
Citation: Gao, S.; Guo, Z.; Liu, Z.

Recent Advances in Rational Design

and Engineering of Signal-

Amplifying Substrates for

Surface-Enhanced Raman

Scattering-Based Bioassays.

Chemosensors 2023, 11, 461.

https://doi.org/10.3390/

chemosensors11080461

Academic Editor: Rui Martins

Received: 25 July 2023

Revised: 10 August 2023

Accepted: 13 August 2023

Published: 16 August 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

chemosensors

Review

Recent Advances in Rational Design and Engineering of
Signal-Amplifying Substrates for Surface-Enhanced Raman
Scattering-Based Bioassays
Song Gao, Zhanchen Guo and Zhen Liu *

State Key Laboratory of Analytical Chemistry for Life Science, School of Chemistry and Chemical Engineering,
Nanjing University, Nanjing 210023, China; song.gao@smail.nju.edu.cn (S.G.); zcguo@smail.nju.edu.cn (Z.G.)
* Correspondence: zhenliu@nju.edu.cn

Abstract: In recent decades, surface-enhanced Raman spectroscopy (SERS) has become a powerful
detection scheme for many applications, particularly bioassays, due to its unique strengths, such as
its ultrasensitive performance. Due to the development of various SERS substrates, more SERS-based
bioassays with improved sensitivity and reproducibility have been designed and manufactured.
SERS is able to provide the intrinsic vibration information of molecules through the unique Raman
fingerprint to enable direct detection and quantitation. Meanwhile, with the assistance of Raman-
active labels, biomolecules, like proteins and nucleic acids, can be detected by the immunosandwich
assay. In this review, we focus on the rational design and engineering of signal-enhancing substrates
for SERS-based bioassays. Those substrates are classified into two categories, i.e., nanoparticles in
colloidal suspension and nanostructures on a solid support. Each category is discussed in detail with
stress on their biomedical application potential. Afterward, we summarize the SERS-based assays of
proteins, nucleic acids, and viruses, for which both label-free and labeled approaches play important
roles. Finally, we present the remaining challenges in the field of SERS-based bioassays and sketch
out promising directions for future development.

Keywords: Raman spectroscopy; SERS substrate; rational design; bioassays; high-sensitivity analysis

1. Introduction

Surface-enhanced Raman scattering (SERS) has emerged as a powerful analytical
technique across many application domains. It combines Raman spectroscopy with nanos-
tructured metal surfaces to achieve significant enhancement of the Raman signal. The con-
ventional Raman spectroscopy, discovered by Raman and Krishnan in 1928 [1], has served
as an analytical tool for a wide range of applications. Raman scattering provides insights
into molecular structures by revealing their vibrational spectra. It provides compound-
specific information and molecular-level fingerprinting without the need for complex
instruments. This characteristic makes it promising for sensing various analyte molecules,
and it has found extensive use in biological applications [2–5]. For example, it has been
employed in identifying cancer cells [6], investigating biomolecular structures [7], and
diagnosing diseases and pathologies [8,9]. Despite its utility, Raman scattering intensity is
typically weak, as the process suffers from low efficiency. Upon light-matter interactions,
only one in every 108 photons would undergo an inelastic scattering as estimated [10,11].
This limitation has hindered its application in trace analysis, necessitating methods to
enhance the Raman signal. Fortunately, Fleishmann, Hendra, and McQuilian first observed
unexpectedly strong Raman signals in 1974 from pyridine adsorbed on roughened sil-
ver electrodes [12]. Later, in 1977, Jeanmaire and Van Duyne discovered that placing a
Raman-active species on a roughened noble metal surface significantly amplified the Raman
signal, surpassing the limitations of conventional Raman scattering [13]. This phenomenon,
known as surface-enhanced Raman scattering, has revolutionized the sensitivity of Raman
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spectroscopy. Now SERS is one of the key technologies to dramatically amplify the Raman
scattering signal in order to bring several advantages, including ultrahigh sensitivity, less
susceptibility to sample environment, rapid readout speed, and the possibility of on-site or
field detection [14].

Bioassays are crucial tools in biological and pharmaceutical research, providing valu-
able information about the role and effects of substances in living organisms. They facilitate
the evaluation of biological activity [15], assist early disease diagnostics [16], aid in drug
discovery and development [17], ensure quality control [18], assess toxicity [19], moni-
tor environmental impact [20], and contribute to expanding our understanding of living
systems [21]. Both labeled and label-free bioassays have gained prominence as powerful
tools for studying and analyzing biological systems. Labeled bioassays involve the use of
molecular probes or labels, such as fluorescent dyes and radioisotopes, to detect and quan-
tify the biomolecules of interest that have been specifically captured. These labels enable
the direct measurement and visualization of the target, providing specific and sensitive
results. Label-free bioassays, on the other hand, rely on the direct measurement of intrinsic
properties of the captured biomolecule, such as mass, absorbance, and Raman response,
without the use of exogenous labels. In general, labeled assays provide high sensitivity
and versatility, but require sample manipulation and may introduce biases. Conversely,
label-free assays offer minimal sample processing and real-time analysis but may lack
sensitivity and pose challenges in data interpretation. As technology continues to advance,
the development of hybrid strategies and improved detection methods may bridge the gap
between these two bioassay paradigms, enabling researchers to harness the strengths of
both approaches in their scientific investigations.

Conventional bioassays mainly rely on the use of absorbance, fluorescence, and chemi-
luminescence for detection. However, SERS-based bioassays have garnered significant
interest in recent decades due to the unique advantages over these detection schemes. One
of the primary advantages is suitability for multiplexing [22]. Raman bands in SERS have
narrower widths as compared with fluorescence, enabling simultaneous measurement of
multiple analytes within a single detection. Another advantage is the high enhancement
factor (EF) in SERS, which ranges from 106 to 1014 [23–25], making SERS an exceptionally
sensitive tool. The high sensitivity of SERS is particularly favorable for the detection of
low-abundance substances of biological importance in complex real samples. By combin-
ing the specific binding capabilities of antibodies with the enhanced sensitivity of SERS,
SERS-based bioassays provide a powerful tool for the detection and quantification of
target analytes.

Raman signal-enhancing substrates play a vital role in SERS, enabling ultrasensitive
detection and characterization of biological analytes. The rational design of SERS substrates
involves tailoring their properties at the nanoscale to optimize the enhancement factor
and ensure high reproducibility. Since there have been numerous publications devoted
to the design and fabrication of substrates for SERS measurement, several review papers
have well-surveyed the advances in this area [26–30]. A critical review is still needed on
the progress of SERS-based bioassays, particularly from the view of the exquisite design,
performance improvement, and real-world application potential.

