background noise that stems during measurement
of biological samples. The biological matrices, such as tissues,
fluids, or cellular components may lead to scattering/fluores-
cence, while the amorphous carbon resulting from the burning
of biomolecules upon laser excitation can generate a strong
background signal and thus overshadow, distort, or mask the
desired Raman signatures of the biomolecules of interest. To
address this undesirable feature, the SERS community is also
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actively exploring strategies to enhance the signal-to-noise ratio,
improve spectral resolution, and employ advanced data analysis
algorithms to extract accurate and reliable information. In this
context, combining SERS with artificial intelligence and deep
machine learning approaches opens a new avenue for the analysis
of SERS spectra. Various mathematical and statistical methods,
including principal component analysis, discriminant analysis,
cluster analysis, and sophisticated approaches such as decision
trees, random forests, artificial neural networks (ANN), recurrent
neural network (RNN), Bayesian learning, and support vector
machines, can effectively extract the intricate characteristics of
complex Raman spectra of biomolecules to deliver more accurate
classification. These advanced analytical technologies have the
potential to propel the practical applications of SERS to a new
level. For example, compared to traditional linear spectral analysis
methods, ANN can detect nonlinear dependencies, making them
well-suited for complex biological samples lacking linear patterns.
The use of such ANN models to train SERS spectra of DNA with an
accuracy of over 85% in identifying DNA damage was
demonstrated.*> Similarly, the use of recurrent neural network
(RNN) models to identify RNA was also described using DNA
probes which can capture RNA from severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) using Ag NRs.**> The RNN
model demonstrated impressive prediction accuracies of 97.2%
and 100% for positive and negative samples, respectively.**®

Last but not least, the initial cost associated with the
instrument and the requirement of skilled personnel to handle
and service the instrument limits the use of this technique in
resource-poor settings, irrespective of the progress witnessed in
the field to date. To address this challenge several studies have
evinced the fabrication of SERS-based point-of-care (POC)
devices, a technology still in its infancy stage that requires a
considerable amount of new research and development
efforts.*>>*°¢471473 [ agtly, as the use of SERS is advancing
towards in vivo applications,*®”*°® the toxicity and stability of
SERS probes need thorough evaluation and optimization for
reliable in situ detection. In summary, addressing the current
challenges with SERS-based detection of nucleic acids in terms
of reproducibility, non-uniformity of hotspots, background
interference, cost of operation, and potential toxicity and stabi-
lity of probes are crucial for advancing the practical applications
of this unique and promising diagnostics platform. Continued
research and innovation in not only fabricating new SERS-active
materials and substrates with consistent and reproducible SERS
signals but also the development of novel strategies to detect
DNA and RNA markers, perhaps by combining with innovations
in other fields, could enable the widespread adoption of SERS as
a mainstream spectroscopic technology in diverse fields, ran-
ging from biomedical diagnostics to environmental monitoring
and beyond (Fig. 12).

3.4.4.4. Protein sensing
3.4.4.4.1. In vivo protein detection and imaging. The past
two decades have witnessed a huge surge in the utility of SERS
for clinically relevant molecular imaging in vivo and detection
of protein biomarkers ex vivo. The ability of SERS to enable
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Fig. 12 A schematic representation of different SERS-based strategies
deployed for detection of nucleic acid biomarkers, as classified under
direct and indirect methods.

rapid, non-invasive real-time tracking in vivo is attributable to its
high sensitivity, exceptional spatiotemporal resolution, and mul-
tiplexing owing to narrow spectral linewidths of Raman
reporters.*>® These attributes of SERS are collectively controlled
by the optical properties of the plasmonic NPs used,****® the
molecular characteristics of the Raman reporters used, the
targeting ligands on the NP surface such as antibodies, peptides,
and aptamers allowing specificity for a target protein,**"**> and
protective ligands such as PEG for stability.’***** Whereas early
studies on SERS in vivo primarily focused on tracking one or two
protein targets (Fig. 13),>°°® recent work has leveraged multi-
spectral palette with NPs to allow from 5-plex SERS imaging®” to
a library of 14 nanoprobes,>®® to 26-plex passively accumulated
probes in vivo.>*® These examples demonstrate that with further
signal optimization, SERS has the potential to propel clinically
significant applications in vivo. However, a major hurdle in SERS
that often limits its imaging potential is the tissue autofluores-
cence background and the overlap of Raman peaks of reporters
in the fingerprint region with the native peaks of biological
metabolites.>'® The tissue autofluorescence emerges from endo-
genous fluorophores such as collagen, elastin, nicotinamide
adenine dinucleotide (NAD), and flavin adenine dinucleotide
(FAD) among others.”"" Although using infrared excitations can
reduce autofluorescence and self-absorption, it can significantly
reduce Raman signal intensity due to the fourth power depen-
dence of the Raman cross-section with excitation frequency.
Moreover, the sensitivity of typical NIR detectors is also limited.
Besides, the interference of background signals from other issue
parts makes it challenging to quantify the real signals. Besides,
the direct detection of proteins (without chromophores or func-
tional groups that bind to metal surfaces) that have low Raman
cross section and low affinity toward metal surfaces remains a
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Fig. 13 Schematic representation of the past, present, and future of SERS.

Single modal applications of SERS in the past transitioned to multimodal

in vivo imaging in the present where SERS has been combined with clinical techniques such as PET (positron emission tomography) imaging, and ex vivo
assays where SERS has been combined with clinically established PCR. In the future we expect SERS will enable disruptive technologies with real time

measurement of clinical samples, and wearable devices for rapid screening.

major hurdle. To surmount these challenges, multiple approaches
have been implemented including the synthesis of bioorthogonal
reporters with peaks in the biological Raman silent region (1740-
2800 cm ') which have minimal overlap with biological
metabolites.>™> Such Raman reporters have shown excellent targeted
multiplexed detection allowing background-free high contrastin a c.
Elegans in vivo model.**®

In addition to synthesis approaches, improvement in SERS
signal in vivo has also resulted from advanced Raman setups
that reduce biological noise during data collection. Spatially
offset Raman scattering (SORS) is such an approach where the
signal from the scattered photons is collected by offsetting the
point of the light source from the point of the photon
collection.”™ This lateral shift allows the collection of signals
from the scattered photons originating from deeper in the
tissues despite interfering substrates such as bones. Leveraging
this approach, Raman spectra have been obtained at high
resolution through 7 mm of thick skull tissue that enabled
higher signal-to-noise than conventional Raman spectroscopy
techniques.”™ Another advanced Raman setup used shifted-
excitation Raman difference spectroscopy (SERDS) for in vivo
imaging where the laser source allows two slightly shifted
emission lines similar to the bandwidth of the Raman peaks
being studied.’'® The spectral data resulting from these emis-
sion lines differ in wavenumbers but with negligible change in
signal from the background. Therefore, with SERDS the Raman
data has minimal interference from the tissue autofluorescence
background, and this setup has enabled researchers to pursue

214 | Nanoscale Horiz., 2024, 9, 2085-2166

highly precise intraoperative imaging with a handheld Raman
device.

Whereas SERS in vivo has largely focused on the use of
nanoparticles conjugated with Raman reporters, tracking the
Raman signal of intrinsic metabolites has also enabled innova-
tions in intradermal glucose detection in situ with microneedle
array-based sensors.’’ In this unique study, diabetes was
induced with streptozotocin in mice fed with a high-fat diet,
and the microneedles coated with Ag nanoparticles were gently
inserted on mouse skin to measure glucose levels in the sub-
cutaneous interstitial fluid. SERS data was collected through
each needle tip of the microneedle arrays with a handheld
scanner, and the glucose measured was on par with levels
measured with conventional glucometers. Unlike traditional
methods to monitor glucose where diabetic patients use finger-
stick devices, which is painful and inconvenient, this study
demonstrates a clinically significant application of SERS in a
point-of-care setting where minimally invasive microneedle
arrays allow a painless procedure for glucose tracking with no
bleeding. The clinical relevance of SERS has also been enhanced
by combining it with clinical imaging modalities to leverage the
strengths of SERS while overcoming its limitations in whole-
body and depth-resolved imaging.’'® The ability to integrate
SERS with other imaging techniques is driven by the innovative
design of nanoparticles labeled with Raman reporters and other
molecules and ligands. Such multifunctional NPs should also
maintain their overall biocompatibility, stability, and function-
ality of each component on the NPs.>****° Multimodal imaging

This journal is © The Royal Society of Chemistry 2024
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has the potential to not only enable highly precise biomarker
tracking in vivo, but also allow margin assessment before,
during, and after surgical procedures.

In this effort, magnetic resonance imaging (MRI) and SERS
have been combined with Prussian blue-coated Au NPs where
Prussian blue played a dual role-the iron ions allowed MRI
contrast and cyanide bridges allowed bioorthogonal SERS
signal in the biological Raman silent region.”"” By targeting
the CD44 receptors with hyaluronic acid ligands, these nano-
particles showed homing in the tumor periphery. In a more
ambitious approach, multifunctional NPs were synthesized by
Shi et al. that integrated SERS, MRI, and computed tomography
(CT) imaging and dual therapeutics including drug delivery and
photothermal therapy.”*" The authors designed gold core-silica
shell gap-enhanced NPs that they decorated with gadolinium to
allow MRI contrast and Raman reporters and achieved receptor
targeting via folate molecules. They also loaded ibrutinib, which
is a small-molecule oral drug used for treating lymphomas. These
“all-in-one” NPs enabled preoperative tumor imaging with MR/
CT and intraoperative accuracy with SERS while also allowing
highly effective multivalent treatment. In addition to MRI, posi-
tron emission tomography (PET) imaging is also a mainstay in
the clinic facilitating deep tissue whole-body imaging. Single-
channel PET with a single radiotracer has been effective when
combined with SERS active NPs allowing preoperative planning,
intraoperative resection of the lymphatic tissue, and postopera-
tive margin confirmation.>*® However, multiplexing cannot be
achieved with PET; therefore, integration of SERS in a single
functional NP is beneficial for tracking multiple proteins in vivo.
In a work by Bardhan and co-workers,*** the authors showed that
PET-CT-SERS active multimodal NSTs enable simultaneous
detection of multiple immunomarkers in vivo combining the
merits of all imaging modalities. In their approach, two sets of
Au NSTs were synthesized, each conjugated to a different Raman
reporter with minimal spectral overlap to target CD8" (cluster of
differentiation 8) T cells and PD-L1 (programmed cell death
ligand 1) expressing cancer cells in vivo. Nanostars were also
conjugated with anti CD8 or anti PD-L1 antibodies and ®‘Cu
radiotracer was chelated via DOTA (dodecane tetraacetic acid).
The NSTs tracked the two immunomarkers in vivo as well as
provided early response to antiPD-L1 + antiCD137 checkpoint
blockade immunotherapies in both treatment-responsive and
treatment-resistant melanoma tumors. There are now several
clinical trials ongoing where multiple imaging modalities have
been integrated for diagnostics (e.g., trial # NCT02790853). This
suggests that SERS combined with a clinical technique enabled
by biocompatible NPs may transition this technology ‘/from bench
to bedside” for clinical diagnosis (Fig. 13).>**

3.4.4.4.2. Ex vivo protein detection. In addition to in vivo
imaging, SERS has also enabled highly precise detection of
proteins ex vivo with femtomolar detection limits (Fig. 13).>%*
SERS-based ex vivo assays are quantitative, allow multiplexing
of >30 biomolecules, and are comparatively low cost than
fluorescence-based assays.>*” In such ex vivo assays, the type
of the metal NPs used (Ag, Au, and Al) and the type of the

This journal is © The Royal Society of Chemistry 2024
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targeting moiety conjugated on the NPs (antibodies, peptides,
DNA etc.) govern the sensitivity, specificity, stability, and overall
shelf-life of the nanoprobes used for detection.**>*® Whereas
sandwich immunoassays have been the most prevalent in
ex vivo SERS sensors,”?” recent innovations in lateral flow
assays (LFAs),”*® porous architectures,*®® and microfluidics™°
demonstrate the promise of these technologies for ultimate use
as POC devices for at-home use. Here we will discuss a few
examples of ex vivo SERS assays and conclude this section with
commercialization of SERS substrates.

In a unique approach by Chen et al.,, nanoporous anodic
aluminum oxide (AAO) was developed as a vertical flow sensing
unit, and bimetallic core-shell Au@Ag nanotags encoded with
Raman reporters as the labeling unit.>** Through this approach
the authors detected multiple inflammatory biomarkers includ-
ing, procalcitonin, interleukin-6, serum amyloid A, and C reactive
protein in patient samples by functionalizing the bimetallic NPs
with four distinct Raman reporters and antibodies specific to
these proteins. The high surface area to volume ratio and the
nanoscale confinement within the AAO pores aided with the
highly effective SERS nanoprobes allowed femtomolar LOD of
7.53, 4.72, 48.3, and 53.4 fg mL ™" for the four biomarkers,
respectively. In another multiplexing study, Bardhan and co-
workers reported a novel sensor portable, reusable, accurate
diagnostics with nanostar antennas (PRADA) for detecting bio-
markers of cardiac disorders including cardiac troponin 1 (cTn1)
and neuropeptide Y (NPY) in cardiac patient serum samples.>*?
PRADA is a rendition of a sandwich immunoassay with Au NSTs
functionalized with targeting peptides and Raman tags as the
detection unit, and magnetic microbeads conjugated with poly-
clonal antibodies as the capture units. Through this unique
architecture, PRADA achieved a LOD of 5.5 pg ml™* of ¢Tnl
and 120 pg ml~" for NPY demonstrating that small peptides can
achieve detection sensitivities on par with antibodies while
enabling high stability of the nanoprobes. PRADA was reusable
where the magnetic microbead bottom probes could be removed
with a magnet allowing regeneration of the sensor chip for ~14
cycles making PRADA amenable to affordable sensing at remote
sites. In addition to antibodies and peptides, aptamers conju-
gated NPs are also excellent in selectively detecting proteins
allowing to expand SERS assays to neurological diseases. In this
effort, a self-assembled conjugate of Raman tag-encoded poly-
adenine (poly-A) block oligonucleotides was anchored on Au NPs
and coated with targeting aptamers.>*> When the protein of
interest is bound to the aptamers, it induces aggregation of Au
NPs increasing the plasmonic coupling effect and leading to
hotspots. These functionalized Au NPs enabled multiplexed
detection of AB1-42 and Tau proteins, which are biomarkers of
Alzheimer’s disease enabling LOD of 0.00042 pM for AB1-42 and
0.037 nM for Tau proteins, respectively. In addition to the
traditional SERS sensor architectures, microfluidic devices have
expanded the capabilities of SERS ex vivo assays achieving rapid
and ultrasensitive detection attributable to the spatial confine-
ment of nanoprobes and better mixing of nanoprobes with the
analytes of interest. For example, Wang et al. designed an
extracellular vesicle phenotype analyzer chip (EPAC),>** “nano”
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mixing enhanced microchip that allowed the authors to track
low-abundance tumor-specific extracellular vesicles (EVs) in
biological fluids. Multiplexing was achieved by labeling the
EVs Au NPs and Raman reporters to detect receptor tyrosine-
protein kinase, melanoma cell adhesion molecule, low-affinity
nerve growth factor receptor, and melanoma chondroitin sulfate
proteoglycan with high sensitivity and specificity. In another
study, Tian and co-workers developed a futuristic design
(Fig. 13) of a flexible and wearable paper-based microfluidics
for quantitative detection of uric acid (UA) in sweat at physio-
logical concentrations.>®® The authors used chromatography
paper with uniformly distributed Au nanorods to fabricate the
plasmonic paper-based microfluidic biochip. The nanorods
contributed to high SERS signal and ultrasensitive detection
of UA in sweat. The authors also showed that microfluidic
biochips are highly flexible and can be stretched and twisted
withstanding stress and strain. They also demonstrated that the
flexible biochips can be conformally laminated on a human
subject and with the utility of a portable Raman spectrometer,
rapid and accurate data collection is possible.

These examples show that SERS has progressed rapidly since
its advent and has emerged as a mature technology with many
commercial sources of SERS substrates that are now
available.”**3*%% A recent study compared the efficacy of 7 differ-
ent commercial SERS substrates in the detection of cocaine in oral
biofluids from healthy donors.>*® The substrates were purchased
from Diagnostic a SERS, JASMAT Optics Corp, Silmeco Aps, FLEW
Solutions, Quark Photonics, and Metrohm Australia. The authors
found that only one of these substrates excelled in reaching a 1 ng
mL " LOD for cocaine in buffered solutions, and 10 ng mL™" in
human samples. The authors attributed the superior performance
of these substrates to their design where silicon pillars were used as
the substrate backing and Ag as the active metal. The performance
of the substrate was controlled as the pillars leaned towards each
other giving rise to clusters as the solvent evaporated. The nanogap
(25-40 nm) created between the tips of the pillars within the clusters
enabled intense SERS hotspot and high Raman signal. In a similar
study, three different commercial SERS substrates including RAM-
SERS-SP from Ocean Optics, QSERS from Nanova Inc., and Hama-
matsu from Hamamatsu Photonics were compared with 4-
mercaptobenzoic acid (MBA) as a model probe molecule.®” The
authors used two different excitation wavelengths (633 and 785 nm)
and calculated the LOD and limit of quantification (LOQ) between
1-10 pM with a range of use of only one or two orders of magnitude.
The best performing substrate for MBA was Hamamatsu at the
633 nm excitation wavelength. These comparative studies are highly
informative in (i) demonstrating the potential and limitations of
current commercial SERS substrates, (ii) motivating researchers who
have designed custom SERS platforms with exceptional sensitivities
to move their technology “from bench to market”, and (iii) inspiring
new technological innovations that go beyond the well-established
protein targets to sensing unconventional biomolecules in rare
diseases that have not been previously probed.