In this review, we survey recent advances in SERS-based bioassays with a focus
on the rational design and engineering of signal-enhancing substrates. For convenience
of comparison and understanding, we classify the substrates into two categories, i.e.,
nanoparticles in colloidal suspension and nanostructures on a solid support. Each category
is discussed in detail with stress on their biomedical application potential. SERS-based
bioassays have been applied to various clinical samples. We further summarize the SERS-
based assays of proteins, nucleic acids, and viruses, for which both label-free and labeled
approaches play important roles. Finally, we suggest other challenges in the field of
SERS-based bioassays and sketch out promising directions for future development.
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2. Basic Theory of SERS

It is now generally accepted that the Raman scattering signal is amplified through
a combination of electromagnetic (EM) enhancement mechanism, and chemical (CM)
enhancement mechanism. In brief, electromagnetic enhancement arises from the excitation
of localized surface plasmons, which are collective oscillations of conduction electrons on
the metal surface. These plasmons generate intense electromagnetic fields at the metal
surface, leading to increased Raman scattering intensity. The chemical enhancement, on the
other hand, results from the charge transfer between the molecule and the metal surface,
further enhancing the Raman signal. Chemical enhancement is highly dependent on the
specific molecule–substrate interactions and can vary for different analytes.

2.1. Electromagnetic Enhancement

The underlying principle of SERS involves the amplification of the incident and
scattered electromagnetic fields when a nanostructured surface of the metal is irradiated
with the frequency of localized surface plasmons resonance (LSPR) on the metal surface.
This phenomenon is explained by considering a metal nanosphere subjected to an external
electric field (Figure 1A). The oscillating electric field (E0) of the incident light interacts with
the metal nanoparticle, inducing a polarization of charge and creating a dipolar localized
surface plasmon resonance. This polarization generates an induced dipole moment (µind)
determined by the metal polarizability (αmet) and the incident electric field (E0(ωinc)) [31].

µind = αmetE0(ωinc) (1)

As a Raman scattering arises on a molecule, a dipole moment is first created by the
incident light. After being scattered, the photons are detected as the Raman signal. SERS
follows a similar process but with the enhancement of the local electromagnetic field due to
hotspots on the metal surface. In SERS, the inelastic scattering of E0 generates an enhanced
local electric field (Eloc) near the metal surface. The interaction between the local electric
field and the molecule adsorbed on the surface creates an induced dipole moment (µind)
determined by the molecular polarizability (αmol) and the enhanced local electric field
(Eloc(ωinc)).

µind = αmolEloc(ωinc) (2)

According to the vibrational spectrum theory in quantum mechanics, the presence of
inelastic scattering for a vibrating molecule is explained by the incident electric field (Einc)
and the eigenvalue of angular frequency (ωvib) of the vibrating molecule. This inelastic
scattering gives rise to three dipole components: Rayleigh scattering µind(ωinc), Stokes
scattering µind(ωinc −ωvib), and anti-Stokes scattering µind(ωinc + ωvib) (Figure 1B). The
resonance frequency of surface plasmons on the metal surface determines the enhancement
of the scattered Stokes field. Taking into account the incident and scattered field intensities,
the overall SERS enhancement intensity can be described by an equation that involves the
local electric field (Einc(ωinc)) at the incident frequency (ωinc) and the electric field (E(ωs))
at the Stokes-shifted frequency (ωs = ωinc −ωvib) [31].

ISERS = Iinc(ωinc)I(ωs) (3)

= |Einc(ωinc)|2|E(ωs)|2 (4)

When the electric field values at the incident frequency (Einc(ωinc)) and the Stokes
shifted frequency (E(ωs)) are in proximity, the resulting enhancement derived from the
electromagnetic mechanism follows the relationship where the SERS enhancement factor
is directly proportional to the fourth power of the induced electric field enhancement
value (E(ωinc)).

ISERS = |E(ωinc)|4 (5)
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Figure 1. (A) Principal of surface-enhanced Raman scattering (reproduced under the terms of CC
BY 4.0 from Ref. [32], copyright 2015, the authors). (B) Rayleigh scattering and Raman scattering
energy-level diagram (reproduced under the terms of CC BY 4.0 from Ref. [33], copyright 2022,
the authors).

2.2. Chemical Enhancement

The chemical effect is another significant mechanism contributing to SERS enhance-
ment, and it requires direct contact between the SERS substrate and the analyte. This
effect involves the interaction of the adsorbate and the surface to form a complex through
electronic coupling. During this interaction, electrons on the substrate surface transfer
from the Fermi level to the lowest unoccupied molecular orbital of the analyte molecule.
This process leads to the creation of charge transfer intermediates, which demonstrate
higher Raman cross-sections in comparison to the free molecule. If the incident photon at
frequency ωinc resonates with the charge transfer transition of the formed complex, the
scattered Stokes intensity contains information about the vibrational state of the molecule.
In other words, the Raman spectrum of the analyte molecule is enhanced when it forms a
chemical bond or interacts strongly with the SERS-active metal surface.

The magnitude of the chemical enhancement effect is typically in the range of 100

to 102, which is weaker compared to the electromagnetic enhancement. However, the
chemical effect can provide additional information about the chemical interactions between
the analyte molecule and the metal surface, allowing for a more detailed characterization
of the molecular species.

3. Substrates in Colloidal Suspension

SERS substrates designed for practical applications and problem-solving purposes
have been extensively explored. These substrates in colloids can be broadly categorized
into two groups: dispersed particles and aggregated systems. Dispersed particle systems
in solution are relatively simple to prepare, making them widely used. Furthermore, ad-
vancements in producing increasingly uniform particles have improved the reproducibility
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of SERS measurements. Surface functionalization of colloidal particles is also often straight-
forward, allowing for a wide range of targets and applications [34–36]. However, these
systems suffer from some drawbacks, with colloidal stability being a primary concern, as
colloidal systems tend to be unstable and prone to irreversible aggregation, particularly in
complex environments.

Highly enhancing SERS substrates often consist of aggregated or assembled nanopar-
ticles. While yielding significant SERS enhancement factors, reproducibility can sometimes
be challenging due to the difficulty in controlling aggregation. Controlled particle assembly
offers a solution to this issue, allowing for precise nanoengineering and reducing the irre-
producibility associated with aggregated particles. The outcome of the assembly process is
influenced by surface functionalization and nanoparticle geometry.