3.4.4.4.3. Cell detection. In recent years SERS strategies to
aid in cell detection, analysis, phenotyping or functionality
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studies have been increasingly used. SERS has been extensively
used for the detection of single or multiple cells in cell culture
media, plasma, serum, tissues, or even body fluids.>*® Lately,
particular attention has been given to the detection of circulating
tumour cells (CTCs) in different cancer types with SERS.’*%>%!
Ding and co-workers have also reported on a dual strategy
combining SERS and fluorescence for the detection of circulating
tumor cells (CTCs).>**> In this work they used Au nanoflowers
onto indium tin oxide (ITO) surfaces, which were functionalized
with aptamers able to capture CTCs. Simultaneously, Au NSTs
were used as probes having an anti-EpCAM to improve the
selectivity of the strategy. After the retention of the CTCs, then
by using a complementary aptamer sequence to that of the
retention, the originally captured CTCs were released into the
medium to perform the dual SERS-fluorescence detection.
Remarkably, they could detect down to 5 and 10 cells mL ™" with
SERS and fluorescence respectively, ensuring linearity up to 200
cells mL™". Another example using SERS tags by Oliveira et al.
showed that by combining SERS tags paired with membrane
protein recognition antibodies and microfluidic platforms, it is
possible to perform a multiplex analysis of the surface protein
expression at the single cell level.>** For this, they used Au NSTs
codified with different Raman reporters, which were subse-
quently coated with a silica layer and later functionalized with
the target antibodies EpCAM, Vimentin, and CD45. Interestingly,
by having the individual cells contained within droplets, it is
possible to map the surface of those cells in terms of the intensity
of the SERS tags, which directly report the presence or absence of
the specific proteins on top of the SERS tags. Unlike fluorescence
in which a binary reply on whether a protein is present or not, by
using these SERS tags it is possible to analyze the distribution of
the protein expression along the cell membrane (Fig. 14).

The use of label-free methods for cell analysis using SERS
offers advantages such as simplicity, lower costs and time
savings, and with the advent of data analytics its potential is
boosted with respect to codified SERS strategies, which were
most pursued in the past decade.’**™>*® For example, Agnieszka
Kaminska et al. in which they used a membrane containing
plasmonic nanoparticles to capture and analyze CTCs.>*” Unlike
the previous works presented, in this case they present a label-
free analysis of cancer cells (leucocytes, HeLa, and PC3 cells). A
tailor-made membrane was used for both the capture of cells
and their subsequent analysis. A combination of eletrospinning
of polymer fibers followed by physical vapor deposition of AuAg
alloy was the chosen strategy. After the acquisition of reference
SERS spectra of the three cell lines, the authors show the
successful classification of cell types by using PCA achieving
an accuracy of 95% in 2D PCA to 98% in 3D PCA.

Besides the detection of whole cells, it is worth mentioning
that SERS has proven to be quite successful in the development
of the detection strategies for cell related intra->**** and extra-
cellular metabolites,”>**>" extracellular vesicles (EVs),>>*”> cell
lysates,”>* cells within tissues>” or cell imaging.”>***” For example,
the work by Masson and co-workers described the monitoring of
metabolic events of cells using SERS.>*® In this work, in which the
report a sensitivity down to the single molecule level, they used a set

This journal is © The Royal Society of Chemistry 2024
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Fig. 14 (A) Three bright-field images of three different cell-containing microdroplets; (B) SERS spectra after measurements in each cell; (C)—(E)
multiplex phenotypic characterization of MDA-MB-435 cells using three different SERS tags; (C) bright-field of an MDA-MB-435S cell labeled with Au
NSs@RaR encapsulated in a microdroplet; (D) high magnification image and overlay of SERS mapping on top of a single cell; (E) respective SERS intensity
maps for each RaR, and corresponding intensity colour scale (scale bar 3 um). Inset: Pairing of RaRs with specific antibodies for recognition of cell
membrane receptors. Reproduced from ref. 538 with permission from Wiley-VCH GmbH publisher, copyright 2021 (F)—(H) SERS imaging of a HelLa cell
treated with MBA-coated Au NPs (F), CV-coated Au NPs (G), and CVa-coated Au NPs (H); (F1-CH1) Bright-field images and (F2-G2) SERS images
corresponding to the detected Hela cell. (F3-G3) SERS spectra were obtained from different positions within the cell via point-by-point detection. The
histogram displays the Raman intensity at 1078 cm~* (MBA-coated, A4), 1175 cm™! (CV-coated, B4) and 595 cm™! (CVa-coated, C4) obtained from the
spectra in (A3-C3) along the dotted line in (F1-H1) (scale bar = 4 um); (I) Multi-targeting SERS imaging of a Hela cell treated with CVa-coated, CV-coated
and MBA-coated AuNPs; (1) left: overlap of SERS images of CVa-coated Au NPs (red), CV-coated Au NPs (green) and MBA-coated Au NPs (blue); right:
bright-field image of the investigated Hela cell; bottom: SERS spectra obtained from different positions in the cell (marked in bright-field cell image
above by arrows (scale bar = 4 pm)). Reproduced from ref. 544 with permission from Nature publisher, Copyright 2016.

of borosilicate nanopipettes decorated with Au NPs as plasmonic
sensor. The metabolites detected were the common suspects such
as pyruvate, lactate, ATP, and urea simultaneously. In this approach,
the detection was done by placing the SERS sensor at varying
distances of living cells and after the application of a lysis process
to boost cell secretion. In this way, the authors were able to monitor
metabolite gradients and mixtures that could be related to disease
stages.

This journal is © The Royal Society of Chemistry 2024

As shown, a broad range of SERS applied to cell detection in
different fashions is available in the literature. However, it is
needed to consider the chosen SERS strategy taking into
account the clinical need for a specific use case. As an example,
in most cases for cancer diagnosis and monitoring, therapy
guidance and clinical utility are key for the uptake of novel
technologies. As such, guided therapy is based either on
protein expression or on specific mutations. In this scenario,
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cell identification alone would not be sufficient to offer clinical
utility, and the use of SERS tags to identify specific mutations,
proteins or biomarkers would offer the relevant clinical infor-
mation. However, some diseases can be diagnosed based on the
presence/absence of aberrant cells, in which label-free
approaches for rare cell detection could make a huge difference
in clinical practice. Finally, with the advent of advanced data
analytics, heavy SERS analytical data can be now interpreted
and deconvoluted with much more efficiency and robustness,
which should be exploited by the community to finally bring
SERS to hospitals as diagnostic and clinically useful tools.”>’

3.4.4.4.4. Bacteria and virus sensing. Specific bacteria or
viruses can cause infectious diseases with a significant impact
on human health. For example, sepsis is a severe and life-
threatening disease caused by bacteria or bacterial toxins in
the bloodstream, triggering a severe inflammatory response.>®®
The respiratory disease SARS-CoV-2 has ravaged the world for
the past four years, causing the rapid spread of the infectious
disease and resulting in hundreds of millions of infected
individuals worldwide, leading to the loss of lives of many
elderly people.”®>%* Therefore, the accurate and fast diagnosis
and prevention of the spread of these infections are crucial.
Reverse transcription-polymerase chain reaction (RT-PCR) is a
widely used standard diagnostic method that extracts, ampli-
fies, and detects RNA or DNA. However, it has limitations in
detection time and requires experts who can effectively utilize
it.>**°%* The LFA strip, which extracts protein biomarkers

SERS-LFA strip for SARS-CoV-2 ;‘
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instead of RNA/DNA and provides quick on-the-spot diagnosis,
has been commercially successful in diagnosing SARS-CoV-2.
However, the sensitivity is low, leading to a high false-negative
diagnostic rate for early infected or asymptomatic infected
individuals.>*>*%® Consequently, there is a need for a new high-
sensitivity detection method that can significantly improve diag-
nostic sensitivity and address the problem of infection spread
due to false-negative diagnoses.

SERS detection method has been recognized as a new
diagnostic technique that can overcome the sensitivity limits
of existing biomedical detection techniques in terms of absor-
bance, fluorescence, and chemiluminescence.*®”*®® In addi-
tion, SERS-LFA or SERS-ELISA technology, which combines
SERS detection with an immunoassay platform, has been
developed, which may overcome the sensitivity limit of immu-
noassays. The novel SERS-LFA diagnostic system was developed
to diagnose infectious diseases caused by bacteria or viruses,
such as Orientia tsutsugamushi (O. tsutsugamushi), a Gram-
negative intracellular bacterium, or SARS-CoV-2 on site.”®’
Fig. 15a shows a conceptual diagram of the system, which
consists of a SERS-LFA strip, a portable Raman reader that can
measure Raman signals of the test and control lines of the
strip, and a lysis buffer used to extract the target protein
(nucleocapsid protein) from clinical samples. The sample pre-
paration process for the quantitative analysis of SARS-CoV-2 is
similar to that of a commercial LFA strip, for which the result is
interpreted as positive or negative by the eye.”’® First, the
clinical sample is placed in a running buffer, including a lysis
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Fig. 15

Illustration of the SERS-LFA system for on-site diagnosis of SARS-CoV-2. (a) Schematic of the SERS-LFA strip for SARS-CoV-2 antigen testing.

SARS-CoV-2 is added to the running buffer, including a lysis buffer to lyse the virus. After mixing the SARS-CoV-2 with the running buffer, the solution is
loaded into the inlet of the SERS-LFA strip. When this SARS-CoV-2 lysate reaches the conjugate pad, the target NC proteins and NC antibody-conjugated
SERS nanotags form immunocomplexes through antibody—antigen interactions. The running buffer, including the NC protein-SERS nanotag complexes,
moves towards the test and control lines. (b) After the running buffer reaches the absorption pad through the test and control lines, the SERS-LFA strip is
inserted into the portable Raman reader. (c) Advantage of the SERS-LFA system over the commercial LFA strip. Both LFA and SERS-LFA show a negative
result for SARS-CoV-2-negative patients. Both methods are positive for clinical samples with a high virus concentration (Ct < 25 in RT-PCR). The LFA
strip usually shows a false-negative result for clinical samples with a relatively low virus concentration (25 < Ct in RT-PCR); however, the SERS-LFA
system shows a true-positive result owing to its high sensitivity, Reproduced from ref. 570 with permission from ACS publisher, Copyright 2022.
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buffer solution to lyse the virus. Then, the target protein is
extracted and loaded into the inlet of the SERS-LFA strip along
with the running buffer. This solution moves to the conjugate
pad by capillary force and binds to antibody-conjugated SERS
nanotags through antigen-antibody binding when the target
protein is present. These target protein-SERS nanotag com-
plexes continue to flow in the direction of the absorbent pad
and are accumulated by combining with the antibodies immo-
bilized on the test line. The SERS nanotags that did not bind to
the antigen accumulate on the control line through antibody-
antibody interactions. When the target protein is absent, the
SERS nanotags do not bind to the test line and only bind to the
control line through antibody-antibody interactions. Test and
control lines that combine with SERS nanotags show a red color
due to the surface plasmon effects of Au NPs, like commercial
colorimetric LFA strips. However, due to the low sensitivity of
these colorimetric LFA strips, it is difficult to detect the SARS-
CoV-2 virus below 350 plaque-forming units (PFU) mL ™,
resulting in false-negative diagnoses.

A portable Raman-LFA strip reader has been developed to
solve sensitivity issues. Fig. 15b shows a schematic diagram of
the SERS-LFA strip reader. A 632.8 nm diode laser serves as the
light source, and the laser beam is focused through an objective
lens on the test and control lines of the LFA strip. The laser
beam is moved in 200 um intervals in the x and y axes using a
laser scanning module to obtain a reproducible Raman signal,
and Raman mapping signals for 39 pixels for both test and
control lines are obtained and averaged. For quantitative ana-
lysis, the target protein concentration is determined based on
the Raman intensity ratio obtained for the test and control
lines, which would indicate a positive or negative result.
Fig. 15c compares the sensitivity of the on-site SERS-LFA system
using a portable Raman strip reader with that of a commercial
colorimetric LFA strip. Based on the cycle threshold (Ct) value
of RT-PCR, when the concentration of the virus is very high
(Ct < 25), both LFA and SERS-LFA would show a positive result,
and both methods would show a negative result for non-
infected samples. However, the false-negative diagnostic rate
is expected to be significantly reduced when using the SERS-
LFA system for early infected patients with a low virus concen-
tration or asymptomatic infected patients (Ct > 25). After
testing 54 clinical samples in the range of 0 < Ct < 35, a
commercial LFA strip showed a sensitivity of approximately
35% for 31 clinical samples with 25 < Ct < 35. On the other
hand, the sensitivity of the SERS-LFA system was 93%. There-
fore, the SERS-LFA system could markedly improve the false-
negative diagnostic rate by significantly increasing the diag-
nostic sensitivity for patients with a low concentration of the
SARS-CoV-2 virus.””®

ELISA techniques are widely used instead of LFA strips to
perform protein assays in the laboratory. For SERS-ELISA, Au
NPs are often used as SERS nanotags; however, signal enhance-
ment is limited due to the lack of hotspots between particles in
the nanogap. A 96-well plate coated with Au has been commer-
cialized for nano-plasmonic immunoassay to induce hotspots
between Au NPs and substrate surfaces. However, such a plate

This journal is © The Royal Society of Chemistry 2024
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is expensive, and it is not easy to control hotspots accurately
during the assay process. To address this problem, SiO,-coated
core-satellite (CS) Au@Au SERS nanotags have been developed
by assembling 32 nm and around 75 nm Au NPs.>”! Multiple
hotspots could be formed within individual CS NPs due to the
abundance of nanogaps formed between the Au NP core and Au
NPs satellite, resulting in greatly amplified EM signals. In
addition, the stability of SERS nanotags could be improved by
encapsulating SiO, on the CS surface, improving antibody
immobilization and assay effectiveness. Immunoassays were
performed using SARS-CoV-2 lysates at the same concentration
to evaluate the plasmonic coupling characteristics and stability
of CS@Si0, SERS nanotags. In comparison with conventional
ELISA based on absorption/fluorescence detection methods or
SERS-ELISA using Au NPs, the sensitivity and reproducibility of
SERS-ELISA using CS@SiO, SERS nanotags were significantly
improved. Fig. 16 shows a schematic of SERS-ELISA using
CS@SiO, SERS nanotags. A 384-well plate was used in SERS-
ELISA instead of the 96-well plate typically used in conventional
ELISA to analyze as many clinical samples as possible in a high-
throughput manner. In comparison with the 96-well plate, the
384-well plate could lower the assay cost by reducing the
amount of expensive capture and detection antibodies required
for the assay because the sample volume in each well is reduced
from 400 pL to 130 pL. Additionally, the amount of target
antigens can be quantified by measuring the Raman signal of
SERS nanotags directly bound to them without an additional
enzymatic reaction to induce a color change with a secondary
antibody, which is required in conventional absorbance-based
ELISA. This straightforward approach is advantageous for
applying the SERS-ELISA technique to biomedical analysis
(Fig. 16c). Fig. 16d shows the results of assays with SARS-CoV-
2 lysates using three different SERS nanotags: CS@SiO,, silica-
encapsulated hollow Au NP (HAuNP®@SiO,), and silica-
encapsulated AuNP (AuNP@SiO,). As expected, HAUNP@SiO,
and AuNP@SiO, demonstrated poor sensitivity due to limited
EM enhancement at the individual particle level. On the other
hand, multiple hotspots could be created within one unit using
CS@SiO, SERS nanotags, resulting in significantly increased
sensitivity. Therefore, the SERS-based assay platform may be a
next-generation in vitro diagnostic technology that can over-
come the sensitivity limits of existing on-site diagnostic meth-
ods for infectious diseases.

3.5. SERS for monitoring reaction progress and intermediates

It is critical to analyze the intermediates of a reaction to
understand their mechanisms. Traditionally, IR, NMR, or other
spectroscopy techniques have been used to probe the reaction
progress and intermediates. In the last decade, SERS has
emerged as an alternative and noninvasive method to monitor
reaction progress by in situ analysis of reaction products and
intermediates because of the ability to provide molecular-level
information about the chemical composition of molecules.’”” It
has been used to study a wide range of chemical reactions,
including catalytic reactions, electrochemical reactions, and
photochemical reactions because it provides important
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insights into the reaction mechanism and kinetics, and the
nature of the reaction intermediates (Fig. 17). In this section,
we will discuss the research progress on studying chemical
transformation by SERS probing of reactants and products.
3.5.1. Study of reaction progress by SERS. SERS can be used
to monitor the content of reactants and products in real-time,
providing information about the kinetics of the reaction. It can
also be used to study the effect of the reaction conditions, such as
temperature, pressure, and pH, on the reaction progress by
monitoring the peaks related to reactants, products, and inter-
mediates. One of the most studied examples of catalytic reactions
is the reduction of p-nitrophenol (p-NP) into p-aminophenol by
sodium borohydride in the presence of plasmonic NC catalysts.
This reaction follows pseudo-first-order kinetics, and it is easy to
follow its progress by UV-vis absorption spectroscopy and SERS
due to the high cross-section of the reactants and the products. In
this context, Zheng et al employed SERS to monitor the
reduction of p-NP on filter paper loaded with Au NPs.>”* As
shown in Fig. 17b, the intensity of the SERS signal of p-NP (peaks
at 1343 and 1571 em ") decreased with time, while the intensity
of the SERS signal of p-aminophenol (1593 cm™"), which corre-
sponds to the final product, increased with time. In the final
spectra (green), there are no p-NP peaks, only the peaks that
correspond to p-aminophenol present, indicating the completion
of the reaction. Similarly, SERS has also been used to study the
kinetics of reactions with biomedical relevance. In this regard,
Taladriz-Blanco et al. demonstrated the use of bimetallic AuAg
NPs coupled to carbon nanotubes (CNT@AgAu) as catalysts to
trigger the release of nitric oxide (NO) from aromatic nitro-
sothiols (RSNOs) at physiological pH.>”> The RSNO bond was
immediately cleaved due to the high affinity of gold for thiols,

2120 | Nanoscale Horiz., 2024, 9, 2085-2166

liberating NO and aromatic thiol. In this case, the nitrosothiols
are bound to gold and release NO, and the process can be
monitored by SERS using aromatic thiols as spectroscopic labels.
The ring breathing mode of the thiol (1072 em™") was used as a
label to monitor the first-order NO-releasing process. Moreover,
the authors showed that by tuning the gold amount in bimetallic
nanoparticles, the rate of NO generation can be controlled.