3.1. Dispersed Particles

With the advancements in nanoscience and nanotechnology, the synthesis of metal
nanoparticles (with precise control over their sizes, shapes, and structures) has been widely
explored. Numerous synthesis methods have been developed to create increasingly in-
tricate nanostructures, including nanospheres [37], nanostars [38–40], nanotriangles [41],
nanorods [42–44], nanocubes [34,45–47], core–shell particles [48,49], and others (Figure 2A).
Higher order structures in SERS allow for increased control over regions with high field en-
hancement and enable optimization of plasmon modes for specific experiments. Chemical
reduction methods have been used to achieve uniform structural control of nanoparticles.
For example, using the seed-mediated growth method, gold nanospheres with successive
and tunable diameters can be prepared, bringing size-dependent SERS properties [37,50].

Surfactants play a crucial role in the conventional synthesis process of nanoparticles,
and the development of new types of surfactants can enable simplified and controllable
synthetic methods for nanostructures, expanding their applications. Zhang et al. involved
the natural compound epigallocatechin gallate (EGCG) as a reducing agent to synthesize
different morphologies of gold nanoparticles (AuNPs) by changing the solution pH val-
ues [51]. The addition of halogen ions not only alleviates laser damage to nanoparticles but
also promote the formation of a 3D hotspot, leading to a noticeable SERS effect that brings
about high reproducibility and stability. In another study, bromide ions were introduced to
induce anisotropic growth when synthesizing gold nanocubes (AuNCs) [45]. As bromide
ions favorably adsorb onto the (100) facet, in combination with cetyltrimethylammonium
chloride (CTAC), a difference in the accessibility of gold precursors to different facets is
made, leading to distinct growth rates between [100] and other facets. At low bromide
densities, the adsorbed bromide ions do not completely block the (100) facet, producing
AuNCs with round corners. However, when an adequate amount of facet-directing agents
is provided, preferential binding to the (100) facet maximizes the growth-rate difference
between the (100) facet and the other two facets, resulting in AuNCs with sharp corners
(Figure 2B). This straightforward and generally applicable synthetic strategy enables the
precise control of the size and corner sharpness of gold nanocubes in a high yield. Simi-
larly, iodide ions are used in the synthesis of gold nanotriangles [41]. Highly symmetric
gold nanostars are enclosed by high-index facets to grow the hexagonal pyramidal arms,
which are regulated by alkyl amines, like dimethylamine (DMA), methylamine, ethylamine,
butylamine, and octylamine as shape-control agents [38]. Due to their high symmetry,
Au nanostars demonstrate superior single-particle SERS performance in terms of both
intensity and reproducibility when compared to asymmetric Au nanostars. In addition to
chemical methods, laser-induced morphological remodeling of gold nanorods has been
achieved by regulating the intensity of illumination and density of surfactant, resulting
in different aspect ratios and ultranarrow local surface plasmon resonance bands [43].
This laser-controlled method enables the synthesis of gold nanorods with an ultranarrow
LSPR band.
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Figure 2. Representative substrates of dispersed nanoparticles in colloidal suspension. (A) Trans-
mission electron microscope (TEM) images of controllable gold nanoparticles with different shapes:
(a) nanospheres (reproduced with permission from Ref. [37], copyright 2013, WILEY-VCH Verlag GmbH
& Co. KGaA, Weinheim, Germany), (b) nanostars (reproduced with permission from Ref. [38], copy-
right 2015, American Chemical Society), (c) nanotriangles (reproduced with permission from Ref. [41],
copyright 2021, American Chemical Society), (d) nanorods (reproduced with permission from Ref. [42],
copyright 2019, American Chemical Society). (B) (a) Schematic illustration representing the synthe-
sis of corner-sharpness-controlled AuNCs with varied bromide densities followed by refinement by
centrifugation-driven depletion-induced flocculation in surfactant micelle solutions; (b) TEM images of
different sizes of round-cornered (R) and sharp-cornered (S) AuNCs (reproduced with permission from
Ref. [45], copyright 2018, American Chemical Society). (C) (a) Schematic illustration representing the
synthetic pathway of size-controlled Au nanohalos (Au double nanorings), including selective etching
of Au, lateral size control, on-rim Pt deposition, selective etching of Au, eccentric growth of Au, and
concentric growth of Au; (b) iodide ions blocking the top and bottom flat facets of circular Au nanoplates
allow us to obtain diameter-controlled hexagonal Au nanoplates during the lateral size control step;
(c) near-field focusing capability of Au nanohalos varies as a function of the diameter and intragap
distance of Au nanohalos; (d) TEM images of Au nanohalos with different diameters and intra-gaps
(reproduced with permission from Ref. [52], copyright 2022, American Chemical Society).

To achieve maximum near-field focusing around nanoscale metal particles, more com-
plicated morphologies like gold double nanorings have been developed (Figure 2C) [52].
These nanorings consist of two concentric rings with nanoscale gaps between them. The
circular intra-nanogaps create hot halos, enabling single-particle SERS when analytes are
present within these gaps. The synthesis of Au nanohalos is based on a novel strategy
utilizing hexagonal Au nanoplates as a template. By controlling the ratio of Au ions to
iodide ions while maintaining the thickness, the lateral size of the nanoplates can be pre-
cisely controlled. Through multiple sequential steps, the initially triangular Au nanoplates
are transformed into Au nanohalos with near-field focusing capabilities. The estimated
enhancement factor achieved by these structures is remarkably high, ranging from 1.1× 109

to 3.6× 109, and the results are highly reproducible. Another approach involves the evolu-
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tion of chirality by adding chiral molecules during the synthesis, promoting asymmetric
growth and inducing the chiroptical response of nanostructures [53]. This method allows
for the preparation of single plasmonic gold nanoparticles with a significant uniform chiral
gap, aiding in precise morphology and property control for chiral nanomaterials.

Overall, these advancements in the synthesis of reproducible nanostructures using
various methods, including chemical reduction, surfactant-assisted fabrication, laser control,
and chiral shape modifiers, offer opportunities for precise control over the morphology
and optical properties of nanoparticles. These advances have implications for a wide range
of applications, including SERS-based detection, where reproducibility, sensitivity, and
reliability are critical.

3.2. Coupling of Particles

Multimeric nanostructures, such as dimers and trimers, provide inter-nanogap struc-
tures containing hotspots that exhibit intense electromagnetic field enhancement between
adjacent particles. These hotspots are responsible for the extraordinary enhancement of
Raman signals in SERS. He et al. introduced a dual biomimetic recognition-driven plas-
monic nanogap-enhanced Raman scattering (DBR-PNERS) strategy for highly sensitive
protein fingerprinting and quantification [54] (Figure 3A). This approach utilizes a pair
of protein terminal epitope-imprinted plasmonic nanoantennas (PNAs) designed to bind
to the N- and C-terminals of the target protein. An ultrathin imprinting layer (approxi-
mately 5 nm) is engineered on the PNAs, preserving the plasmonic signal enhancement
effect of the nanoantennas and overcoming the limitations of larger antibodies. When
both PNAs are present in a sample containing the target protein, specific binding occurs,
forming a nanogap where the target protein is located. This nanogap provides a well-
defined hot spot for Raman signal amplification, enabling precise molecular information
readout and quantification of the target protein. Additionally, an internal standard (IS),
in the form of a Raman-active small molecule, was incorporated into the nanoantenna,
enabling a ratiometric assay for accurate and reliable quantification. Compared to existing
approaches, DBR-PNERS exhibited several significant merits, including fingerprinting,
robust quantitation, ultrahigh sensitivity, minimal sample consumption, and so on.