Besides, SERS has also been employed to study the reaction
progress of photochemical reactions. For instance, one of the
most important photochemical reactions is the reduction of
CO, into other organic species, which is critical to reducing
greenhouse gases. Probing such a catalytic process and know-
ing intermediates could help to design better catalytic systems.
With this aim, Devasia et al. have used SERS to determine a
large number of C-C species formed by the photocatalyst
reduction of CO, in the presence of a plasmonic structure.>”®
Likewise, Kumari et al. studied the reaction progress of the
photocatalytic reduction of CO, on a plasmonic nanoparticle by
SERS.*”” They also found the formation of intermediate spe-
cies, whose concentration increased at the early stage of the
reaction and then decreased in later states, suggesting that
these species were the intermediates in the reaction, thanks to
the high specificity and sensitivity of SERS.

3.5.2. Identification and characterization of reaction inter-
mediates by SERS. Another of the greatest features of the SERS
technique is its ability to provide molecular-level information
about the chemical composition of the molecules attached or
close to the plasmonic NP’s surfaces. This makes SERS an
excellent tool for identifying and characterizing reaction inter-
mediates in chemical reactions when these intermediates are
stable at least for the minimum time required to measure.

This journal is © The Royal Society of Chemistry 2024
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permission from RSC publisher, Copyright 2015.

Several studies have used SERS to identify and characterize
reaction intermediates in catalytic reactions. Due to the intrinsic
nature of SERS, it allows us to follow the formation of new
components with different vibrational bands. For instance, the
catalytic hydrogenation of p-NP can be considered a two-step
consecutive reaction, either via the formation of an azo compound
or via the formation of the hydroxylamine intermediate.’”® Nor-
mally, the formation of any of these intermediates and their
kinetic are difficult to follow due to the reaction being too fast to
observe via SERS. However, by reducing the amount of sodium
borohydride, the reaction can be slowed down and then it is
possible to observe the formation of the 4,4’-dimercaptoazo-
benzene, the intermediate in the reduction of p-NP.””>** Regard-
ing this, Xie et al. have performed a SERS study of the reduction of
pNP in a microfluidic system. They were able to detect the
intermediate by SERS when the laser is switched on, and the p-
NP when the laser is off.*®" This technique has also been used to
identify and characterize reaction intermediates in photochemical
reduction reactions. For instance, Chernyshova et al. have resolved
the discrepancy in the first step of CO, reduction into fuels in
aqueous electrolytes (Fig. 18a).>”> They observed, through SERS,
the formation of a carboxylate anion coordinated to the surface
through the C-O bonds. The small changes in the vibrational
states of different molecular species (CO, CO;>~ and CO, ") have

This journal is © The Royal Society of Chemistry 2024

been distinguished by SERS, as shown in Fig. 18a. The plasmonic
NPs used, either for as catalysts or to induce SERS signals, can also
provide electrons to the molecules absorbed on their surfaces
upon photoexcitation, as shown in Fig. 17a and b.*** The hot-
electron transfer to nearby molecules (p-ATP) can trigger chemical
transformations, which can be probed by SERS. As shown in
Fig. 18c and d, the relative SERS intensity of DMAB to p-ATP
linearly increases with the increase of excitation laser power,
suggesting the hot-electron-driven chemical transformation.>*>
Similarly, SERS has also been used to study the reaction
intermediates in oxygen reduction reactions on a platinum
surface.>®® It was found that the type of intermediates depends on
the pH or the crystalline structure of the surface. In this case, at high
pH, only one intermediate was observed independent of the Pt
crystalline structure. When the oxygen reduction reaction was
performed at normal conditions, the intermediate HO; was
adsorbed on the Pt (111) surface, while the Pt (110) and Pt (100)
surfaces preferentially adsorb the intermediate HO*. In conclusion,
SERS has evolved as a powerful analytical technique that can
provide molecular-level information about the transformations
and reaction kinetics. However, it is only limited to specific reac-
tions where the analytes physically or chemically adsorb on plas-
monic substrates. More studies are needed in the future to fully
exploit the power of SERS in understanding reaction mechanisms.
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3.6. Tip-enhanced Raman scattering

As a powerful analytical technique, SERS can demonstrate
detection sensitivity at the molecular scale under the plasmon
enhancement effect. It can provide rich molecular structure
information to analyze chemical composition and structure
accurately.®>'?>°%* However, the enhancement effect of the SERS
signal depends on the experimental conditions and the nano-
structure of the sample surface, which is not stable enough in
practical applications. Second, background interference signifi-
cantly affects SERS signals, especially those from fluorescence
and scattering, reducing the detection sensitivity of target
substances.® In addition, fabricating and controlling high-
quality SERS-enhanced substrates remains challenging, espe-
cially for large-scale fabrication and practical applications. Tip-
enhanced Raman scattering (TERS) is based on scanning elec-
tron/atomic force microscopy, which can achieve high-sensitivity
Raman signal detection and perform high-precision morphology
characterization of detection targets in real-time and realize
detection at the single-molecule scale. SERS and TERS utilize
the plasmon enhancement effect to enhance the Raman scatter-
ing signal. SERS focuses on nanostructured surfaces local EM
field enhancement effect, while TERS achieves higher resolution
and more sensitive analysis through the local enhancement effect
of nanotip probes. TERS uses the local enhancement effect of tip
probes (such as metal needle tips) to focus the enhanced electric
field to the nanometer scale to achieve high-resolution Raman
images and spectral information acquisition of samples.”>>%>7>%
Compared with SERS, TERS has higher spatial resolution and
sensitivity requirements, so it has a wide range of applications in
nanomaterial characterization, surface catalysis, and biological

2122 | Nanoscale Horiz., 2024, 9, 2085-2166

analysis. TERS is an enhanced Raman technique based on metal
tip probes, generally consisting of a tip (such as a metal tip) and a
Raman spectrometer shown in Fig. 19a.

The initial development of TERS can be traced back to the
early 1990s due to advances in atomic force microscopy
(AFM).>®> At that time, researchers began to try to use the tip
to achieve high spatial resolution Raman spectroscopy mea-
surements on samples. Initial studies focused on using the
local electric field enhancement effect at the metal tip to
enhance the intensity of the Raman signal. Deckert et al. found
in 2000 that the Raman scattering signals of brilliant cresyl blue
(BCB) molecules and Cg, molecules could be enhanced in the
nanometer range using the AFM-TERS system in an atmo-
spheric environment, as shown in Fig. 19b.>®*® The spatial
resolution of the sample is limited only by the size and shape
of the apex of the metal tip and does not require special sample
preparation. Moreover, the Raman signal enhancement unifor-
mity at any sample position is excellent, so the quantitative
measurement of the SERS spectrum can be performed. In
addition, when the tip of the AFM-TERS system scans the
surface of the sample, the morphology characterization results
of the sample can be obtained simultaneously and correspond
to the spectral data. Comparing the Raman signal when the
metal tip is close to and away from the sample, it can be shown
that the essence of the enhancement is due to the local EM field
accumulated at the apex of the metal tip, which amplifies the
Raman signal of nearby molecules. Moreover, using this
method, the laser wavelength can be adjusted to precisely
match the corresponding plasmon frequency to achieve Raman
signal enhancement of a single molecule. For the TERS

This journal is © The Royal Society of Chemistry 2024
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(a) Schematic diagram of the TERS system. (b) TERS spectra of C60 and BCB samples and mapping of BCB, Reproduced from ref. 588 with

permission from Elesvier publisher, Copyright 2000 (c) TERS and RRS of CN™%. Top panel: Ir tip/Au (111), bottom panel: Au tip/Pt (110) Reproduced from
ref. 589 with permission from American Physical Society publisher, Copyright 2004 (d) Schematic and physical mechanism of HV-TERS, Reproduced
from ref. 590 with permission from Nature publisher, Copyright 2012 (e) HV-TERS system structure (including analysis chamber, fast loading chamber,
and molecular beam epitaxy chamber), Reproduced from ref. 591 with permission from AIP publisher, Copyright 2016.

structure, the metal tip and substrate are the cores of the whole
detection system. Choosing different materials to prepare
metal tips and substrates with various shapes will also affect
the detected Raman signal. Pettinger et al. used Ir and Au as
other metal tip materials. They used Au (111) and Pt (110)
single crystal surfaces as scanning tunneling microscopy
(STM)-TERS substrates, respectively, to study the Raman signal
enhancement effect of malachite CN~.°%° As shown in Fig. 19c,
the enhancement effect of the Ir tip on the CN™ molecules on
the Au (111) substrate is close to 4 x 10°, and when the tip is far
away, the resonance Raman scattering (RRS) on the Au (111) is
also apparent. But for the Au tip and Pt (110) substrate, the
TERS signal of the CN™ molecule is gradually enhanced when
the Au tip is close. However, when the Au tip moved away
slowly, no RRS signal was found on the surface of the Pt (110)
substrate. On the one hand, the interaction between Au and
CN™ molecules will make the Au substrate and CN™ molecules
form a stable coordination bond, while the adsorption of CN™
molecules on the Pt surface is weak. On the other hand, the Ir
tip has a higher local electric field enhancement effect than the
Pt substrate, which can enhance the Raman scattering signal
intensity of CN~ molecules. However, the local electric field
enhancement effect between the Au tip and the Pt substrate
is weak.

Despite that, various gas molecules existing in the atmo-
spheric environment may interact with the sample surface and
interfere with the acquisition and analysis of Raman signals. In
the atmospheric environment, the electrostatic effect on the
sample surface will cause its charge distribution to change,
thereby interfering with the Raman signal. Fortunately, these

This journal is © The Royal Society of Chemistry 2024

unfavorable factors can be perfectly solved in the high vacuum
(HV)-TERS system, but the insufficient optical collection effi-
ciency is a huge hindrance to designing HV-TERS systems. As
shown in (Fig. 19d) Sun et al. designed an HV-TERS system
based on STM equipment to meet the requirements of optical
collection efficiency and used it to research the reduction
reaction of 4-nitrobenzenethiol (4-NBT) to dimercaptoazoben-
zene (DMAB) catalyzed by local hot-electron induction.’® The
plasmon intensity can control the chemical reactions in the
high vacuum environment, while the local EM field intensity at
the tip can be controlled by the incident laser intensity,
tunneling current and bias voltage in the HV-TERS system.
The high vacuum environment not only solves the problems in
the measurement process, but also avoids the interference of
molecules in the atmospheric environment on the Raman
signal, and also prevents the interaction between the atmo-
spheric environment and the sample, so that the monitoring of
catalytic reactions and reduction reactions can be realized. The
completion of this work provides a new way to realize efficient
HV-TERS system, chemical catalysis and molecular synthesis.
After that, Sun et al. further optimized the HV-TERS system. As
shown in Fig. 19e, they placed the sample preparation, transfer,
spectral measurement, and imaging in a high vacuum environ-
ment of 1077 Pa, which can ensure the cleanliness of the
sample and avoid material interference.’®" This study enables
the analysis of the nature of plasmon-driven reactions on metal
surfaces in a pure environment.

After completing the design and practicality of the HV-TERS
system, how to complete the imaging and detection of TERS
spectra at the single-molecule spatial resolution scale has
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become a new direction for researchers. Fig. 20a shows that
based on the spectral matching between plasmon resonance and
molecular vibrational electronic transitions, Hou et al have
realized Raman spectral imaging with a spatial resolution below
1 nm and can resolve the internal structure and surface configu-
ration of a single molecule. They exploited the extremely strong
plasmon resonance effect between the Ag tip and the substrate to
realize the detection of the single-molecule TERS spectrum of
meso-tetrakis(3,5-di-tert-butylphenyl)porphyrin  (H,TBPP) and
study its dependence on the molecular orientation. The TERS
mapping of H,TBPP single molecule on Ag (111) substrate was
also completed. This work advances the detection and imaging
technology of the HV-TERS system at the single-molecule scale
with spatial resolution. Wu et al. designed a high-performance
TERS structure based on the low-temperature HV-TERS system
combined with the molecular beam epitaxy (MBE) system.’®* In
Fig. 20D, it can not only realize the preparation of 2D materials,
but also complete in situ STM imaging and TERS detection. In an
ultra-low temperature environment, the HV-STM-TERS system
can achieve an enhancement factor of 10° and a spatial resolu-
tion of 0.5 nm for 2D silicene. If the TERS structure is combined
with a femtosecond laser system, it is possible to realize femto-
second excitation TERS on a time-resolved scale. In previous
work, they also used this system to identify different vibrational
properties of silicene phases in different bending directions of
Si-Si bonds. The local vibration signatures of silicene defects and
edge positions can also be successfully identified.>** In TERS
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studies, the monitoring of catalytic reactions at time resolution
enables the detection and recording of fast vibrations and
dynamic changes in the sample. Molecular dynamics on nano-
second and sub-nanosecond time scales can be captured. Wec-
khuysen et al. used the TERS system to study time-resolved tip-
enhanced Raman spectroscopy to monitor catalytic reactions at
the nanoscale, which is shown in Fig. 20c.>*®> A silver tip to
enhance the Raman signal and act as a catalyst is placed near the
surface of the Au substrate with p-nitrothiophenol (pNPT). A
532 nm laser was used to induce the photocatalytic reduction
process at the apex of the tip, and a 633 nm laser was used to
monitor the conversion process during the reaction. This
research, based on the high spatial resolution of TERS, shows
great promise for studying time-resolved molecular dynamics
processes on individual catalytic particles, especially for hetero-
geneous catalysis.

The surface plasmon is a collective oscillation mode at the
interface of a metal surface and a medium, resulting from the
interaction of free electrons with an optical field. Excitons are
quasiparticles in solids, bound states formed by Coulomb inter-
actions between electrons and holes. When an LSPR is coupled to
an exciton, the plexciton is produced, which has both LSPR and
exciton characteristics. It leads to the rearrangement of their
energy level structure, the energy exchange between photons and
electron-hole pairs, and coupling together to form new excited
states. The field localization makes plexciton have a strong
localized EM field enhancement effect in the nanoscale range,
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(a) Single-molecule TERS spectra and their dependency on molecular orientations, and TERS mapping of a single H,TBPP molecule on Ag (111),

Reproduced from ref. 596 with permission from Nature publishing group, Copyright 2013 (b) STM image of the Si (111) and in situ normal Raman
spectrum of the Si (111) surface/coexisting phases, Reproduced from ref. 593 with permission from Elsevier publisher, Copyright 2018 (c) time-dependent
TERS measurement before and after reaction, Reproduced from ref. 595 with permission from Elsevier publisher, Copyright 2012 (d) TERS-BL borophene
system and plexciton traits, Reproduced from ref. 597 with permission from AIP publisher, Copyright 2023.
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which will enhance the absorption and scattering of light. Based
on the characteristics of plexciton, Sun et al. constructed the
TERS-BL borophene system with the Ag tip and the Ag substrate
surface double-layer borophene, as shown in Fig. 20d.>®” The
negative real part of BL borophene in the strong coupling region
indicates that it has the plasmonic properties of metals, leading
to the Rabi splitting of plexcitons. The Fanoresonant propagating
plexcitons appear in weakly coupled regions. The plasmonic
properties of TERS and BL borophene around 488 nm originate
from the coupled plasmon-exciton interaction, resulting in two
plexciton peaks. This research demonstrates that plexciton-
selectively enhanced spectroscopy is possible for the TERS-BL
borophene system based on the plasmon-exciton coupling effect.
Meanwhile, it provides a new idea for the future use of the TERS
system in the study of the corners of 2D materials. Both SERS and
TERS are enhanced Raman scattering techniques, which have
critical applications in molecular-level characterization and ana-
lysis. SERS utilizes the localized EM field on the surface of metal
nanostructures to enhance the Raman signal, while TERS further
enhances the Raman signal by forming a nanoscale localized EM
field between the metal tip and the sample. Therefore, TERS can
be seen as an extension and improvement of SERS, achieving
higher spatial/time resolution and sensitivity.

3.7. SERS data analysis

In-depth analysis of the inherently complex SERS data often holds
the key to elucidating the wealth of chemical information that is
embedded within.>**>**°% In recent decades, the progressive shift
from traditional manual visual inspections of acquired SERS
spectra to state-of-the-art chemometric and machine learning
(ML) approaches has unlocked numerous potential applications
of SERS-based nanosensors in the biomedical, environmental, and
food industries.*®*~*** Fundamentally, these exciting achievements
leverage advancements in both SERS-based sensing technologies
as well as ML-driven data processing to accomplish breakthroughs
in analyte identification and quantification. However, such success
is heavily dependent on the ability to judiciously translate subtle
differences present within high-dimensional SERS data into
unbiased analyte identification and quantification outcomes
through robust visualization or predictive models.

The inherent complexity of SERS data stems from the represen-
tation of its fingerprint region as thousands of individual
wavenumber-to-intensity values, depending on the spectral resolu-
tion. For chemometric and ML analysis, such a large number of
input features can complicate the problem unnecessarily as (1) the
algorithms struggle to find a generalizable function that describes
the observations, (2) the signal-to-noise ratio may be lowered as a
result of uninformative data, leading to model overfitting.®® Hence,
a common and intuitive approach is to decompose SERS data with
dimensionality reduction algorithms. Some ubiquitous examples
include linear methods such as PCA, linear discriminant analysis
(LDA), and singular value decomposition (SVD), as well as nonlinear
methods such as isometric mapping (Isomap), t-distributed sto-
chastic neighbor embedding (t-SNE) and uniform manifold approxi-
mation and projection (UMAP) (Fig. 21a).°°>°"” In this section, we
will briefly discuss some applications using PCA, t-SNE and UMAP.

This journal is © The Royal Society of Chemistry 2024
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Fig. 21 Dimensionality reduction algorithms decompose and visualize high
dimensional SERS data based on their most significant variations. (A) Scheme
describing common dimensionality reduction techniques. (B) PCA score plot of
R- and S-propranolol (PRO) based on their naphthy! vibrational modes with and
without an applied voltage. Reproduced from ref. 608 with permission from
ACS publisher, Copyright 2021. (C) (i) PCA score plot showing the relative flavor
data cluster separation using the SERS taster strategy. (i) Correlating PCA scores
in terms of the relative flavor data cluster positions with its loadings, elucidating
key receptor—flavor interactions and their corresponding vibrational peak
assignment. Reproduced from ref. 409 with permission from ACS publisher,
Copyright 2021. (D) t-SNE plot of the 256-feature space projected onto a 2D
map extracted by the modified 1D convolutional neural network model
(RamanNet). Reproduced from ref. 609 with permission from RSC publisher,
Copyright 2022. (E) UMAP representation of phenotypic responses based on the
whole Raman fingerprint region of all individual cells under ampicillin treatment
where each point is a measurement of a single cell. Reproduced from ref. 610
with permission from Wiley-VCH GmbH publisher Copyright 2023.

As a stand-alone technique, PCA is a simple unsupervised
clustering algorithm that allows automated, objective, and
concurrent comparison of numerous SERS spectra based on
their most significant variations. For example, Leong et al.
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utilized PCA to distinguish the propranolol enantiomeric pair
accurately highlighting visible differences in their naphthyl vibra-
tional modes with electrochemical SERS (EC-SERS) sensing on
nanoporous Au bowls (Fig. 21b).°°® Even if the spectral differences
appear subtle, the ability to interpret PCA scores through their
component loadings enables retrospective correlations to attribute
key vibrational modes. This can be seen in Leong et al.’s work, in
which detailed analyses of the PCA loadings plot revealed crucial
receptor-flavor compound SERS interactions arising from each
receptor, which contributed to the distinct score clusters of five
different flavor compounds (Fig. 21c).**

Apart from functioning as a stand-alone technique, PCA can
also act as a preliminary decomposition step that is easily
integrated into customized workflows. This is highly desirable
to avoid classifier oversampling of SERS data, where the number
of features often easily outnumbers the number of samples.®'"**?
In Safir et al., PCA was utilized to reduce a 508 wavenumber SERS
spectrum to 24 principal components accounting for 90% of the
overall variance captured.®’® Subsequent input to a random forest
classifier enabled >87% classification accuracy across acoustic
bioprinted droplets containing Au NRs mixed with three single-
cell-line and three bacteria mixtures. Despite gaining widespread
popularity, one of the most critical drawbacks of PCA being a
linear dimensionality reduction technique has become increas-
ingly evident, especially for tasks where a nonlinear relationship
between key components is expected. This motivated the venture
towards nonlinear techniques such as t-SNE and UMAP, which
are capable of preserving much of the local structure while also
revealing global structure as clusters at various scales in high-
dimensional SERS data.®**®'* Briefly, t-SNE is primarily a visua-
lization technique that evaluates pair-wise similarities and
models them in a low-dimensional (2D/3D) scatter plot. For
instance, a t-SNE plot was employed to illustrate maximal cluster
separations attained with 256 features extracted by a modified
convolutional neural network (CNN) (Fig. 21d).*°® The high
distinctiveness is a result of clear SERS spectral differences of
11 bacterial endotoxins acquired using an Ag NR array.

In contrast, UMAP is a generalizable dimensionality reduction
technique like PCA, based upon the well-established manifold
approximation theory. Moreover, UMAP offers comparable visua-
lization quality to t-SNE, albeit being a relatively new technique.
Yang et al. exemplified the capability of UMAP in revealing four
bacterial subpopulations with distinct phenotypic responses to
increased antibiotic stress during resistance evolution through
1250 single-cell SERS spectra.®’® Importantly, these algorithms
are built upon robust mathematical frameworks and are applic-
able for large datasets with complex underlying correlations,
making them invaluable to numerous applications in SERS and
beyond.

Besides trying to reduce the complexity of SERS data, it is
also imperative to pick up even the most minute spectral
variance to accurately predict the type and amount of an analyte
present. To date, a whole suite of algorithms including but not
limited to regression-based algorithms like partial least-squares
(PLS), support vector machines (SVM), tree-based frameworks
like random forest (RF) and neural networks like CNN exist for

2126 | Nanoscale Horiz., 2024, 9, 2085-2166

View Article Online

Nanoscale Horizons

this purpose. In general, they traverse different routes to reach
the same goal - that is to establish a universal set of mathema-
tical functions to describe the observed relationship between
SERS variations and assigned data classes. When adeptly
deployed, these powerful algorithms can swiftly highlight subtle
spectral variances almost invisible to the naked eye and provide
new chemical insights that may otherwise be overlooked. This is
apparent in Nguyen et al., where the use of SVM to construct
calibration curves was instrumental in enabling multiplex trace
quantification of small gaseous molecular targets (sulfur and
nitrogen dioxides) (Fig. 22a).>*> They justified that a ring com-
plexation strategy involving two SERS-based molecular receptors
was crucial to induce key SERS spectral variances, which in turn
allowed the SVM model to achieve a 91.7% quantification accuracy.
Similarly, Shin et al. employed a CNN model to attain a diagnostic
sensitivity of 90.2% and specificity of 94.4% for six types of early-
stage cancers (lung, breast, colon, liver, pancreas, and stomach) by
analyzing the SERS profiles of exosomes (Fig. 22b).°'® Importantly,
they found that the first convolutional layer was particularly influ-
ential in elucidating the complex exosomal Raman fingerprints
contributed by numerous protein constituents.

It is also interesting to note that, while seemingly contra-
dictory, deliberate amplification of SERS data dimensionality
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has been proven as a sound strategy specifically for molecular
receptor-based SERS sensing. This is because hosting a series of
nonspecific noncovalent interactions can effectively probe dif-
ferent facets of target analytes and provide meaningful infor-
mation about complex sample matrices.®"” This concept was
highlighted by Leong et al., where the combination of spectral
information arising from three molecular receptors allowed >
95% sensitivity and specificity in the SERS-based distinction of
healthy breath volatile organic compound (BVOC) profiles and
individuals infected with coronavirus disease 2019 (COVID-19)
(Fig. 22¢).*>® Such diverse strategic choices demonstrate the
immense potential and versatility of ML algorithms in provid-
ing tailored solutions when analyzing complex SERS data.

While sophisticated algorithms can deliver unprecedented
results, it is pertinent to ensure that a constructed predictive
model is interpretable and remains grounded in strong scientific
principles. In fact, the loss in model interpretability often results in
the “black box” phenomena or the generation of grossly overfit
models that crumble when exposed to unseen data. To avoid this
pitfall, a straightforward approach is to extract feature importance
and corroborate important features to known Raman vibrational
modes, thereby deducing molecular-level insights. For algorithms
that do not possess inherent interpretability, framework-agnostic
methods such as local interpretable model-agnostic explanations
(LIME), Shapley additive explanations (SHAP), and contrastive
explanation method (CEM) aim to provide a generalized and
comprehensive set of feature rankings.®**%° Alternatively, Ziva-
novi¢ et al. evaluated specialized approaches like the minimal
depth variable selection (MD) and surrogate minimal depth (SMD)
technique in ranking important SERS bands found with a RF
model.®*" These bands elucidated the presence of cholesterol
amongst sphingomyelin and other lipid entities in the analysis
of lipid accumulation in lysozymes after treatment with three
antidepressants. Naturally, such understanding will also guide
downstream feature selection and engineering protocols which
can convert wavenumber-based data into more chemically mean-
ingful representations such as peak positions and intensities.

Overall, we have provided a concise overview of the applica-
tion of state-of-the-art artificial intelligence-driven ML algo-
rithms in SERS data analytics, including dimensionality
reduction and visualization algorithms, classification and
regression predictive modeling and interpretability techniques.
Notably, this overview precludes other expansive topics such as
feature selection and engineering as well as data augmentation
methods which should be considered of equivalent importance
to those covered. Nonetheless, the inherently challenging nat-
ure of high-dimensional SERS data presents an interesting
conundrum that is likely to motivate further explorations and
fuel more exciting discoveries.

4. Surface-enhanced fluorescence
(SEF) plasmonic sensors

Various techniques, such as multiple-fluorophore labels,***

rolling circle amplification,****>* and photonic crystal
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enhancement,®”® have been explored to improve the signal-to-
noise ratio of fluorescence-based sensing and imaging techni-
ques. Despite the improved sensitivity, these technologies are
not widely adopted in biomedical research or clinical settings.
This is because most of these technologies require significant
modifications to the existing practices, such as additional steps
that significantly prolong the assay time, specialized and
expensive read-out systems, non-traditional data processing
and analysis, or the use of temperature-sensitive reagents,
which usually require tightly controlled transport and storage
conditions. Yet another attractive approach for fluorescence
enhancement is metal- or plasmon-enhanced fluorescence.
Enhancement in the emission of fluorophores in close vicinity
to plasmonic nanostructures is attributed to the enhanced EM
field at the surface of the plasmonic nanostructures and a
decrease in the fluorescence lifetime due to the coupling
between excited fluorophores and surface plasmons of the
nanostructures.®*%%*>

Plasmon-enhanced fluorescence (PEF) biosensors harness
the large enhancement of fluorescence near metal nanostruc-
tures to enhance the sensitivity of various bioassays. Depending
on the integration strategy between the plasmonic nanostruc-
tures and the bioassay, PEF biosensors can be broadly categor-
ized into three types: (i) In the first method, PEF biosensors
involve metal nanostructures adsorbed or grown on rigid
substrates such as glass, silicon, and plastics. This configu-
ration fixes the plasmonic nanostructures to enhance the
emission from molecular fluorophores typically used as labels
in bioassays. (ii) In the second method, PEF biosensors use an
“add-on” plasmonic nanostructure/surface that can be applied
to completed fluoroimmunoassays. This method relaxes the
reliance on plasmonically-active substrate and makes the PEF
biosensor platform more versatile. (iii) Finally, PEF biosensors
use ultrabright fluorescent nanolabels that directly replace
conventional fluorophores. This strategy integrates the plasmo-
nic nanostructure and the fluorophore into a single nanoscale
label for maximal sensitivity, ease-of-use, and ultimate versati-
lity of PEF-based biosensors. Below we briefly describe these
methods by highlighting a few specific examples.

4.1. Plasmonically active substrates for enhancing the
sensitivity of bioassays

There have been numerous reports that harness plasmonic
nanostructures adsorbed on a surface to amplify the fluores-
cence signals from a bioassay implemented on the
surface.®**"**° Among the wide variety of metal nanostructures
explored for PEF biosensors, gold nanoisland films known as
plasmonic gold chips (pGOLD) have gained extensive attention,
pioneered by Dai’s group.®*® Fabricated through a gold seeding
process followed by the growth of winding and elongated gold
islands across the surface, pGOLD substrates contain abundant
nanogaps on the order of 10 nm between adjacent islands
(Fig. 23a). These hotspot-rich films effectively couple incident
light to generate greatly amplified NIR fluorescence, enhancing
detection sensitivity up to 100-fold,*** Owing to the substantial
fluorescence enhancement, high reproducibility, and small
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sample volumes, pGOLD assays have demonstrated immense
potential for various bioassays and have been widely adopted
across diverse diagnostic settings over the past decade. One
implementation in lung cancer profiling utilized multiplexed
PGOLD microarrays to simultaneously measure clinically relevant
protein biomarkers carcinoembryonic antigen (CEA), Cyfra21-1,
and neuron-specific enolase (NSE) in patient blood, achieving
much higher sensitivity and specificity over standard bead-based
immunoassays.®*> More recently, by integrating with portable
automated microfluidics, Zhang’s group employed pGOLD chips
as substrates for a platform termed FEMMAN (Fig. 23b) to
perform rapid single nucleotide-level discrimination among 12
SARS-CoV-2 variants directly from patient samples, with

2128 | Nanoscale Horiz., 2024, 9, 2085-2166

performance rivaling tedious genome sequencing.’*' DNA probes
complementary to sequences unique to each viral lineage were
immobilized on the plasmonically-active gold nanoislands for
this nucleic acid-based assay. Patient RNA samples underwent an
asymmetric amplification step in which 5’ biotinylated amplicons
were generated, enabling specific capture at perfectly matched
DNA probes to generate plasmon-enhanced fluorescence signal.
Only 1 viral RNA copy was required without extraction or pur-
ification, with 98.8% sensitivity and 100% specificity metrics that
showed 97.6% agreement with gold standard genome testing.
Beyond gold nanoislands, other nanostructure architec-
tures, including silver island films (SIFs) developed by Lako-
wicz’s group®** and zinc oxide nanorod substrates created by

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4nh00226a

Open Access Article. Published on 20 Liigen 2024. Downloaded on 01/11/2025 2:14:45 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale Horizons

Li's group,®” have also enabled highly sensitive plasmon-
enhanced fluorescence biosensing. Lakowicz’s lab pioneered
the concept of SIFs (Fig. 23c), comprised of silver island films
grown at controlled rates on glass substrates using vapor
deposition techniques. By immobilizing rabbit IgG on SIFs
and capturing fluorescently labeled anti-rabbit IgG antibodies,
they systematically studied the dependence of PEF on emission
wavelength. Their results revealed more efficient fluorescence
enhancement in the near-infrared (NIR) wavelengths compared
to the visible wavelengths. In a follow-on work, they demon-
strated up to a 28-fold increase in fluorescence signal for DNA
microarrays by leveraging near-infrared Cy5 dye and SIFs,
highlighting the potential to significantly improve nucleic acid
detection sensitivity using far-red fluorophores®** (Fig. 23d).
SIFs were also shown to provide 10-15x amplification for sand-
wich immunoassays detecting cardiac biomarker myoglobin, low-
ering detection limits below 50 ng mL™' concentrations and
underscoring the broader applicability to enhance the sensitivity
of surface-based bioassays.®”®> Beyond metal films, Li’s group
introduced zinc oxide nanorod substrates (Fig. 23e) as an alter-
native PEF transducer architecture. By growing aligned zinc oxide
nanorod arrays, precise sub-wavelength spacing between nanorods
yielded exceptional optical properties that could be harnessed
for surface plasmon-coupled fluorescence enhancement®*®°4”
(Fig. 23f). Using this platform for cancer biomarker microarrays,
they demonstrated detection sensitivity improvements down to
1 pg mL™" for protein biomarkers such as carcinoembryonic
antigen (CEA) and o-fetoprotein (AFP) in serum.®** Collectively,
these examples highlight the versatility of nanostructure-
enabled PEF for ultrasensitive bioanalysis across various assay
formats beyond gold nanoisland films.

As described above, various plasmonic substrates such as
periodic gold arrays®*®*®* and metal nano-islands®***** have
been shown to result in a large fluorescence enhancement.
Although these plasmonic surfaces are highly attractive, their
application in routine biomedical research and clinical settings
has been limited. The limited application of plasmon-enhanced
fluoroimmunoassays in research and clinical settings is due to: (i)
stringent requirement for the fluoroimmunoassay to be imple-
mented on pre-fabricated substrates, typically a rigid glass slide
deposited with metal nanostructures, instead of standard or
sometimes irreplaceable bioanalytical platforms (e.g., 96-well
plates and nitrocellulose membranes), which significantly limits
the broad applicability of the technique; More importantly, the
requirement of special substrates limits cross-platform and cross-
laboratory consistency and seamless integration with widely
employed bioanalytical procedures, which represents a major
bottleneck of conventional plasmon-enhanced fluorescence tech-
niques; (ii) non-traditional bioconjugation procedures, complex
interaction between biomolecules and the metal nanostructures,
and poor stability of biomolecules (e.g., antibodies) immobilized
on metal surfaces not only complicate the assay procedures but
also impose further technical challenges in their widespread
application;**° and (iii) fluorescence quenching due to non-
radiative energy transfer, which is difficult to control when the
immunoassay is performed on a metal surface. Thus, it is

This journal is © The Royal Society of Chemistry 2024
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imperative to address these challenges to propel the plasmon-
enhanced fluorescence techniques to real-world applications.
Overcoming these limitations, add-on plasmonic architectures
that can be interfaced with completed bioassays provide a more
flexible and easy-to-implement route for integrating PEF. An
illustrative example of successfully transitioning to an add-on
PEF biosensor is the plasmonic nanogap cavity assay developed
by Mikkelsen and Chilkoti’s groups.®>" They fabricated the base
platform by grafting a polymer brush coating of poly(oligo-
(ethylene glycol) methyl ether methacrylate) (POEGMA) chains
onto a gold film-sputtered glass surface, which enabled inkjet
printing of both capture antibodies and fluorescently-labeled
detection antibodies (with Alexa Fluor 647 dye) as microarray
spots. Two spot types were printed on the POEGMA layer - “stable”
spots containing surface-immobilized capture antibodies, and
“soluble” spots where detection antibodies were mixed with an
excipient that dissolved upon sample addition to facilitate anti-
body release. After completing the immunoassay, Ag NCs were
appended above each printed spot using a poly(allylamine hydro-
chloride)(PAH) intermediate layer or conjugating the NCs to a
secondary antibody. This formed nanogap cavities with a plasmo-
nic metal-dielectric-metal geometry structured to amplify fluores-
cence emission. They termed the resulting architecture the
plasmonically enhanced D4 (PED4; D4 stands for Dispense, Dis-
solve, Diffuse, Detect) assay (Fig. 24a). Using cardiac biomarker B-
type natriuretic peptide (BNP) as a model analyte, optimization of
POEGMA brush thickness and NC parameters enabled ~ 150-fold
fluorescence enhancement along with 14-fold improvement in
detection limits compared to standard assays (Fig. 24b). The
combination of the versatile D4 assay format®>* with the add-on
nanostructure PEF amplifier imparts both excellent sensitivity and
field-deployable ease-of-use relevant for point-of-care applications.
Among other prominent efforts to develop add-on plasmonic
amplifiers, Singamaneni’s group has introduced a flexible “plas-
monic patch”. Their key innovation involves adsorbing tunable
plasmonic nanostructures onto an elastomeric polymer film to
create a conformal nanoplasmonic interface®>®** (Fig. 24c).
When interfaced with completed fluoroimmunoassays in micro-
well plates or microarrays, this plasmonic patch can provide up
to 100-fold fluorescence enhancement. Critically, the LSPR wave-
length of the embedded nanostructures can be tuned to match
the absorption/emission profile of the fluorescent reporter for
maximal amplification.®>® Moreover, they systematically investi-
gated the distance-dependent fluorescence enhancement to
determine optimal spacer layer thickness. Assays for two key
renal health indicators were evaluated to demonstrate the broad
applicability across diverse protein biomarkers: kidney injury
molecule-1 (KIM1) and neutrophil gelatinase-associated lipocalin
(NGAL). Both biomarker immunoassays were performed using
standard ELISA protocols, substituting streptavidin-fluorophore
conjugates for streptavidin-horseradish peroxidase (HRP). By
interfacing the completed assay with an LSPR-matched plasmo-
nic patch, fluorescence intensity increased 36-fold, and detection
limits improved 280-fold for KIM1 (Fig. 24d). Similarly, NGAL
fluorescence boosted 103-fold while detection limits enhanced
100-fold. Furthermore, the plasmonic patch successfully enabled
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quantification of biomarker concentrations in patient samples
that were undetectable without signal amplification. This high-
lights the versatility of the add-on nanostructure approach to
harness plasmon-enhanced fluorescence for ultrasensitive clini-
cally viable assays.