Figure 3. Representative substrates of coupled nanoparticles in colloidal suspension. (A) DBR-PNERS
strategy for ultrasensitive protein fingerprinting and quantitation. (a) Preparation of terminal epitope-
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imprinted PNAs; (b) protein-targeting DBR for fabrication of plasmonic nanogap; (c) protein-targeting
EM enhancement for PNERS; (d) representative Raman spectrum for detection and molecular finger-
printing (reproduced with permission from Ref. [54], copyright 2022, American Chemical Society).
(B) Single-particle SERS measurements of AANs with DTNB Raman dye on the surface. (a) Dark-field
microscopy (DFM)-Raman integrated apparatus for measuring the structure-correlated optical and
plasmonic properties of individual AANs; (b) schematic of AANs at different gap morphology with
DTNB Raman dye on the surface; (c) the colocalization of scanning electron microscope (SEM),
DFM characterization and Raman mapping of an on-vertex AAN (reproduced with permission from
Ref. [55], copyright 2021, Wiley-VCH GmbH). (C) (a) Schematic representation for the synthesis of
myoglobin and polydopamine-engineered SERS nanoprobes and SERS-based bio-detection chemistry
of ROS at the porphyrin center of myoglobin; (b) SEM image of MP-SERS nanoprobes; (c) TEM im-
ages of MP-SERS nanoprobes; (d) UV-Vis spectra of citrate-AuNPs, pdop-AuNPs, Mb-functionalized
pdop-AuNPs, MP-SERS nanoprobes, and Mb; (e) 3D-FEM simulation image of MP-SERS nanoprobe
showing several hot spots (reproduced with permission from Ref. [56], copyright 2017, WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim).

Recent progress in programmable materials has led to significant advancements in
the field. Specifically, well-designed DNA nanostructures, including DNA origami, offer a
highly programmable method for creating precise nanopatterns with nanoscale address-
ing capabilities [57,58]. This allows for the construction of architectures with precisely
defined geometries [59–62]. Compared to nanoantenna gaps where molecules are adsorbed
randomly on the surface, target molecules can be placed specifically in hotspots due to
the nanogaps precisely controlled by self-assembled DNA nanostructures [63], providing
single molecule resolution [64]. Even the anisotropic functionalization of plasmonic gold
nanostructures with relative spatial directionality and sequence asymmetry is under precise
control [65]. Moreover, the fabrication processes involved in DNA nanostructures are more
cost-effective compared to traditional top-down lithographic techniques [66].

Taking advantage of these features, several SERS substrates have been developed with
reliable signals. For example, Zhan et al. constructed plasmonic bowtie nanostructures using
a DNA origami-based bottom-up assembly strategy, enabling precise control over the geo-
metrical configuration of the bowtie with an approximate 5 nm gap [67]. A single Raman
probe was accurately positioned at the gap of the bowtie, resulting in an exceptionally high
enhancement factor of 109 so that a single-molecule level SERS detection is possible. Sim-
ilarly, a DNA-based synthetic method for gold–silver core–shell nanodumbbells (GSNDs)
was developed, offering good structural reproducibility and precise nanometer-level control
over the size of the nanogaps across multiple particles [68]. The method involves prepar-
ing DNA-modified AuNPs by controlling the stoichiometric ratio of two thiolated DNA
sequences. Each particle is modified with a maximum of one linking DNA strand, while
densely modifying them with protecting DNA strands to maximize dimer yield and minimize
higher multimeric structures. Subsequently, Ag nanoshells are formed on the Au dimers using
polyvinylpyrrolidone(PVP)-based delivery of Ag precursors, enabling precise control and
reproducibility of the interparticle gaps at the nanometer scale. Moreover, Niu et al. devel-
oped a DNA origami-based nanoprinting (DOBNP) strategy to transfer the essential DNA
strands with predefined sequences and positions to the surface of AuNCs [55] (Figure 3B).
This approach facilitated the controlled assembly of AuNC–AuNP nanostructures (AANs)
with specific geometry and composition. The anchoring of a single dye molecule in hotspot
regions results in a significant enhancement of the electromagnetic field, leading to a stronger
amplification of the SERS signal.

Alternatively, nanoparticles of varying sizes or shapes can be assembled onto a central
particle to form core-satellite assembled structures [56,69–72]. For instance, Kumar et al.
developed myoglobin and polydopamine(pdop)-engineered SERS nanoprobes (MP-SERS)
for real-time and quantitative detection of reactive oxygen species (ROS) levels in living
cells [56] (Figure 3C). The probes consisted of 80 nm gold nanoparticles as a core, a thin
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pdop layer as a spacer, Mb as a ROS-responsive Raman reporter, and 10 nm AuNPs as
satellite particles. The plasmonic coupling between the core and satellites created a highly
enhanced electromagnetic field in the interstitial sites, leading to nanogap-enhanced Raman
scattering. The probes exhibited high sensitivity to ROS, good biocompatibility, and were
successfully internalized into cells.

4. Substrates on a Solid Support

Compared to traditional colloid-based systems, solid-supported SERS substrates offer
numerous advantages. Nanostructures embedded on the surface exhibit high uniformity,
provide compatibility with ultra-low volumes, enable single-nanoparticle measurements,
and facilitate the preparation process. Similar to colloidal systems, various solid-supported
substrates have been prepared. Colloidal nanoparticles, assemblies, or aggregates can be
deposited onto surfaces [73–75]. A chemical layer can be used to functionalize surfaces and
direct the adsorption of colloidal particles. [74,76]. By adjusting nanoparticle concentration
and deposition time, the particle density on the surface can be optimized. These substrates
offer similar advantages to colloidal systems while enabling comprehensive optical and
structural characterization of individual particles during usage, which is particularly
advantageous for single-molecule studies.

Apart from surface self-assembly methods, nanolithography is a commonly employed
technique for fabricating surfaces with highly enhancing metal nanostructures. Colloidal
lithography [77], and electron beam lithography (EBL) [78–80], are among the most preva-
lent lithographic methods used in SERS applications. These methods vary in terms of ease
and cost of fabrication. Although lithography allows for the preparation of various highly
sensitive structures, one drawback of deposited metal nanoparticles is their vulnerability
to annealing, as structural changes in the nanoparticles can lead to shifts in LSPR position
and alter SERS capabilities, sometimes even during the course of a measurement. Ad-
vancements in synthesis and nanolithography methods have contributed to higher field
enhancements, improved spatial control, and greater uniformity and reproducibility.