4.2. Ultrabright fluorescent nanolabels based on PEF

Building on their plasmonic patch concept, Singamaneni’s group
continued advancing integrations of plasmonic nanostructures
with bioassays to harness sensitivity gains from PEF. By realizing
optimized plasmonic nanostructure structures conjugated to
fluorescent reporters, they developed exceptionally bright nano-
labels, termed “plasmonic-fluors” (PFs), that are nearly 7000-fold
brighter than their corresponding molecular fluorophores®®
(Fig. 25a). Streptavidin modification enables the PFs to substitute
for streptavidin-fluorophore or streptavidin-HRP conjugates in
common assay formats like FLISA and ELISA, providing built-in
signal amplification tailored to each biomarker system (Fig. 25b).
Using the model cytokine IL-6, they demonstrated plasmon-
enhanced fluorescence-linked immunosorbent assay termed p-
FLISA that lowered detection limits 1440-fold versus standard
FLISA and 189-fold below conventional ELISA, highlighting the
ultrasensitive quantification (Fig. 25c). Moreover, all previously
demonstrated PEF biosensors have relied on modifying the
conventional substrates or assay procedures, constraining the
real-world utility. The nanolabel architecture of the PFs liberates
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plasmonic signal enhancement for integration into diverse
analytical formats, including competitive and sandwich
immunoassays,®*®®>® CRISPR-based RNA detection,** serologi-
cal assays,®®® flow cytometry,®>® microneedle-based non-invasive
sampling,*® LFA,°®?> and measurements of live cell protein
secretion.®®**% In one demonstration, by integrating PFs into
lateral flow immunoassays (p-LFAs) (Fig. 25d), detection sensi-
tivity improved 1785-fold over conventional colorimetric LFAs
(Fig. 25e) and 30-fold over standard clinical lab tests such as
ELISA. Additionally, p-LFA successfully identified 34 out 35
positive COVID patient samples based on SARS-CoV-2 antigen
levels, significantly outperforming colorimetric LFA. Coupled
with a portable fluorescence scanner, the versatile plasmonic-
fluor nanoparticle labels provide a broadly applicable solution
to harness PEF for point-of-care testing applications spanning
nucleic acids, antigens, and other biomarkers.

In a recent work, Tian’s lab has demonstrated a buoyant
biosensor that enabled multiplexed, in situ detection and quan-
tification of attomolar cytokine concentrations in cell culture
media with 15 min temporal resolution,®®® Plasmonic-fluors
combined with digital counting further enhanced the detection
limit to 14 ag mL™* for IL-6, preserving viable macrophages
while quantifying dynamically secreted cytokines.®®” The facile
sensor demonstrates strong promise for quantifying the tem-
poral protein biomarker concentration changes in biological
systems without perturbation. Plasmonic-fluors have also been

This journal is © The Royal Society of Chemistry 2024
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(A) Schematic and TEM image of plasmonic-fluor structure, Reproduced from ref. 655 with permission from Nature publishing group, Copyright

2020 (B) schematic of workflow for plasmonic-fluor enhanced fluorobioassay, Reproduced from ref. 655 with permission from Nature publishing group,
Copyright 2020 (C) comparison of ELISA and p-FLISA regarding the performance of human IL-6 detection Reproduced from ref. 655 with permission
from Nature publishing group, Copyright 2020 (D) Schematic of construct and workflow of p-LFA in detection of SARS-CoV-2 N protein, Reproduced
from ref. 662 with permission from Nature publishing group, Copyright 2023 (E) comparison of Au NP-based colorimetric and plasmonic-fluor-based
fluorometric LFA performance of N protein detection, Reproduced from ref. 662 with permission from Nature publishing group, Copyright 2023.

employed as ultrabright nanolabels for probing the interaction
of charge-controlled nanostructures with neurons and for
demonstrating plasmon-enhanced expansion microscopy.***°%
The emission from PFs was further amplified by coupling with
resonant modes of a photonic crystal.*”® Cunningham and co-
workers demonstrated the synergistic coupling of plasmonic
and photonic modes to significantly boost the emission from
plasmonic-fluors. Optimal match of the resonant modes of a
plasmonic fluor and a photonic crystal resulted in a 52-fold
improvement in signal intensity. This enhanced emission was
employed to achieve an ultrasensitive digital immunoassay on
photonic crystal surface.

Overall, PEF has been extensively explored in the past two
decades as a powerful tool to boost the sensitivity of various
fluorescence-based bioanalytical techniques. Tremendous pro-
gress has been made in the last five years in overcoming the
challenges associated with translation of these technologies to
routine real-world use. We can expect a widespread use of these
technologies in the near future based on the extensive com-
mercialization interest in these technologies.

This journal is © The Royal Society of Chemistry 2024

5. Localized surface plasmon
resonance (LSPR) sensing

5.1. Fundamentals of LSPR sensing

As mentioned before, metal NPs support LSPR which are
responsible for an intense EM field enhancement very close
to their surfaces.®”*"®”* Optically, these plasmonic NPs exhibit
wavelength light absorption and scattering which is largely
dependent on the NP dimensions, geometry, chemical nature,
interparticle interactions, and the surrounding medium refrac-
tive index (RI).”*®”” The latter is the reason why they have
been extensively used for sensing applications, and by precisely
tuning the former parameters it is possible to maximize their
high refractive index sensitivities (RIS).®”® For spheroidal NPs
Mie-Gans theory can directly deduce the RIS for a NP with a
given aspect-ratio (AR) as follows.:*"%°7°

2
RIS(nm/RIU) :}:1_1’ o0 T (l - 1)112 9)
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where 4, is the particle plasma frequency, ¢, is the high-
frequency contribution to dielectric permittivity of the NP, L
is the depolarization, n is the medium RI and RIU the refractive
index unit. Therefore, a direct relationship between the sensing
performance of the NPs can be traced to their geometry and
material properties. A consequence of higher RIS is the gradual
shift towards higher wavelengths.®®*°®** This advancement
offers numerous potential applications, particularly in the
NIR wavelength range, where optical fibers exhibit lower trans-
mission losses,®®>®* paving the way to remote sensing applica-
tions using NPs on optical fiber platforms. Furthermore, the
usage of optical fibers for plasmonic sensing applications has
led to the development of sensing tips and overall cost-effective
setups.®®® Furthermore, higher RIS contributes to the develop-
ment of superior chemical and biochemical sensors, as the
presence of analytes on the NP surface modifies the effective
surrounding RI, refractive index, resulting in stronger optical
responses.®*®

In the context of plasmonic sensors, in general, NPs exhibit
smaller RIS compared to their thin film counterparts.®®*%®’
Nevertheless, their usage can be advantageous in certain sce-
narios due to the absence of phase-matching conditions, which
significantly reduces the costs associated with the interrogation
setup.®®® Moreover, the distribution and uniformity of NPs
immobilization, particularly in the case of colloidal NPs, can
be more easily achieved, especially when dealing with complex
optical platforms where physical vapor deposition techniques
may be challenging or impractical, as with micro-structured
optical fibers.®*?*°° Also, plasmonic sensors based on colloidal
NPs present far greater scalability potential and lower-cost
setups for synthesis and immobilization, two crucial factors
for the widespread implementation of any sensing technology.
In the next sections, the interaction between NPs and optical
platforms is explored, with particular interest in the use of
optical fibers, recent trends in NP arrangement for enhanced
RIS, and finally, providing an outlook on the development of
optical fiber-NP systems for improved sensors.

5.2. Optical platform and sensor configurations

The linear light dispersion of plasmonic NPs contrasts with the
strong light dispersion observed in thin film-based SPR. How-
ever, when NPs are near or in contact with substrates, strong
polarizability effects emerge, causing their optical response to
be significantly influenced by the NP-substrate distance, as well
as the substrate material itself.®”**%>%°! This is caused by the
EM-field enhancement being partly buried in the substrate
(Fig. 26a), as so the effective RI around the NP gets modified,
causing wavelength shifts and intensity extinction variations
(Fig. 26b).°°> Also, this presents relevant consequences regard-
ing their RIS, where the RIS gets diminished by the immobili-
zation over a dielectric substrate, when compared to the same
particles in colloidal solution (Fig. 26¢).°°* However, a different
trend is observed when the substrate material gets replaced by a
metal. This optical response has been explored in recent years,
showing that strong redshifts can be observed without signifi-
cant band widening (Fig. 26d).°*®> The presence of the metal
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layer acts as a charge mirror, effectively mimicking the presence
of another NP in its vicinity. Thus, by changing the dielectric
spacer length, it is possible to tune the strength of the plasmon
hybridization (Fig. 26e). Further tuning can be achieved by
changing the thickness of the metal layer,** or substrate materi-
als, as the case of Ti0,.®®> Also, modifying the NP geometry, e.g.
using nanorods, can produce even stronger optical variations
with interesting results, as higher order plasmonic modes
respond differently to polarization changes (Fig. 26f).°*>°°° These
later configurations are commonly known as nanoparticle on
film (NPoF) structures and can behave as light waveguiding
structures, composing a metal-insulator-metal (MIM) configu-
ration, where the metallic top layer is replaced by the NPs
(Fig. 26g).°”” Recently, this kind of structure has received a lot
of attention and even other nanostructures have been explored.
Nevertheless, for sensing purposes the main tuning parameter
still lies within the nanocavity. This is based on the principle of
achieving a large effective RI in the spacing layer with the
decrease of its dimensions. Thus, the ability to decrease this
spacing will greatly impact the structure performance (Fig. 26g).
However, despite the recent progress observed with these MIM
wave-guiding structures, the EM-field shows strong confinement
between the NP and thin film layer, which is not ideal for sensing
purposes, as the field enhancement should extend towards the
surrounding medium. Accordingly, to increase the sensing per-
formance of these structures, this issue should be addressed.
Nevertheless, several high RIS were reported using these NPoF
configurations, as shown in Table 2. To the moment, the highest
reported RIS was presented by Xia et al., where an experimental
RIS of 15747 and 25642 nm RIU™' for Au NS and Au NR,
respectively, was attained on a photonic crystal fiber (PCF) coated
with an Au thin film.**®

Other waveguiding structures have also been proposed, show-
ing better prospects for effective implementation of high-
performance NP-based plasmonic structures. Namely, the insu-
lator-metal-insulator (IMI) waveguide scheme (Fig. 26h). In this
case, randomly assembled NPs over a glass substrate are seen as
an effective RI layer between the substrate and the external
medium. This metal layer can be modeled using effective med-
ium theories such as Bruggeman or the Maxwell-Garnett effective
index approximations,” and it will present high effective indices
enabling it to guide light. The light will be highly compressed
according to Aegr = A/negr. Consequently, as the n.g increases, the
more efficient waveguiding becomes, which can be done by
increasing the NP density. In addition, a stronger field in the
meta-layer will lead to a stronger interaction with the surround-
ing medium, causing an increase in RIS (See right panel of
Fig. 26h).”%! As this is a waveguiding mechanism light dispersion
is expected, so it will become dependent on the wave-vector of the
excitation light, causing a dependence on the angle of incidence.

As the light illumination conditions can determine the
sensing system performance, it is relevant to explore not only
the optical behavior of NPs under colloidal suspension but also
when immobilized over planar substrates or optical fibers and
discuss the benefits of either situation. First, using the NPs in
colloidal solutions allows for the simpler usage of all, as it can

This journal is © The Royal Society of Chemistry 2024
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Fig. 26 (A) Near field simulation of an Ag nanorod (NR) immobilized on a glass substrate using boundary elements method at the peak of the
longitudinal mode LSPR band reproduced from ref. 692 with permission from Optica publisher, Copyright 2010 (B) spectra comparison upon change in
the medium RI for an Ag nanorod immobilized on a glass substrate and on colloidal suspension. (C) Impact of the substrate material on the Rl sensitivity
(RIS). (D) Spectra of an Ag nanosphere (NS) on colloidal solution, over a glass substrate and at proximity (<1 nm) to an Au thin film layer. Reproduced from
ref. 693 with permission from ACS publisher, Copyright 2010 (E) impact on the optical behavior on the changing of the spacer thickness, showing a
strong red shift with decreased spacing. Reproduced from ref. 693 with permission from ACS publisher, Copyright 2010 (F) Au NR immobilized over an Au
thin film and over a glass substrate, showing the appearance of higher order modes due to plasmon hybridization. Reproduced from ref. 699 with
permission from ACS publishing, Copyright 2018 (G) metal—insulator—metal (MIM) waveguide structure composed of an Au thin film and Au NS along the
RIS dependency on gap length. Reproduced from ref. 697 with permission ACS publisher Copyright 2021 and RIS results Reproduced from ref. 700 with
permission from RSC publisher, Copyright 2022 (H) insulator—metal—insulator (IMI) waveguide structure representation, along the RIS dependence on
launching angle. Reproduced from ref. 701 with permission from ACS publisher, Copyright 2011.

Table 2 List of reports of NPoF configurations with high refractive index sensitivity (RIS)

Optical platform RIS (nm RIU™Y) Ref.
Photonic crystal fiber with Au thin film and Au NSs 15747 698
Photonic crystal fiber with Au thin film and Au NRs 25642 698
Side polished multimode fiber with Au thin film and Au NSs 3074 702
Multimode fiber tip coated with Au thin film and carboxylated multi-walled carbon nanotubes 2524 703
Multimode fiber tip coated with Au thin film and carboxylated multi-walled carbon nanotubes, and Pt NPs 5923 703
Multimode fiber coated with SnO, thin layer and 50 nm SnO, NPs 5334 704
Multimode fiber coated with 9 PSS-SnO, bilayers and 50 nm SnO, NPs 4704 704
Photonic crystal fiber section between two MMF with Au film and Au NRs 3915 705

just be placed inside a lab bench spectrometer and measure the
extinction coefficient. Nevertheless, it was seen that by placing
them on a substrate, they can enhance the NPs RIS. In this
situation, to control excitation conditions, a more complex
optical setup such as the Kretschmann or Otto configuration
is required, allowing for precise wavevector conditions control.
However, the costs associated with these setups can rapidly
increase and require a sampling system or microfluidic channel

This journal is © The Royal Society of Chemistry 2024

to transport the analyte into contact with the immobilized NPs.
Another option is the use of optical fibers, as they allow for easy
multiplexing, long-range sensing, potentially lower costs, and
material choice, as well as a broad choice of sensing config-
urations such as sensing tips.”®””7*°

Among the multitude of optical fiber sensing configurations
available the most common are based on exposing the fiber
core and immobilizing the NPs on that section, by side
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polishing, cladding removal on MMF, or bending a fiber to
such a small curvature radius that causes an evanescent field to
interact with the immobilized NPs.®8%7%711715  Another
approach is structural modification via grating inscription to
partially redirect the light to the fiber cladding allowing for
evanescent interaction with the NPs, as in the case of the long-
period fiber gratings (LPFG) or multi-single-multimode (SMS)
fiber configuration (Fig. 27a).”"*”"” When NPs are assembled on
optical fibers, the reports on RIS don’t match with the ones of the
same kind of NPs immobilized on glass slides, indicating that
not only polarizability effects are of concern (Fig. 27b). Effectively,
several reports show RIS higher than 1000 nm RIU" for simple
gold nanospheres (NS) when immobilized over optical fiber,
contrasting to the case of glass slides and colloidal solutions.
To the best of the author’s knowledge, the highest reported RIS
with gold NSs are 2016, 350, and 180 nm RIU ™' on optical fibers,
glass slides, and colloidal dispersion, respectively.”*®”*® The large
discrepancies observed between the optical fiber and the other
two can be attributed more to the light excitation conditions than
the material specificities. To the moment no consensus exists to
explain the observations, whereas some authors as Otte et al.,”*"
consider that the higher sensitivities are related to wave-guiding
phenomena, while others attribute to the creation of hotspots
due to interparticle-coupling or lossy-mode resonances.”*®”>
The same trend was observed on other NP shapes and
materials.””*”7*® Focusing on a better performant spheroidal NP
shape than NS, i.e., Au NRs, by comparing their performance on
different optical platforms (Fig. 27c), it is possible to see that

A Decladded fiber Side polished fiber

NPs ‘
NPs
NPs
Cladding|
Core
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fibers show the better overall performance with a RIS/Aspect-
Ratio of 304 nm/RIU/Aspect-Ratio, contrasting to a ratio of 113
and 33 nm/RIU/Aspect-Ratio for the NRs on glass slides and
colloidal solutions, respectively. Thus, suggesting that better
performance can be accomplished with the conjunction of higher
AR NRs and optical fibers. To the best of the authors knowledge
there is no RIS data reported for NRs with AR larger than 5 on
optical fibers. Thus, causing a low R? value in the linear regres-
sion analysis. Nevertheless, as the NR synthesis protocols become
more mature, resulting in higher yields, NP monodispersity, and
larger AR, it is expected that more focus will be given to such high
AR NRs - optical fiber plasmonic sensor configurations.