4.1. Bottom-Up Strategies

The bottom-up approach, mainly relying on self-assembly, offers a straightforward and
high-throughput method for preparing SERS substrates. This approach involves organizing
small nanoparticles into arrays with ordered nanostructures, and various techniques have
been developed for this purpose. One method is oblique deposition, where nanoparticles are
deposited at an angle to the substrate surface [81]. Another method is electro-displacement,
which utilizes electrostatic forces to assemble nanoparticles into desired patterns [82].

Liquid substrate-based methods have gained popularity in bottom-up self-assembly in
recent years. These methods allow for the formation of highly ordered nanostructures without
complex instruments and additional materials. One example is the nanocapillary pumping
model developed by Ge et al. [83]. In this model, a membrane structure with nanoparticles is
subjected to solvent evaporation, then the surface of the film undergoes deformation, bringing
the nanoparticles closer to each other and creating a substrate with hotspots in a large area.
The pressure difference among gaps induces the movement of target molecules towards
the smaller nanoparticle gaps, resulting in molecules trapped by the hotspots (Figure 4A).
The detection limit is significantly reduced in this nanocapillary pump model. However,
one limitation of this approach is the inability to control the nanoparticle array forming in a
monolayer. Nanoparticles may obtain accumulated during the solvent evaporation, leading to
plasmon resonance intensity of the substrate being non-uniform, reducing the reproducibility
and reliability of SERS measurements. To address the challenges of non-uniform nanoparticle
assembly and interference from non-adsorptive molecules in liquid SERS analysis, researchers
have developed self-assembly methods depending on two-phase substrates and ternary
regulations. In the two-phase substrate approach, gold nanoparticles tend to assemble at
the interface of oil/water due to reduced electrostatic repulsion [84,85]. This leads to the
formation of a large-scale self-assembled monolayer with controlled spacing on a nanometer
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scale (Figure 4B). Such self-assembled monolayer provides a uniform distribution of hotspots,
enhancing the performance of substrates. This method has been applied in various practical
detection scenarios. For example, a liquid-like 3D plasmonic array was formed at the oil/water
interface, enabling sensitive SERS analysis of different analytes [86]. The liquid interfacial
plasmonic platform broke through the limitations of low molecular affinity and achieved
sub-ppb level sensitivity. Researchers successfully detected polycyclic aromatic hydrocarbons
and distinguished different molecular configurations using this approach.

Figure 4. Representative substrates on a solid support using bottom-up strategies. (A) Formation of
the nanocapillary pumping model; (a1–a4) schematic diagram of the assembled nanoparticle film,
high-speed camera picture, in situ UV spectrum, and simulation of electromagnetic enhancement
between nanoparticles with different gaps in the initial wet stage of the monolayer nanoparticle film;
(b1–b4) formation of the effective hot-spot stage of the monolayer nanoparticle film; (c1–c4) final
dry stage of the monolayer nanoparticle film; (d) principle causing the solvent to move toward the
smaller gaps of the nanocapillary pumping model; (e,f) SEM image of the assembled monolayer
silver nanoparticle film in the final dry stage (reproduced with permission from Ref. [83], copyright
2021, American Chemical Society). (B) (a) A scheme for fabricating and transferring Au nanoparticle
monolayers from the water/hexane interface and an illustration of the SERS experiment; (b–e) SEM
and optical images (inset) of the Au nanoparticle monolayer obtained through the water/oil interface
by adjusting the addition of ethanol into different Au solutions with diameters of (b) 30 nm, (c) 60
nm, (d) 90 nm, and (e) 120 nm. Scale bar: 1 µm (reproduced with permission from Ref. [85], copyright
2016, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim). (C) Schematic and SERS spectrum of
(a) AuNPs in water phase, (d) AuNPs at OA/W interface, and (g) AuNPs/RP1+MPBA at OA/W
interface; (b,e,h) the corresponding dark field microscope image; (c,f,i) FDTD-calculated electro-
magnetic enhancement distribution for SERS in the xz-plane. The black dashed line indicates the
OA/W interface (reproduced with permission from Ref. [87], copyright 2022, Wiley-VCH GmbH).
(D) (a) Photo and SEM images of an extraction microprobe; (b) SEM image showing immunosand-
wiches formed on an extraction microprobe after extracting target protein from a single cell and being
labeled with Raman nanotags; (c) dependence of Raman intensity on the combination of extraction
microprobe and nanotag; electric-field intensity simulated by finite-difference time-domain (FDTD)
under (d) PERS mode and (e) SERS mode; representative Raman spectra for (f) the PERS mode
and (g) SERS mode, and insertions show the schematic of the principles of PERS and SERS modes
(reproduced with permission from Ref. [88], copyright 2016, WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim and under the terms of CC BY-NC 3.0 from Ref. [89], copyright 2018, the authors).
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In the ternary regulation approach, charged noble metal nanoparticles are directly
assembled under an electrostatic drive to form 2D thin arrays at the liquid/liquid inter-
face [90]. The resulting nanoarray exhibits long-term stability and even distribution of
hotspots. When transferred to a solid substrate, this nanoarray achieved single-cell Raman
fingerprinting and discrimination of eight different bacteria species. However, controlling
nanogaps at the molecular scale using interfacial tension and electrostatic forces can be
challenging, leading to inaccuracies in trace substance analysis. Non-adsorptive molecules
from complex biological systems may bring about interference in biological applications.
To overcome these challenges, a novel interfacial SERS platform was developed using
a functionalized AuNP array formed at the liquid/liquid interface [87]. This platform
was achieved through ternary regulations involving double recognition of rigid molecular
probes, uniform distribution of hotspots in a consistent manner, and the SERS readout in a
silent region (Figure 4C). This platform allows real-time quantification, addressing signal
interference and increasing the reliability of the SERS analysis. The reproducibility of the
SERS analysis is improved by the fixed nanogap formed by the rigid structure of the probe.
The use of specific Raman vibrations as signal output reduces interference from substances
embedded in the brain.

A technique known as shell-isolated nanoparticle-enhanced Raman spectroscopy
(SHINERS) has garnered significant attention and was introduced and developed by the
Tian group [49,91]. In SHINERS, a thin dielectric layer is applied over the surface of metal
nanoparticles, effectively creating a masking effect with a different material interface. This
dielectric spacer layer, when sufficiently thin, allows molecules bound to the surface to
experience a different surface chemistry while still benefiting from the significant field
enhancement provided by the nearby metallic surface [92]. Silica is the most commonly
used material for the shell in SHINERS, as it allows for the functionalization of gold and
silver nanoparticles using silane chemistry, facilitating shell growth. This offers several
advantages, including the ability to use different surface chemistry types for targeted
adsorption in sensing applications, improved stability, and enhanced biocompatibility.
Additionally, the use of insulating materials to create pinhole-free shells eliminates the
occurrence of chemical enhancement resulting from charge transfer [49]. This altered
interface between the shell and certain biological molecules or catalysts can lead to minimal
perturbation of the electronic structure of the target caused by the underlying metal surface.

The Liu group developed a simple but effective approach named plasmon-enhanced
Raman scattering (PERS) to provide ultrasensitive detection at the single-molecule level [88].
With the combination of gold substrate and silver nanoparticles, hotspots were generated
with a 1–2 orders of magnitude higher signal compared to the conventional SERS mode
with gold nanoparticles on a glass substrate (Figure 4D). Gold thin-layer-coated glass of
a slightly lower enhancement was used as an alternative to save costs. AgNPs are uni-
formly dispersed on the Au layer, providing better reproducibility while maintaining high
sensitivity compared with the coupling between particles. More importantly, the fabrica-
tion of substrates is simple and straight, which is conducive to the practical application.
By the integration with microprobes for immunoaffinity extraction, a powerful tool for
probing low-abundance proteins in single living cells has emerged. Depending on the
interaction between the microprobe and the target, different bioassays, like the plasmonic
immunosandwich assay (PISA) [88] and plasmonic affinity sandwich assay (PASA) [89],
have been proposed and accomplished, empowering the analysis of low-abundance species,
such as proteins and RNA in single cells.

4.2. Top-Down Strategies

Top-down lithography techniques realize uniform hotspots on SERS substrates in a
wide range with high precision. Electron beam lithography (EBL), a maskless technology
that directly writes micro- and nanopatterns using an electron beam sensitive material,
has shown compatibility with mass production manufacturing and excellent signal repro-
ducibility [93,94]. For instance, on single-crystal Si substrates, nanopore arrays fabricated
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using two-layer EBL demonstrated high sensitivity to the increased intensity of scattered
light from enhanced incident electromagnetic radiation [95]. Focused ion beam (FIB) lithog-
raphy, as another branch of top-down lithography, can focus the ion beams into tiny sizes
using electrostatic lenses to achieve nanometer-scale positioning accuracy [96]. Etching tech-
niques, which use physical or chemical methods to selectively remove unwanted moieties,
enable high-throughput fabrication of substrates with desired nanostructures. Polymer
nanopillars etched with Ar plasma from a polyethylene terephthalate (PET) substrate are
subsequently deposited with Au, resulting in large-scale, highly reproducible SERS-active
nanopillar arrays [97]. Chemical etching techniques can also be used to precisely regulate
nanometer spacing. Porous nano-web structures fabricated by Lee et al. demonstrated
a controllable gap between the nanoring core and the nano-web, confining the electro-
magnetic field in the nanogap [98]. The resulting structure demonstrated single-particle
SERS dependent on the gap distance, being an ideal platform for SERS measurement for
its structural integrity and stability, open accessibility of analytes, incident polarization
independence, and reproducibility of SERS signals.

The combination of multiple nanofabrication technologies is emerging as a devel-
opment trend in the SERS substrate preparation. Flauraud et al. utilized EBL and dry
etching to fabricate lithographed funneled traps and auxiliary sidewalls on a solid sub-
strate [99], directing the capillary assembly of Au nanorods, and achieving simultaneous
control over their positions, orientations, and interparticle distances at the nanometer level.
Multi-technique combination for biocompatible SERS-active materials is often used to
enhance reliability. Li et al. fabricated digital nanopillar arrays with a combination of EBL,
physical vapor deposition of Au, and selective reactive ion etching (RIE) to reveal the pillar
structure [100] (Figure 5A). Four kinds of antibodies were conjugated to the array of pillars
to selectively recognize cytokines, which were labeled with different Raman reporters to
be visualized in color. The digital nanopillar SERS assay achieved highly specific and
sensitive real-time cytokine detection down to the attomolar level, showing promise for
advancing personalized medicine and predicting the higher risk of developing severe
immune toxicities.

Colloidal lithography (also known as nanosphere lithography) involves monodis-
persed nanospheres as templates for the fabrication of SERS substrates in a wide range. By
a chemical route, a colloidal template-induced precursor solution dipping strategy was used
for the formation of periodic semi-hollow sphere arrays [101]. This array serves as a sub-
strate for magnetron sputtering deposition of Au, resulting in novel micro/nanostructured
arrays. These arrays offer diverse performance for different requirements. By involving
a combination of molecular self-assembly, colloidal nanosphere lithography, and physi-
cal peeling, Luo et al. reported a fabrication process for fabricating large-area arrays of
triangular nanogaps with adjustable widths ranging from ~10 to ~3 nm, exhibiting remark-
ably high measured enhancement factors of up to 108 compared to a thin gold film [102]
(Figure 5B). Colloidal lithography can also form large-area nanostructures in parallel at
low-cost on flexible substrates. An in situ chemical patterning technique is proposed based
on plasmonic nanochemistry [103] (Figure 5C). A large-area-ordered Au nanohole array
(NHA) film was prepared using colloidal lithography, where a polystyrene (PS) microsphere
array was etched by the RIE process, and deposited with Au film. Via the wet chemical
method, Ag nanoparticles were grown in situ from the edge to the center of the holes. After
peeling off the Au NHA film, an ordered and large-area Ag nanoparticle assembly array
(NAA) was left on the substrate. The region-specific Ag NAAs demonstrated outstanding
SERS performance for quantitative detection and Raman imaging, with applications in
multilevel encryption and anti-counterfeiting labels. This technique is also suitable for
flexible substrates, such as polydimethylsiloxane (PDMS) and curved glass, allowing for
extensive applications.
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Figure 5. Representative substrates on a solid support using top-down strategies. (A) Digital single-
molecule nanopillar SERS platform for parallel counting of four types of cytokines. SEM images of
(a) pillar array side view, (b) nanoboxes, and (c) a single nanobox on the top of a pillar; (d) SERS
spectra of nanoboxes conjugated with Raman reporters; (e) workflow for multiplex counting of
cytokines (reproduced under the terms of CC BY 4.0 from Ref. [100], copyright 2021, the authors).
(B) (a–f) Fabrication procedure for triangular nanogap arrays; (g–m) images of N = 1 Au/Au TNG
arrays at various stages in the fabrication procedure (reproduced under the terms of CC BY 4.0 from
Ref. [102], copyright 2022, the authors). (C) (a) Schematic of the fabrication process; SEM images
of (b) Au NHAs, (c) Au NHAs with Ag NPs selectively growing in the interior of the holes, (d) Ag
NP-NAAs after removing the NHA (reproduced with permission from Ref. [103], copyright 2021,
Wiley-VCH GmbH). (D) (a) Schematics of the procedure for PAA-assisted nanotransfer printing to
assemble 3D nanostructures layer-by-layer; (b–j) top- (b,e,h) and side-view (c,f,i) SEM images of
the twisted triple-layer-grating nanostructures and their corresponding optical photographs (d,g,j);
(b–d) the bottom nanograting layer; (e–g) double-layer 3D nanostructure with a twist angle θ = 30◦;
(h–j) triple-layer 3D nanostructure with a twist angle between the neighboring nanogratings θ = 30◦.
Scale bar: 1 µm (b,e,h), 500 nm (c,f,i), and 1 cm (d,g,j) (reproduced with permission from Ref. [104],
copyright 2019, American Chemical Society).