The recent advancements in synthesis methods have led to
increased yields, enhanced NP monodispersity, improved colloi-
dal stability, and enhanced biocompatibility.”** Consequently,
the widespread implementation of sensing applications utilizing
plasmonic NPs may be on the horizon. Recent trends of NPs-
based plasmonic sensors were found to rely on optical fibers as
the optical platform. As well, NPs stacking and even immobiliza-
tion over or in between metallic thin films have been proven to
unravel new paths towards unprecedented RIS and overall optical
performance.”*"7**7%* Enhanced chemical and biochemical
sensing applications have been recently reported, showing the
feasibility of high-performance NP-based plasmonic sensing. In
the future, more works in NIR wavelengths with NPs and optical
fibers are expected, which can greatly advance the field and
produce even higher RIS and overall chemical/biochemical
sensors.
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Fig. 27

(A) Typical nanoparticle-based plasmonic optical fiber sensor configurations (B) Refractive index sensitivity (RIS) comparison between Au

nanospheres (NSs) immobilized on optical fiber sensor configurations, glass slides, or in colloidal solutions. The data labels correspond to the following
works: A1-A8;7*8 B1,B2;73° C;7 D;736 E1,E2;73* F;740 G;7*! H;742 H1-H9;"*° 11-112;72° J;743 (C) RIS for gold nanorods (NRs) comparison for the same two
optical platforms and on colloidal solution. Data were reproduced from ref. 678, 724, 732, 736, 738, 740, 742, 744-748 with permission from ACS
publication, Springer New York publisher, ACS publication Elsevier publisher, MDPI publisher, Copyright 2007, 2022, 2016, 2008, 2022, 2007, 2009, 2021,

2018 respectively.
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5.3. Colorimetric sensing

5.3.1. Substrate-based colorimetric sensing. The trichro-
matic perception by humans (blue, green, and red light) led
to the development of tristimulus representation of colors
which describes the relative amounts of blue, green, and red
channels of a given color perception.”> Thus, a typical color can
be represented in a 3-dimensional linear color space, including
RGB (red-green-blue), CIE XYZ, or HSV (hue-saturation-value)
currently used in standardized color descriptions. In colori-
metric sensors based on plasmonic nanoparticles, the detection
of an analyte (small molecules) or environmental factors (refrac-
tive index, temperature, humidity, strain) can be quantified
based on the change in color by tracking the variation of one
or more of the three dimensions in given color space. For
example, the change of the x and y chromaticity dimensions
can be deduced from the arithmetical difference between the
initial and final cartesian pairs, A(x, y) = (X,—x1, y,—Y1) to yield
color difference (AE) (Fig. 28, center).”>®

Traditionally, colorimetric plasmonic sensing has emerged
from the LSPR spectral sensors, where the plasmon modes in
the visible spectral range shift by the alteration of the refractive
index (RI) of the surrounding medium. The initial attempt to
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transition from spectral to colorimetric sensing was limited to a
qualitative readout, e.g., the presence or absence of an analyte.
Over the past few years, the advancement in the design and
fabrication of dynamic plasmonic systems enabled the implemen-
tation of standardized mathematical descriptions for color change
due to RI variation. King et al.”” designed a 2D Fanoresonant
plasmonic system consisting of a centered Al disk with N number
of satellite planar Al nanodisks (Fig. 28a-i) that scattered light in
the visible spectral range allowing apparent vibrant color (pure
saturated). The authors introduced a Figure of Merit (FOM),
|AHue/An|, a measure to quantify the change of hue in the polar
coordinate of the CIE lightness-chroma-hue color space (CIE
LCHab). The value of FOM correlated linearly with RI in the range
from 1 to 1.6, achieving the Ahue as large as 216°. In a similar
approach, Reinhard et al.”*® designed a RI sensor comprising Au
NPs (18-115 nm) attached to a solid substrate to detect sucrose
solutions (Fig. 28a-ii). The authors found the hue was the most
sensitive color parameter among 15 other parameters tested (e.g,
hue, r, g, and b chromaticities). Through the ratio Ay/RIU, where y
is the color parameter and RIU is the change of R, the value of
Ahue equal to 0.07 (or 26.5°) was obtained for 1.33 < RI < 1.42
(RIU = 0.09), exceeding by nearly 6-fold the sensitivity of the
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Fig. 28 Colorimetric sensing based on plasmonic nanoparticles categorized according to the type of analyte. (A) Refractive index sensors: (i)
measurement of the Rl change (1 < n > 1.6) through the shift of the change of hue of Al nanodisk array substrates. (ii) Lineal hue changes of a
substrate comprising gold nanoparticles because of sucrose concentrations from reflectance and transmission images. (iii) Variation of hue of Ag
nanodome arrays by changing the surrounding medium from water to ethylene glycol. (B) Colorimetric measure of temperature by the plasmon coupling
of Au-coated pNIPAM microgels at different salt additives, where the color change is monitored through the chromaticity coordinates x and y. (C)
Humidity sensor measured by Al NPs on Al mirror with pNIPAM as a spacer in which the color change is monitored in the CIE L*a*b* space. (D) Biosensor
of volatile organic compounds detected by using Ag NCs on Ag mirror with a bacteriophage spacer as a transducer. Color difference (AE) is quantified for
a wide range of ethanol concentrations. (a-i) and (a-ii) Reprinted from ref. 757, 758 with permission from ACS publisher, Copyright 2015, 2020. (a-iii)
Reprinted from ref. 759 with permission from Wiley-VCH Verlag GmbH & Co. KGaA publisher, Copyright 2020 (b) Reprinted from ref. 760 with permission
from Springer publisher, Copyright 2018. (c) Adapted with permission from the Authors of ref. 761. (d) Reprinted from ref. 762 with permission from ACS
publisher, Copyright 2022.
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r chromaticity. The authors concluded that the sensitivity to RI
increases with the particle size and that a larger color difference is
achieved in transmission rather than reflection. In a more recent
publication, Toma et al.”>® designed a RI sensor consisting of
polystyrene bead monolayers (200-300 nm) coated with Ag thin
films to form Ag nanodomes whose surface colors were optimized
by changing the size of the polystyrene beads (Fig. 28a-iii). The
sensitivity was evaluated through the hue parameter for water and
ethylene glycol at different volume ratios and three Ag nano-dome
diameters. In the best-performing architecture, Ahue of 59.6° for a
RIU = 0.1 was obtained. The authors demonstrated that the
resolution of the colorimetric detection (5.0 x 107> RIU) was
higher than spectral detection (10~* RIU).

With the integration of plasmonic nanostructures alongside
other advanced materials, colorimetric sensors have expanded
beyond detecting changes in RI. Choe et al.”®® have developed
plasmonic colorimetric patches to sense temperature. The
authors used Au-coated poly (N-isopropyl acrylamide) (pNIPAM)
microgels embedded within a hydrogel matrix (Fig. 28b). The
PNIPAM exhibits lower critical solution temperature (LCST) at
32 °C. Below LCST, the microgel particles gain volume, increas-
ing the separation of Au NPs, hence the color transition from
blue to red. Above LCST, the pNIPAM chains collapse, reducing
the specific volume of microgels and thus turning red to blue
due to plasmon coupling. To correlate the color change and
temperature, the authors employed the RGB color space and
varied the transition temperature by adding different salts to
the hydrogel films in which the Au NPs pNIPAM microgels were
incorporated: N1-0.2 M NacCl, N2-0.1 M NacCl, S1-1 mM SDS, S2-
2 mM SDS, and control-no additives. The authors found that the
red component exhibits high sensitivity for S1, ARg; = —33, and
S2, ARs, = —61, in temperature ranges of 29-33 °C and 33-40 °C,
respectively. Interestingly, the authors achieved a temperature
resolution of 0.2 °C, allowing precise monitoring of temperature
variations on various substrates. By exploiting the concept of
particles on the mirror, Cencillo-Abad et al.”®" have developed a
humidity sensor using Al NPs (3 nm to 5.5 nm) on Al mirror
(Fig. 28c). These nanoparticles were separated by a pNIPAM layer
of 35.5 nm at relative humidity (RH) of 50% (at 20 °C). At low RH
levels, the desorption of water caused shrinkage of the pNIPAM
layer, resulting in the optical coupling of NPs with mirror, in
consequence, an enhancement of the red component of the
reflected light. At high RH levels, the pNIPAM layer expanded,
reducing the coupling and enhancing the blue component in the
reflected light. The color of the sensor switched from magenta to
blue that could be tracked with the change of the component a*
and b* of the CIE L*a*b* color space (L*-lightness-, a*-red to
violet-, and b*yellow to blue-coordinates, Fig. 28c). The device
effectively transformed changes in relative humidity into obser-
vable color changes.

Recent advancements in biotechnology enabled the fabrica-
tion of biological constructs of synthetic and natural origin that
can serve as biomarkers or signal transducers in colorimetric
sensing involving plasmonic nanoparticles. Nguyen et al.’®
have employed genetically engineered bacteriophage as a
spacer between Ag NCs and silver film (gap plasmonic color
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film, GPCF) to detect volatile organic compounds (VOCs) as
biomarkers of lung cancer (Fig. 28d). The bacteriophage layer
worked as an actuator, adjusting the gap in response to the
concentration of VOC. The researchers selected over 43 VOC
biomarkers and tested the biosensor’s performance with five
gases: acetone, ethanol, isopropyl alcohol, diethyl ether, and
hexane. The analyte changed the gap and thus the color
difference (Fig. 28d shows the AE for ethanol). The GPCF-
based biosensor demonstrated exceptional selectivity, and ease
of fabrication, making it a promising platform for developing
novel diagnostic devices. The colorimetric sensing of bio-
molecules was proposed by Sanroman-Iglesias et al.,”®® where
aggregating DNA-coated Au nanoparticles were used as an
optical signal transduction to detect bacterial nucleases - a
biomarker of Salmonella spp. In the presence of nucleases, the
aggregation of nanoparticles was inhibited (red color) due to
enzymatic cleavage of double-stranded probe sequences (positive
readout). Without nucleases, the nanoparticles were allowed to
aggregate (red-to-blue color transition, negative readout) due to
the selective binding of complementary DNA strands. Through
naked-eye inspection, the method detected living bacteria down
to 1 CFU mL ™" in naturally contaminated food samples. Unlike
substrate-based plasmonic sensors, colorimetric detection based
on nanoparticle aggregation suffers from a poor quantitative
description of color change. This is because many geometrical
parameters (mutual particle orientation or interparticle-gap)
condition the reproducibility of color difference. Recently, Mon-
tafio-Priede et al.”® have evaluated the effect of geometrical
descriptors (particle shape and size, number of particles per
cluster, and interparticle distance) on the resulting change in
Hue during the aggregation of gold nanoparticles. Through the
comparison of experimental and theoretical data, the authors
found that gold decahedra with an edge length of 30 nm out-
perform other shapes, showing AH = 72% (AH = AHue/
max(AHue)). The proposed methodology for calculating hue
values and associated FOM AH provided new universal and
quantitative tools to monitor color transitions during the aggre-
gation of nanoparticles induced by any molecule.

To close, plasmonic colorimetric sensing offers a quantitative
measure of color change in the presence of biomolecules and
environmental stressors. This type of sensor is expected to experi-
ence substantial improvements in forthcoming years. The main
driving force is the progress in bottom-up fabrication that allows
for obtaining structural diversity, reproducibility, and switchable
optical outcome that can be quantified through standardized color
spaces (RGB, CIE XYZ, or HSV). Further integration of active
plasmonic sensors into substrates obtained by the top-down
approach will offer portability, cost-effectiveness, and suitability
for point-of-care applications by reducing the need for expensive,
specialized instruments. Still, the performance of a plasmonic
colorimetric sensor depends on the selection of suitable color
space, requiring a trial-and-error approach. Thus, further standar-
dization of the current methods is needed to ultimately render
high-performance and hyperchromatic sensing.”®

5.3.2. Colloidal colorimetric sensing. Plasmonic NPs have
been widely used in colorimetric sensing due to their unique

This journal is © The Royal Society of Chemistry 2024
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optical properties.”®>”®” Because of the LSPR, plasmonic NPs
possess strong extinction and multicolorimetric signal
readouts.®**’%® For example, gold nanoparticles with 13 nm
diameter possess a high extinction coefficient of 2.7 x 10° M *
em~ ! at ~520 nm, which is three to five orders of magnitude
higher than those of organic dyes.®** The LSPR wavelengths
span a wide range from visible to NIR regions of the light
spectrum. The intensities and wavelengths of LSPR spectra are
sensitive to the size, shape, composition, and aggregation of the
plasmonic NPs, and the changes in the refractive index of their
surrounding environment. These form the basis for the mecha-
nism of colorimetric plasmonic biosensors. Owing to their
simplicity and low cost, colloidal NP-based colorimetric sensors
have been developed for a wide range of analytes, including
ions, proteins, DNA, and bacteria, at low concentrations.”®®”7°
The target-dependent color changes can be easily visualized,
allowing for qualitative or semi-quantitative detection with the
naked eye. Based on the mechanism of colorimetric response,
colloidal plasmonic colorimetric sensors can be divided into
three categories: growth-based, etching-based, and plasmonic
coupling-based.””®’”" The most common mechanism in colloi-
dal colorimetric sensors is nanoparticle aggregation induced
strong plasmonic coupling and dramatic color changes. How-
ever, the aggregation is sensitive to many factors, including pH,
temperature, ionic strength, and charged molecules.””>””® The
NP surface chemistry plays a very important role in precise
control over the aggregation state, which affects the reliability
and reproducibility of color changes. Growth and etching-based
colorimetric sensors can be implemented in solution and on
substrates, which offer improved stability and reproducibility.
In this section, we will highlight some examples to illustrate
these mechanisms. Growth-based plasmonic sensors have been
developed to detect various analytes, including metabolites,””*
DNA,””® enzymes,””> protein biomarkers,”’® bacteria,””” and
viruses.””® The growth of plasmonic nanoparticles can be modu-
lated by enzymes. Common precursors include Au** and Ag" for
gold and silver nanostructure growth. For example, a plasmonic
ELISA based on Au NP growth modulated by enzymatic decom-
position of a reducing agent was reported by the Stevens
group.”’® Following a standard ELISA procedure, the reducing
agent, hydrogen peroxide (H,0,), and gold ion precursor solution
were introduced sequentially (Fig. 29a). In the presence of targets,
the enzymes linked to detection antibodies consume H,0,, slow
down the gold reduction in 2-(N-morpholino)ethanesulphonic
acid (MES) buffer and yield aggregated gold nanoparticles, which
result in blue color solution. In the absence of targets, the high
concentration of H,O, leads to a fast reduction and the Au NPs
are not aggregated, which yields red color solution. A distinguish-
able blue to red color transition happens in a narrow H,0,
concentration range between 100 and 120 pM. The method
enabled the detection of prostate specific antigen (PSA) and
human immunodeficiency virus HIV-1 capsid antigen p24 in
whole serum at an ultralow concentration of 1x 10 '® g mL ™.
Detecting p24 at such a low concentrations using a standard
ELISA format without the need for expensive nucleic acid-based
tests could offer a robust alternative for diagnosing HIV infection
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through naked-eye observation. Based on a similar approach,
Huang et al. reported naked-eye detection of Gram-negative Escher-
ichia coli (E. coli) and Klebsiella pneumoniae (K. pn) in urine
samples.””” These bacteria produce catalase that decomposes
H,0,, which modulates the growth of Au NPs to yield different
colors. This approach takes 85-100 minutes from sample collection
to analysis and provides a limit of detection of ~10° CFU mL ™"
Many enzymes, such as glucose oxidase,””* tyrosinase,””® and alka-
line phosphatase,””® can catalyze the decomposition of substrates
into reducing agents which induce nanoparticle growth. A simple
example is an enzymatic glucose sensor, in which H,O, was
generated in the presence of glucose and oxygen.””* The glucose
concentration is proportional to the amount of H,0O, produced to
modulate the NP growth. The same growth mechanism can also
expand to the detection of enzyme’”> and reducing agent’®° targets.
In addition to self-nucleation, Au and Ag growth can occur on many
predefined nanostructures, such as Au NSs,”* Au NRs,”** Au
NBPs,””® and Au NSTs.”””

Etching-based colorimetric sensing involves the etching of pre-
defined NPs by the targets or the intermediates produced following
the presence of targets. The predefined NCs include Au NSs,”** Au
NRs,”®" triangular Ag NPts,”®> Au NBPs,”*® and Ag-coated Au NSs.”®’
The etching-based colorimetric sensors have been reported to detect
various targets, including metal ions,”®* anions,”®® metabolites,”®*
DNA,”® proteins,”®" and exosomes.”° The presence of various ions,
such as Cl™, Br™, and CN~, can reduce the redox potential of gold
and silver and induce the etching under certain conditions.”®””#%7%!
This can be used to detect these ions in the presence of oxidizing
agents, including oxygen,”” hydrogen peroxide,””> and nitric
acid.”®* Similarly, targets with oxidizing ability, such as NO,~,
Cu®, and Cr*, can be detected after the redox potential of Au
and Ag decreases.”®®797®* The formation of Pb-Au alloys can
accelerate the etching of gold nanospheres in the presence of 2-
mercaptoethanol and thiosulfate (S,05>~), which was used to detect
Pb**.7#* Enzymatic reactions that produce H,O, to etch triangular
Ag NPts”® or Au NRs”® can be used to detect glucose. The H,0,
produced in ELISA can be used to detect DNA based on color
changes in the etched silver triangular nanoplates.”® Another
universal way was based on the TMB>' produced in the HRP-
3,3,5,5"-tetramethylbenzidine (TMB) ELISA, which etches gold
nanorods to yield vivid color responses (Fig. 29b).”*" TMB** shor-
tened Au NRs in the presence of cetyltrimethyl ammonium bromide
(CTAB) within 90 seconds. This led to a blue shift of LSPR peak and
a colorful transition from brown (Au NRs) to pink (Au NSs). The
colorless solution indicates the thorough oxidization of Au NRs into
AuBr,~ and the yellow color at even higher TMB*" concentrations is
due to excess TMB*", The multichromatic response allows for semi-
quantitative detection of carcinoembryonic antigen and PSA with
naked eyes with low LODs at ~2.5 ng mL~ " and ~75 pg mL ™/,
respectively. The approach can be adapted to other biomarkers with
such a simple add-on step, which changes a monochromic response
from the traditional colorimetric assay to a multicolor display.