In addition to traditional lithography methods, unconventional strategies, such as
nanoprinting, have been explored for the convenient fabrication of 3D nanostructures.
Nanotransfer printing technology has been developed to transfer large-area and crack-free
3D multilayer nanostructures onto flexible substrates [104] (Figure 5D). This approach
improves the uniformity and reproducibility of SERS substrates. Tape imprinting meth-
ods have been utilized to create lotus-shaped nanoarray structures with ultra-sensitive
characteristics for detection [105]. Combination approaches, such as colloidal nanosphere
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lithography with metal-assisted chemical etching, can produce nanopillar array SERS
platforms with stable and reproducible Raman signals [106]. These platforms exhibit
strong sensitivity and have applications in extended monitoring of cell surfaces and live
cell analysis.

5. Applications

Conventional methods, such as bacterial culture, polymerase chain reaction (PCR),
luminescence, and microarray are commonly utilized in the biomedical field to test clinical
analytes. However, these methods have drawbacks including lengthy processing times,
limited portability, insufficient multiplexing capabilities, and low sensitivity. In contrast,
SERS provides rapid, on-site analysis with the ability to perform fingerprint multiplexing
and achieve high sensitivity. Consequently, point-of-care (POC) SERS approaches have
been developed and implemented to overcome the limitations of conventional methods.
These approaches have been applied to various clinical samples, encompassing proteins,
nucleic acids, and viruses.

5.1. Detection of Proteins

Protein biomarkers play a crucial role in disease diagnostics and treatment monitor-
ing. The development of SERS-based bioassays for protein analysis has gained significant
concern [107,108]. One approach is to incorporate SERS detection into lateral flow im-
munoassays (LFAs) using disposable and portable test strips [109–111]. In these SERS-LFA
assays, ultrabright SERS nanotags conjugated with antibodies are used for sandwich recog-
nition of the target protein in clinical samples. For example, a rapid SERS-LFA assay has
been developed for the detection of human chorionic gonadotropin (hCG), a hormone
associated with pregnancy [111]. This assay achieved fast detection within 2–5 seconds with
a limit of detection (LOD) of approximately 1.6 mIU·mL−1 using a portable Raman reader.
Compared to traditional raster-scanning Raman microscopy, the use of line illumination
significantly improved detection speed and sensitivity, making it 15 times more sensitive
than commercial LFAs. In addition to SERS-LFA assays, the integration of digital microflu-
idics (DMF) with SERS-based immunoassays has been reported for protein detection [112]
(Figure 6A). This approach involves a sandwich immunoassay in which magnetic beads
coated with antibodies and antibody-functionalized SERS tags are used to capture and
label the antigens for sensitive detection. The automation capability of DMF simplifies the
assay procedure and minimizes the risk of exposure to hazardous samples.

The DMF-SERS method was utilized for the quantitative detection of H5N1, an avian
influenza virus. This approach demonstrated outstanding sensitivity (LOD of 74 pg·mL−1)
and selectivity for H5N1 detection, with a shorter assay time (< 1 h) and reduced reagent
consumption (~30 µL) compared to the standard ELISA method. By combining DMF with
a portable Raman spectrometer, this SERS offers a low reagent consumption and minimized
exposure risk for hazardous samples, making it a promising tool for the diagnosis of
infectious diseases.

Low-copy-number proteins that are expressed fewer than 1000 molecules per cell play
vital roles in various essential cellular processes, yet accurately quantifying and under-
standing the functions of low-copy-number proteins at a single-cell level is challenging.
Advanced techniques, such as the single-cell plasmonic immunosandwich assay (scPISA),
are being developed to enhance the sensitivity and enable quantitative analysis of these
proteins [113]. It combines in vivo microextraction for specific enrichment of target proteins
from individual cells, and PERS for highly sensitive detection of low-copy-number proteins
(Figure 6B). This approach holds great promise for advancing our understanding of cellular
heterogeneity and the functions of low-copy-number proteins in biological processes and
disease states [114,115]. PERS-based bioassays are not limited to a single-cell analysis.
Depending on the principle of PERS, immunoassays that utilize antibodies or antibody
mimics like molecular imprinting polymers (MIPs) and aptamers are effective in protein de-
tection [116–120]. For example, Xing et al. presented an approach called the dual MIP-based
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plasmonic immunosandwich assay (duMIP-PISA) for the sensitive and specific detection of
protein biomarkers in complex biological samples [118]. By preparing a C-terminal epitope-
imprinted self-assembled gold nanoparticle monolayer and N-terminal epitope-imprinted
Raman-responsive Ag@SiO2 nanoparticles, the target protein was specifically captured
and labeled sequentially. The formation of the MIP-protein-MIP sandwich-like complexes
results in a significantly enhanced SERS signal. The duMIP-PISA approach offers several
advantages over regular enzyme-linked immunosorbent assay (ELISA), including a simpler
procedure, faster speed, lower sample volume requirement, and wider linear range, making
it a promising tool for various important applications, particularly in disease diagnosis.