In plasmonic-coupling-based colorimetric sensors, analytes
can modulate aggregation or dispersion of plasmonic NPs,
generating a colorimetric response. The reported plasmonic
NPs include Au NSs,””® Au NRs,””” AuAg nanoshells,”®* and
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Fig. 29 Colloidal NP-based colorimetric sensing examples categorized according to signal generation mechanisms. (A) NP growth: ultrasensitive
detection of prostate specific antigen and HIV-1 capsid antigen p24 based on the growth of gold NPs band reproduced with permission from ref. 776
Copyright Nature publisher (B) NP etching: multichromatic semiquantitative immunoassay enabled by TMB2*etched Au NRs band reproduced from ref.
781 with permission from Elsevier publisher, Copyright 2017 (C) NC plasmonic coupling: (i) specific and sensitive detection of SARS-CoV-2 RNA through
the agglomeration of gold-silver alloy nanoshells involving loop-mediated isothermal amplification reproduced from ref. 782 with permission from
Wiley-VCH publisher, Copyright 2022 (ii) Trypsin detection by modulating the aggregation of Ag-coated Au NRs reproduced from ref. 783 with
permission from ACS publisher, Copyright 2022.

Ag-coated Au NRs.”®® The plasmonic-coupling-based colori- interaction between high-affinity ligand-modified nano-
meter sensors have been reported to detect various targets, particles. For example, an HRP-mediated, iodide-catalyzed cas-
including metal ions,”®® proteins,”*® DNA,”* bacteria,®”® and cade reaction was reported to control the oxidation of cysteine
viruses. A common approach is to modulate the weak to cystine and the following dispersion/aggregation of Au NPs
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for the detection of proteins.””® An enzyme-free colorimetric
sensor was based on the release of cysteine from liposomes and
subsequent aggregations of Au NPs.®%° This approach enabled
the visual detection of single-digit bacteria and target antibo-
dies at an attomolar concentration. Plasmonic NPs can be
functionalized with an aptamer, DNAzyme, or probe DNA,
which changes color after complementary DNA is added to
initiate DNA hybridization and NP aggregation.”*>*"" Ye et al.
demonstrated specific and sensitive naked-eye detection of
SARS-CoV-2 RNA with a low limit of detection at 10 copies per
reaction and a ~75-min assay time (Fig. 29¢, i).”®> The RNA was
reverse transcribed and amplified with loop-mediated isother-
mal amplification. The amplicons were then prepared into
short repeats in oligonucleotides. For colorimetric readout,
the oligonucleotide-functionalized AuAg alloy nanoshells were
introduced, and a color change from red to yellow was induced
by the agglomeration of the plasmonic nanoshells via DNA
hybridization within 10 min at 65 °C. The AuAg nanoshells as
plasmonic sensors show 4 times stronger extinction and 20
times lower limit of detection compared to gold counterparts.
Creyer et al. constructed a colorimetric assay using core-shell
AuAg NPs for trypsin detection.”®® In this application, the
authors investigated three types of nanostructures, including
Ag-coated Au NRs with orange slice shape, Au-coated Ag NSs
with spherical shape, and Ag-coated Au NRs with nanocuboid
shape. Cysteine-containing peptides (Gly-Cys-Gly-Lys-Gly-Cys-
Gly) were used to mediate the aggregation of NPs, producing
a color response from orange to blueish grey (Fig. 29c, ii). In the
presence of trypsin, the crosslinker is cleaved, and the aggrega-
tion of the NPs is attenuated. Among the three nanostructures,
the orange slice-like Ag-coated Au NRs showed the strongest
colorimetric response and provided a low LOD of trypsin at
~0.5 nM.

Plasmonic colorimetric sensors have the potential to detect
a wide range of analytes, including ions, metabolites, proteins,
bacteria, and viruses, at point-of-care and resource-limited set-
tings. Colloidal colorimetric sensors rely on chemically synthesized
Au and Ag NPs, which are low-cost and easy to scale up compared
to lithography-fabricated plasmonic NPs on substrates. To further
reduce material cost, plasmonic NPs made of other materials, such
as copper, aluminum, and magnesium, can be considered.*’>
Surface functionalization plays an important role in achieving
the desired sensitivity, specificity, and stability of colorimetric
sensors. The growth-based and etching-based colorimetric sensors
offer better stability and reproducibility than the plasmonic
coupling-based approach. Further improvement can be realized
by immobilizing nanomaterials on low-cost substrates, such as
paper and foam, which enables highly uniform nanostructure
immobilization and easy integration with a microfluidic
platform.®*#1* The strategy to enable multiplexed detection with
a small volume of samples is useful for many applications, such as
disease diagnosis and health monitoring.®***"* The specificity of
colorimetric sensors needs vigorous testing against potential
interferents, considering the complexity of real samples in targeted
applications. To achieve specificity, many sensors utilize antibo-
dies and enzymes, which have limited stability at room
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temperature and under harsh environmental conditions. Stable
biorecognition elements, such as molecular imprinted polymers and
aptamers, can be utilized to address this challenge.®*¥'® Alterna-
tively, preservation materials, such as glycerol, organosiloxane, silk,
and metal-organic framework, can be deployed to enhance biomo-
lecule stability and prolong sensor shelf life.®***""*'* Among these,
the best-performing materials require removal to make biomolecules
accessible for specific interaction with targets, which complicates the
implementation in colorimetric sensor operation. There is still a
need to develop superior materials to provide robust preservation
capability, which can be easily implemented in high throughput and
low cost. Another challenge is to detect analytes by differentiating
the changes in color wavelength and intensity with the naked eye. A
promising solution is to use a smartphone camera, which is widely
available, with image-processing algorithms to achieve robust detec-
tion and quantification of targeted analytes.

5.4. Lateral flow assays (LFAs)

LFAs are another type of plasmonic NP-based sensor whose
response is also based on colorimetry.?>*#*> LFAs are paper-
based biosensors in which the sample flows by capillarity, drag-
ging with it the nanoparticles to the areas where the recognition
takes place, the test and control lines (TL, CL). In fact, these types
of biosensors are an evolution of paper chromatography®>* and
the technology behind well-known products as the pregnancy
test. LFAs are ideal for point-of-care (POC) testing,”* where the
patient is located, either in the hospital (diagnostics), at home (it
grants the patient a plus of privacy) or even in the field (environ-
mental sensing). The qualities that make LFAs so suitable for
POC are their portability, easiness of use (no special training is
required, and any person can use them) and the fact that they are
completely battery and equipment-free. In addition, LFAs are very
affordable and sustainable, since the main component is, as we
said, paper (cellulose and nitrocellulose). The common design of
a LFA is a paper-strip composed of 4 different pads,®****° as
illustrated in Fig. 30. A sample pad is generally composed of
cotton fiber (cellulose), although other materials such as polye-
ster, polypropylene and glass fiber can be also employed, and it is
where the sample is dropped (Fig. 30a).

A sample pad is normally pre-treated with salts, which will
act as buffer for all the reactions across the strip, and other
compounds such as surfactants, that may contribute the fluidic
or releasing the sample (e.g. by breaking a viral capsid). The
sample will then flow to the conjugate pad (Fig. 30b), com-
monly made of glass fiber, polyester, or polypropylene,
although hybrid materials have been emerging during the last
years (e.g. Fusion 5).%® In the conjugate pad there is a nano-
conjugate (NP conjugated with a bioreceptor, e.g. an antibody
or a DNA strain, that specifically recognizes the target analyte)
dry stored that will be rehydrated and dragged by the flow. The
nanoconjugate captures the target analyte, if present in the
sample, and flow together throught the detection pad. The
detection pad is made of nitrocellulose on a plastic support.
The two parameters of this material that are key for the assay
are: the pore size of the paper, which will control the flow speed
(being s/4 cm a common flow unit given by nitrocellulose
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manufacturers), and the affinity for the proteins (related to the
amount of nitro groups on the nitrocellulose structure) which can
be tuned by pre-treating the material with surfactants or proteins.
In the detection pad there are the TL and CL are in the detection
pad (Fig. 30c). When color is visible in the TL the response is
positive (the analyte is present on the sample). TL consists of a
bioreceptor able to capture the analyte, which at the same time is
attached to the nanoconjugate, thus in a positive sample a “sand-
wich” recognition takes place (TL bioreceptor — analyte - nanocon-
jugate bioreceptor - nanomaterial). CL indicates if the assay is
working properly. Thus, CL presents a printed bioreceptor that
targets the bioreceptor of the nanoconjugate. The absence of CL
may indicate a failure in the assay therefore considering the result
null. If the sample is negative (Fig. 30d) there will be no recognition
on TL and thus only CL will be visible. The methodology described
follows the “standard” or “direct” LFA mechanism, however, other
systems employ “competitive” or “indirect” strategies, not discussed
within this review, which are less reported but useful for cases in
which the analyte is too small and the “sandwich” recognition may
not work due steric hindrances between the bioreceptors.®*®

LFAs can be employed for the recognition of different types of
analytes, from proteins and hormones,*”” to allergens in food,**®
or dust,?®° bacteria,®*° DNA,**' extracellular vesicles,®*?> and even
heavy metals;*** practically any type of analyte as long as there is a
bioreceptor able to carry on the recognition. Actually, LFAs can be
used for multiplexing, detecting several analytes at the time by
placing several TL on the strip, or a dots array instead.®**%%

5.4.1 Signal enhancement on LFAs using nanomaterials.
Thanks to the plasmonic properties of nanomaterials, the
response on LFAs can be quantified by relating the colour
intensity of the TL with the concentration of analyte in the
sample. This signal value can be measured by simply using a
smartphone®*® or by using commercially available SPR readers
specially designed for LFAs.**” Among the different nanomater-
ials, Au NPs stand as the most commonly used nanomaterial in
LFAs®*"%% due to its strong red colour, easy synthetic procedure
(Turkevich method)®*® and biocompatibility with bioreceptors
(e.g. antibodies or DNA).#*%7841

2140 | Nanoscale Horiz., 2024, 9, 2085-2166

flow/, copyright 2023.

There exist several strategies that can be carried out using
nanomaterials to enhance the colorimetric signal,®***** such as
increasing the ratio of nanoparticles per unit of analyte (which
can be done by combining nanoparticles together to increase
the plasmonic intensiry,*****> or by reducing the number of
bioreceptors on the surface of non-spheroidal nanoparticles,**®
so each nanoparticle captures a minimum amount of target
analyte units), exploring novel nanomaterials with stronger
plasmonic response (e.g. C dots®**” or IrO, NPs®**®) and even
fluorescent properties,®*° using nanomaterials to modify the
paper substrate properties,®****! relying on secondary reac-
tions to enhance the colorimetric signal (e.g. nanozymes:
mimicking enzymatic reactions using NPs),**>*%* modifying
paper architecture (altering the flow across the strip)****>> or
seeking for novel sensing techniques, as thermochromism.®>°
Some selected examples are explained below with more detail.

NP clusters (nanoclusters) exhibit higher sensitivity levels
than single particles on LFAs,**® however working with them
can be hard since they easily tend to aggregate. Oh et al
synthetized colour-preserved Au NPs clusters stable against
aggregation for LFAs.*” In their work, they compared different
clusters selecting those of 40 nm diameter Au NPs, in which the
particles remained stably separated with a gap around 15 nm
thanks to streptavidin and biotinylated antibodies (Fig. 31a).
Their LFA exhibited a LoD of 0.038 ng mL ™" for the SARS-CoV-2
nucleocapsid protein; this is around 4000 times lower than a
non-enhanced LFA for a model protein (e.g. human IgG).**° 1t
must be noted that authors may use different methods to
calculate LOD values, so the comparison between systems is
not always “precise”’. We recommend calculating the LOD from
the equation of the calibrate, e.g. fix) = a + b-log(x), considering
as “f(x)” the value of blank plus 3.3 times its standard deviation
and then isolating from the equation the concentration para-
meter “x” as the LoD value.**®

Graphene has the property to quench (turn-off) the fluores-
cence of several nanomaterials (e.g. nanoclusters®*® and quan-
tum dots,**" QDs), and this property can be also applied inside
the LFAs.®*® Morales-Narvéez et al.**' and Hassan et al.**° took

This journal is © The Royal Society of Chemistry 2024


https://www.sensor100.com/Sens_Tech_Dir/lateral-flow/
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4nh00226a

Open Access Article. Published on 20 Liigen 2024. Downloaded on 01/11/2025 2:14:45 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale Horizons

A Gap (~ 15 nm) between AuNPs

SARS-CoV-2 mucieccapsid proteins [ng mL-1)
0001010308 1 3 5 10 3 100 1600

TTTEES:
TR
z= FTTTITEE:
22 M

Botnylated
antibody

@ : Steptavin

C

0 10 30 S0 75 |00300500’750|000

RERACERERE "r-[;g::t:

efore TN 1B

.
jﬂrc T™B

Phomanig0] ing e )

D

0 10 30 S0 75 100 300 500 750 1000

Addition
of TMB

e

Enzyme-driven

“ oxidation reaction .
o

after TMB

Testine pesk voke (a)

Phaman 150 (g e

Fig. 31

View Article Online

Review

&

#997  Bofore GO

®
®

After|GO

4 noaln a |t oa
11O 1/1©

IR camera
Lo 0 mMin, Trea 3 MIN, Tyuge

Thermal image

Sample

o JorsJise ).u ns{us 2
n (gt
P 25 [12s

(A) Streptavidin-stabilized Au NPs nanoclusters for LFAs. Reproduced from ref. 857 with permission from Elsevier, copyright 2022 (B) Fluorescent

response observed on QDs-based LFAs in which the signal is quenched by graphene. Reproduced from ref. 859 with permission from Elsevier publisher,
Copyright 2019. (C) Enzymatic reaction using an artificial enzyme to enhance LFAs response. Reproduced from ref. 852 with permission from Wiley-VCH
publisher, Copyright 2023 (D) Au NPs being heated on a LFAs and thermochromically measured. Reproduced from ref. 856 with permission from RSC

publisher, Copyright 2023.

advantage of this effect and designed a system very different
from conventional LFAs: they immobilized QDs on TL and CL.
QDs were conjugated to the antibodies recognizing the target
(the bacterium Escherichia coli in both cases), and bare QDs
were immobilized in CL. After the bacteria has been added to
the strip, the graphene solution is dropped and quenches the
fluorescence of QDs, except if bacteria are there (in the TL)
since it generates a gap between QDs and graphene, impeding
their quenching. Thus, if the sample is negative, all the
fluorescence, both TL and CL, are quenched. If the sample is
positive, after adding graphene only the TL should be visible
(Fig. 31b). The response can be quantified with a table fluores-
cence reader,®® reaching a LOD as low as 10° CFU mL ™", only
100 times greater than commercial ELISA kits.**®

As previously mentioned, another way to enhance the signal
on LFAs is by carrying out enzymatic colorimetric reactions on
the nanomaterials, which may act as nanozymes.®>® However, in
the work of Renzi et al. they immobilized an artificial metal-
loenzyme (a.k.a. mimochrome) called “FeMC6*a” on Au NPs,*>
claiming its advantages over nanozymes. In the assays, nano-
zymes may lead to some irreproducibility issues due to little
variations in NPs shape and size can provoke variations in the
catalytic reactions. Instead, metalloenzyme behaviour imitates
the molecular level behaviour of enzymes, being able to repli-
cate native enzyme functions with greater reproducibility.*** So,
in the work of Renzi et al., FeMC6*a was immobilized on Au NPs
and, after running the assay as a standard LFA, a substrate
(3,3',5,5'-tetramethylbenzidine, TMB) was added to the strip
that, when oxidized by the metalloenzyme, increased the colour

This journal is © The Royal Society of Chemistry 2024

intensity of the TL (Fig. 31c). With this method the LOD of the
assay was decreased from 36.4 to 8.2 ng mL ™"

As a last example, Trakoolwilaiwan et al. explored different
nanomaterials for their application in thermochromic LFAs, as
a new signal quantification method.®*® It must be highlighted
that the orientation of plasmonic NPs has a great impact on the
ability to be heated, since the closer the particles can be, the
greater the heat transmission. Then, as they found, spherical
Au NPs exhibited greater response when heated by LED light
and measured by an IR camera (Fig. 31d), compared to other
structures such as NRs, which difficult the contact among the
nanomaterials. They observed that the working range of their
LFAs did not differ too much from conventional optical LFAs.
However, the sensitivity of the assay (the capacity to discern
between close values, i.e. the slope of the calibration plot) was
greater, allowing a better quantification. Thermal measure-
ments on LFAs have reported up to an 8-fold increase in the
sensitivity of the assays.®®®

5.4.2 Prospects of LFAs. There is a lot to explore regarding
the known and new properties of plasmonic nanoparticles and
their application on LFAs. As we have explained, nanomaterials
exhibit a great potential to enhance the signal on these types of
sensors. We strongly believe that the future of LFAs will move to
seek more precise quantification, and for that purpose, new
methods for translating the signal (besides the naked eye) will
emerge. Apart from plasmonic methods, electrochemical-based
techniques®*%%4>843:86¢ (not discussed within the topic of this
review) are of great potential and could help to improve the
quantification when using nanomaterials in the assay.
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However, the integration of electrodes on a paper substrate is
not an easy task.*®” Also, electrokinetic methods (e.g. electro-
phoresis) may add extra advantages to the performance (e.g
matrix washing, interfering species removal, etc.).5**%%° The
bioreceptors employed on future LFAs will change as well, from
classical immunoassays (i.e. antibodies) to molecular biosensing
(i.e. DNA and derivate probes, such as aptamers),*’**”* not only
because of the robustness and inexpensiveness of these probes
but also because of the possibility of integrating DNA amplifica-
tion techniques inside the LFA protocol.*”> For example, the
isothermal amplification method based on recombinase poly-
merase amplification (RPA) has been already widely reported on
LFAs.*”*%7 In any of these cases, the use of smartphones as a
tool to interpret the response is feasible. Smartphones have the
potential as “partners” of LFAs, not only to record the result, but
to explain the test procedure, provide electrical supply to the test
(if necessary), or share the response with a clinician or specialist,
among many other possibilities.®*®

6. Chiroptical sensing

Chirality is a universal phenomenon observed at various length
scales ranging from small molecules, NPs, and large
structures.’”*%”” Of special interest has been the chiral signa-
tures in amino acid units, which are the building blocks of
proteins. Protein chirality can further extend to complex struc-
tural units which in turn has resulted in the induction of optical
activity into other biomolecular systems such as DNA and RNA.
Due to the rich abundance of optically active species in living
systems, the development of sensing platforms dependent on
chiroptical spectroscopy can be a powerful tool for the detection
of biologically relevant molecules.’’® Realizing these facts,
different research groups have focused their attention towards
the development of chiroptical sensors that are relevant to the
detection of various diseases and biomarkers.®”*#%°

Among different classes of biosensors that rely on chiroptical
spectroscopy, the ones based on chiral plasmonic nanomaterials,
owing to their ability to focus light onto nanoscale dimensions,**"*%>
have emerged as promising candidates for applications in the
field of biomedical research.®®*#%* Most sensors rely on circular
dichroism (CD) which measures the differential absorption of
left- and right-circularly polarized light. In this regard, plasmonic
nanostructures, due to their large absorption and scattering cross
sections, can generate intense CD signals. Recent advances in
synthetic protocols have offered versatile avenues for the fabrica-
tion of a wide range of nanomaterials.®®> Efforts in this direction
have resulted in the fabrication of chiral nanostructures with
enhanced sensing capabilities.®®*
attomolar and zeptomolar concentrations have been achieved
rendering this class of sensors extremely relevant in the field of
forensic science, drug industry, and biomedical applications,
areas that demand very high sensitivities.®”***® Moreover, these
nanomaterials generate chiral plasmonic signals in the visible
and NIR regions of the EM spectrum, a spectral range that is clear
from the interference of biomolecule and solvent signals.

Detection limits as low as
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The interaction of plasmonic NPs with chiral analytes can
generate plasmonic CD signals that can be used as a biosensing
platform. Depending on the nature of interactions and the
mechanism of chiral induction, plasmonic chirality for biosen-
sing applications can be broadly divided into two classes; (i)
assembly of achiral NPs on the chiral templates leading to the
generation of coupled plasmonic CD signals™”-***"%" and (ii)
generation of induced plasmonic CD through the interaction of
chiral molecules with the plasmonic field of achiral Nps.®>~%%
The following section will discuss a few examples wherein
plasmonic CD signals generated through these two approaches
are used for sensing of biologically relevant analytes.

6.1. Template-assisted NP assemblies

Plasmonic NPs, due to their unique LSPR properties that enable
the trapping of light into nano-dimensions, experience larger
chiroptical responses compared to their molecular counterparts.
However, self-assembly of these NPs into chiral geometries, results
in plasmonic coupling between adjacent NPs leading to intense
chiroptical responses that aid sensing of the analytes at extremely
low concentrations.*”**" One of the common techniques to fabri-
cate chiral-shaped nanostructures and their assemblies is electron-
beam lithography. However, the technique is limited by scalability
and high cost, and hence we will focus our discussion on the
various solution-processed bottom-up approaches developed for the
synthesis of chiral NP assemblies. DNA, RNA, peptides, proteins,
and other biomolecular assemblies act as robust templates for the
assembly of NPs, and some of the relevant examples are discussed
in the following section.'”5¢-8%

Initial studies on the generation of plasmonic chirality
relied on the use DNA and peptides, even though the objective
then was not on the biosensing.®®*®*®” Thomas and co-workers,
in one of the initial reports, used self-assembled peptides to
obtain mirror image plasmonic CD signals from Au NPs
attached to opposite isomers of the peptide surface.®®” Since
then, there has a large number of reports on generation and
tuning of plasmonic chirality using a variety of templates.
Recent efforts in this direction have focused on finding applica-
tions for nanohybrid systems, with biosensing is at the forefront
of all of these endeavors. Liz-Marzan and co-workers utilized the
assembly of NRs on the protein fibrils formed from a-synuclein
for the detection of Parkinson’s disease (Fig. 32a)."*” The chiral
nature of the fibrils facilitated helical assembly of NRs which in
turn generated plasmonic CD signals in the visible and NIR
region (Fig. 32b). Fibrillation of protein being a hallmark of
neurodegenerative diseases, the chiral plasmonic signals could
be used for the detection of Parkinson’s disease. Kuang and co-
workers developed a DNA-based detection platform for the
sensing of mycotoxin, namely, ochratoxin A (OTA).**® Chiral
satellite superstructures synthesized using core-shell Ag@Au
NPs (functionalized with OTA aptamers) and Au NSs (functio-
nalized with complementary sequence of OTA aptamers) exhi-
biting intense negative CD signal at 530 nm was employed as
the plasmonic platform. Upon addition of OTA, the superstruc-
tures disassembled leading to a gradual reduction in the CD
signals as a function of OTA concentration. The linear fit could

This journal is © The Royal Society of Chemistry 2024
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Fig. 32 Detection of Parkinson's disease. (A) TEM image depicting the assembly of Au NRs on protein fibrils and (B) the corresponding CD spectra
showing an enhancement as the assembly progresses. Spectra in the inset shows no CD for NRs in the native protein sample. Reproduced from ref. 137
with permission from PANAS publisher, Copyright 2018. (c,d) Detection of miRNA. (C) TEM image of NRs encapsulated by PS-PAA in culture medium
(scale bar = 100 nm). (D) CD spectra side-by-side assembled dimers of bare Au NRs (green trace) and NRs encapsulated by PS-PAA in PBS buffer (red
trace) and culture medium in the presence of 100 pM of synthetic microRNA-21 (right). Reproduced from ref. 890 with permission from Wiley publisher,
Copyright 2018 (E) Unfolding of BSA upon adsorption to MUTAB-AuNRs. CD spectra of BSA (black trace), MUTAB-AuUNRs alone (red trace), BSA/MUTAB-
AuNRs (blue trace), centrifuged BSA/MUTAB-AUNRs (green trace) Reproduced from ref. 891 with permission from ACS publisher, Copyright 2016.

890

be used for the qualitative and quantitative detection of OTA. In
different approach, Liedl and co-workers used DNA origami
template to generate switchable plasmonic chirality that could
detect specific RNA at picomolar concentrations.®*°

Xu and co-workers used the side-by-side assembly of Au NRs
for the detection of microRNA (miRNA). DNA functionalized Au
NR dimers were further stabilized with poly (styrene-b-acrylic

This journal is © The Royal Society of Chemistry 2024

acid) (PS-PAA) for intracellular stability and biocompatibility.
miRNA driven side-by-side self-assembly of the PS-PAA-coated
Au NRs in living cells generated distinct plasmonic CD signals
that helped the in vivo detection of miRNA in picomolar
concentrations (Fig. 32c and d). BSA detection through the
aggregation of mercaptoundecyltrimethylammonium bromide
(MUTAB)-coated Au NRs was demonstrated by Link and
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co-workers.5*

Adsorption of BSA on the NP surface led to the
unfolding of the protein. Subsequent interactions between the
unfolded proteins drive the NP aggregation resulting in plas-
monic CD signals (Fig. 32e). Au NR aggregation at nanomolar
concentrations of BSA facilitates the use of plasmonic plat-
forms for biosensing applications. Kotov and co-workers stu-
died the cell internalization of NPs using plasmonic CD signals
from assembled NR dimers.**> DNA-bridged chiral NP dimers
upon introduction to mammalian cell media showed a varia-
tion in the magnitude and sign of CD signal for NPs inter-
nalized in the cell. The CD reversal was attributed to the
spontaneous twisting motion around the DNA bridge due to
changes in the electrostatic repulsion between NP in a dimer
during the transmembrane transport. There are several reports
on similar NP assemblies being used for applications such as
drug screening, and detection of other biologically relevant
analytes. The enhancement in signal intensity during the
assembly process makes this approach an attractive tool for
the highly sensitive detection of analytes.

6.2 Induced plasmonic chirality as a biosensing tool

Another approach for the generation of plasmonic CD signals is
through the Coulombic interaction between a chiral molecule
and an achiral NP. While there are different classifications to
such an effect, we restrict our discussions to the plasmon-
coupled circular dichroism phenomenon which deals with the
chiral induction into nanoantenna by a chiral molecule through
dipolar or multipolar interactions. Govorov et al. framed detailed
theoretical formulations for these effects and attributed the
origin of plasmonic chirality to different mechanisms such as
far-field EM coupling, near-field interactions, and orbital
hybridization.*>* The initial investigations in this direction were
carried out by Naik and co-workers who created optically active
Au NPs through their interaction with random coil and o-helix
peptides as chiral analytes.®** The peptide-Au NP interactions
produced plasmonic CD at the LSPR of Au NPs. Later, the same
effect was widely used for the generation of plasmonic CD signals
in achiral NPs that were coupled with a wide variety of chiral
molecules, such as DNA, peptides, proteins, and dye molecules.

Markovich and co-workers used a chiral molecule riboflavin
to induce chiral plasmonic signals into Au islands deposited on
a glass slide.®*> While the Au islands coated with the achiral
polymer, poly (methyl methacrylate) (PMMA), did not exhibit
any CD signals, riboflavin-embedded PMMA when coated onto
the Au islands showed CD peaks in the plasmonic region
(Fig. 33a). They could further demonstrate the distance depen-
dence of the same effect by coating an achiral polyelectrolyte
spacer between the Au island and the chiral layer. Enhanced
plasmonic CD signal in achiral core-shell Au@Ag NCs was
achieved through DNA attachment by Gang and co-workers.??°
The greater sensitivity was attributed to the lower plasmon loss
and stronger LSPR enhancement of Ag compared to Au in the
visible region of the spectrum. There have been several
attempts to obtain higher sensitivity by modifying the composi-
tion as well as the morphological features of the synthesized
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nanostructures. Attempts in this direction have led to a unique
phenomenon termed as hotspot enhanced plasmonic chirality.

The theoretical formulations for hotspot-enhanced plasmo-
nic chirality were first provided by Zhang and Govorov on Ag
nanosphere dimer with varying gap space.®®® Later, Liedl and
co-workers experimentally verified this effect on Au NP dimers
assembled using DNA-origami.**” They could observe orders of
magnitude CD enhancement which could be attributed to the
high field created at the hotspots of NPs (Fig. 33b). Recently,
Severoni et al. demonstrated the hotspot-driven chiral enhance-
ment in linearly assembled Au NRs wherein chiral bile salt
derivative was used as the linker (Fig. 33¢).**® This peculiar effect
has the potential to develop into an efficient platform reaching up
to single-molecule detection. However, the major challenge is to
precisely position the analytes at the plasmonic hotspots. In short,
it can be summarized that the advancement in the field of NP
synthesis has boosted the potential of chiral plasmonic detection
platforms to a great extent. However, a lot needs to be explored in
understanding the analyte structural/conformational changes and
their interaction with the NPs at the molecular level. Further
experimental and theoretical investigations can help understand
these fundamental effects better. Future challenges also lie in
demonstration in in vivo experiments and transitioning the
detection tool for application in the market.

7. Outlook

Plasmonic NP-based sensors have emerged as formidable tools
across a diverse array of applications. Even before a compre-
hensive understanding of their colorimetric properties, these
NPs were used as colorimetric sensors, gradually evolving into
practical applications such as LFIAsLFIAs, now commonplace
in-home diagnostics. Subsequent comprehension of the princi-
ples governing their colorimetric behavior, coupled with
advancements in SPR technologies, opened new vistas for
plasmonic sensors. However, the discovery of SERS catalyzed
an exponential surge in the development of new plasmonic
nanoparticle sensors.

Despite the significant advantages offered by surface-
enhanced characterization techniques, including theirtheir
non-invasive nature, real-time monitoring capabilities, and
multiplexing potential, theirtheir adoption outside academia
has been relatively limited, failing to transition seamlessly into
industrial settings. Numerous studies showcasee the excep-
tional detection limits and selectivity of plasmonic NP-
basedbased sensors across various applications, yet translating
this technology into practical use faces several hurdles.

Foremost among these challenges is the development of
commercial plasmonic NP-based sensors sensors that meet
industrial requirements: reproducibility, stability, and cost-
effectiveness. Recent strides in this area have been promising,
with notable progress achieved in fabricating nanostructures
withwith excellent quality and tailored morphologies. In some
instances, these advancements have led to the creation of
nanostructures with smaller, more precisely engineered 2D
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(A) Induced chirality in Au islands. CD spectra of bare Au islands (blue trace), riboflavin molecule (green trace), and Au Island with riboflavin

embedded in PMMA (red trace). Reproduced from ref. 895 with permission from ACS publisher, Copyright 2013. (B) Hotspot-enhanced CD in DNA
origami-assembled Au NP dimers. Compared to the bare DNA origami template (purple), 30-fold and 300-fold amplified CD is observed for Au NP
dimers (green trace) and Au NR dimers (red and brown traces). Scale bars = 40 nm. Reproduced from ref. 897 with permission from ACS publisher,
Copyright 2018 (C) Hotspot enhanced CD induction in linearly assembled Au NRs. Bile salt derivative acts as the linker for the linear assembly of NRs
Reproduced from ref. 898 with permission from ACS publisher, Copyright 2020.
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and 3D nanogaps. Such innovative fabrication strategies and
techniques have facilitated the rapid, cost-effective, and repro-
ducible large-scale production of substrates and nanotags exhi-
biting robust signal responses, suitable for both general-
purpose and target-specific sensing applications. However,
further investigation is needed in areas such as the development
of flexible plasmonic nanoparticle substrates that facilitate on-
site analyte collection and transportation for later characteriza-
tion, as well as their integration into small devices or even
wearable devices. Another necessary improvement is finding a
way to reuse the plasmonic substrates without a loss in effi-
ciency. Significant advances have been made by applying UV
light or plasma etching, but further investigation is required.

For plasmonic SERS sensors, a significant obstacle lies in
the interpretation of SERS spectra. Despite theirtheir immense
potential, the complex and intricate nature of SERS spectra
often poses challenges in accurately deciphering and extracting
meaningful information. The inherent variability in spectra
associated with substrate fabrication arisesarises from factors
such as nanoparticle size, shape, composition, and hotspot
distribution, as well as the influence of the surrounding
environment, complicatinging spectral analysis. Furthermore,
the presence of spectral features originating from multiple
analytes,contaminants, or plasmonic NP ligands further exacer-
bates the issue, confounding the identification and quantifica-
tion of target molecules. Addressing these challenges requires
innovative approaches, and one promising avenue is the inte-
gration of artificial intelligence or machine learning protocols.
Machine learning algorithms offer a powerful means to navi-
gate the complexity of SERS spectra, enabling the extraction of
valuable insights and facilitating the identification of relevant
spectral features. By leveraging advanced data processing tech-
niques, machine learning algorithms can discern subtle pat-
terns within spectra, discriminate between different analytes,
and mitigate the effects of spectral variability. Moreover,
machine learning models can adapt and improve over time,
refining their predictive capabilities and enhancing the accu-
racy of spectral interpretation. Integrating machine learning
protocols into SERS-based sensing platforms holds immense
potential for enhancing analytical performance and expanding
the scope of applications. By harnessing the complementary
strengths of machine learning and SERS spectroscopy,
researchers can unlock new opportunities for sensitive, selec-
tive, and reliable detection across diverse fields, ranging from
biomedical diagnostics to environmental monitoring and
beyond. Moreover, the synergistic combination of these tech-
nologies paves the way for developingdeveloping autonomous
sensing systems capable of real-time, on-site analysis, thereby
revolutionizing traditional analytical workflows and empower-
ing users with actionable insights in various settings.

On the other hand, SEF applications also benefit from the
implementation of machine learning algorithms to filter back-
ground noise and autofluorescence as well as to separate over-
lapping spectral features from the fluorophores and the metallic
nanostructures, leading to clearer and more accurate fluores-
cence signals. However, the major limitation in this case is

2146 | Nanoscale Horiz., 2024, 9, 2085-2166

View Article Online

Nanoscale Horizons

controlling the interaction between plasmonic nanoparticles
and fluorophores to overcome the quenching effect. Controlling
the distance between the fluorophore and the metal surface
requires precise control and still needs further investigation.

Plasmonic colorimetric sensors require NP surface functio-
nalization to achieve the desired sensitivity, specificity, and
stability. Their major limitation is specificity since, considering
the complexity of real samples in targeted applications, they
can suffer from potential interferents. To avoid this limitation,
many sensors utilize antibodies and enzymes, which have
limited stability at room temperature and under harsh environ-
mental conditions. However, this challenge continues to need
addressing through new and more complex functionalization
options. In the particular case of LFA, apart from finding new
possible functionalizations for the plasmonic NPs, it is neces-
sary to search for new bioreceptors such as DNA aptamers that
could allow the integration of DNA amplification techniques
into the LFA protocol. Also, another key parameter for the
future improvement of LFAs is the employment of more precise
quantification techniques besides the naked eye, such as the
combination with SERS spectroscopy.

Chiral plasmonic detection platforms are a relatively new
characterization technique that still requires further exploration
to understand the analyte structural/conformational changes
and their interaction with the NPs at the molecular level.
Further experimental and theoretical investigations can help
understand these fundamental effects better. In general, one
major area for future development is the integration of plas-
monic NP-based sensors with modern digital and communica-
tion technologies. Combining plasmonic sensors with
smartphones, portable devices, and Internet of Things (IoT)
platforms could enable real-time, remote, and user-friendly
diagnostics. For example, the integration of LFA sensors with
smartphones will allow the recording of the test result, guaran-
teeing its correct interpretation, and even sharing the response
with a clinician or specialist if necessary. This integration
requires advancements in miniaturization and the development
of robust, cost-effective, and easy-to-use sensor Kkits.

In conclusion, plasmonic NP-based sensors have a bright
future with the potential to revolutionize various fields, including
medical diagnostics, environmental monitoring, and security. By
addressing the current challenges and leveraging technological
advancements, these sensors can become indispensable tools for
real-time, highly sensitive, and specific detection of a wide range
of analytes.
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