Figure 6. Representative applications of SERS bioassays for detection of proteins and nucleic acids.
(A) Schematic illustration of SERS-based immunoassay with digital microfluidics. (a) Illustration of
DMF-SERS method and bottom plate of DMF chip; (b) two characteristic Raman peaks of 4-MBA
at 1071 and 1580 cm−1; (c) side view of DMF chip containing a droplet with magnetic beads;
(d) immunocomplex functionalized with SERS tags on magnetic beads (reproduced with permission
from Ref. [112], copyright 2018, American Chemical Society). (B) Overview of the scPISA procedure
for the determination of low-copy-number proteins in single living cells. (a) Fabrication of the
materials used for scPISA, including affinity ligand-functionalized gold-based extraction microprobe
and affinity ligand-modified silver-based plasmonic nanotag; (b) in vivo extraction by an affinity
extraction microprobe precisely inserted into a single living cell under test; (c) in vitro labeling of
target protein captured from the single cell with plasmonic nanotag and the formation of extraction
microprobe/protein/plasmonic nanotag sandwich-like immunocomplexes on the microprobe surface;
(d) Raman signal readout by plasmonic detection and data analysis (reproduced with permission
from Ref. [113], copyright 2021, the authors, under exclusive license to Springer Nature Limited).
(C) Schematic illustration of multiplex miRNA assay via the SERS sandwich strategy. R6G-, CV-,
and 4-ATP-encoded fractal Au nanoparticles were utilized as SERS tags, and Ag-coated magnetic
nanoparticles were utilized as the capture substrate. (a) Schematic processes of synthesizing SERS
tag; (b) design and synthesis of the capture substrate; (c) detection procedure of multiple miRNAs
based on the capture substrate/miRNA/SERS tag sandwich structure (reproduced with permission
from Ref. [121], copyright 2021, American Chemical Society).

5.2. Detection of Nucleic Acids

Nucleic acids, including RNA, DNA, and miRNA, play a crucial role as genetic
material and serve as important biomarkers in various applications. Conventional methods
for nucleic acid detection, such as real-time quantitative PCR (RT-qPCR) and northern
blotting, often suffer from limitations such as low sensitivity, lack of portability, long assay
times, and extensive sample preparations. To overcome these challenges, researchers have
explored alternative detection methods, especially optical and electrochemical techniques.
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Among these, SERS has become a promising strategy for nucleic acids, leading to the
development of various SERS-based detection methods.

One particular class of nucleic acids, miRNA, consists of an average length of only
22 nucleotides. The short length and high sequence homology of miRNAs pose challenges
for specific detection and amplification using conventional methods like PCR. However,
miRNAs have raised potential as biomarkers of cancers since they play a critical role in
protein post-transcriptional regulation. To address these limitations, many strategies based
on SERS for miRNA detection have been proposed [121–127]. For example, a magneti-
cally assisted sandwich-type SERS-based biosensor was manufactured [121], capable of
ultrasensitive and multiplex detection of three hepatocellular carcinoma-related miRNA
biomarkers (miRNA-122, miRNA-223, and miRNA-21) (Figure 6C). The biosensor consists
of a magnetic capture substrate to capture DNA-conjugated Ag-coated magnetic nanopar-
ticles (AgMNPs) and SERS tags to probe DNA-conjugated DNA-engineered fractal gold
nanoparticles (F-AuNPs). This assay exhibited excellent selectivity, specificity, and high
accuracy in multiplexed detection of actual human serum samples and liver cancer pa-
tient serum assay, even in the presence of other miRNAs. Remarkably, the LOD for the
three miRNAs were exceptionally low, with values of 349 aM for miRNA-122, 374 aM
for miRNA-223, and 311aM for miRNA-21. Additionally, a technique named PASA was
employed for the detection of nucleic acids [128] and their modifications [129] for several
key advantages, including ultrahigh sensitivity, fast analysis time, and a minimal sample
volume requirement. Zhang et al. developed a rapid and highly sensitive method called
the AuNP-decorated Ag@SiO2 nanocomposite-based PASA for the detection of circulating
miRNAs in human serum [128]. Using this method, researchers successfully quantified
miR-21 in human serum with a LOQ of 10−14 M and differentiated a breast cancer pa-
tient from a healthy individual. The AuNP-decorated Ag@SiO2 nanocomposite and PASA
method can be easily adapted for the detection of other miRNAs and circulating tumor
DNA, making it a promising tool for cancer diagnosis.

In addition to the detection of miRNA, longer nucleic acids, such as RNA and DNA,
have also been successfully detected using SERS-based methods [130–138]. For example,
a “lab-in-a-stick” portable device that integrates a SERS-based bioassay and the washing
process has enabled the direct detection of pathogen RNA [133]. Two signal enhancement
levels were utilized to achieve the sensitivity required for direct detection. Each target
sequence was tagged with an ultrabright SERS-encoded nanorattle, providing ultrahigh
SERS signals. These tagged target sequences were then concentrated into a focused spot
for detection using hybridization sandwiches with magnetic microbeads. Through this
approach, the device achieved direct detection of synthetic targets with a LOD of 200 fM.
SERS devices have also been developed for the detection of DNA. DNA mutation pattern
profiling is crucial for the classification of cancer types and plays a fundamental role in
advancing precision medicine. Wu et al. developed an amplification-free SERS biochip
that allows for the direct and simultaneous identification of multiple point mutations in
tumor cells [135]. By integrating the SERS spectra encoding technique with a supervised
learning algorithm, a panel of nucleotide mixtures can be effectively distinguished based on
their mutation profiles. The SERS sensor is incorporated into a microfluidic chip, enabling
one-step multiplex analysis within 40 min.

5.3. Detection of Viruses

The detection of viruses is crucial for early diagnosis and treatment and monitoring
disease progression, especially in the context of recent pandemic and epidemic outbreaks
like COVID-19. SERS-based detection methods for viruses have been developed, both in
label-free and labeled approaches, offering rapid and reliable detection capabilities.

In label-free SERS detection, Yeh et al. presented a portable microfluidic platform
named VIRRION (virus capture with rapid Raman spectroscopy detection and identifica-
tion), which contains carbon nanotube arrays with differential filtration porosity, allowing
for rapid enrichment and optical identification of viruses [139] (Figure 7A). The platform
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employs a multi-virus capture component in conjunction with SERS, enabling real-time
enrichment and identification of different emerging strains or unknown viruses. Following
viral capture and detection on the chip, the viruses remain viable and become purified
within the microdevice. This enables subsequent in-depth characterizations using various
conventional methods. The technology successfully enriched and identified rhinovirus,
influenza virus, and parainfluenza viruses, maintaining the stoichiometric viral proportions
even when multiple types of viruses were present, simulating co-infection. The process of
viral capture and detection took only a few minutes and resulted in a 70-fold enrichment
enhancement, with a detection limit of 102 EID50·mL−1 and a virus specificity of 90%,
making it a promising tool for real-time tracking and monitoring of viral outbreaks.

Figure 7. Representative applications of SERS bioassays for detection of viruses. (A) Design and
working principle of VIRRION for effective virus capture and identification. (a) Photograph and
SEM images of aligned CNTs exhibiting herringbone patterns decorated with gold nanoparticles;
(b) picture showing assembled VIRRION device, processing a blood sample; (c) illustration of
(i) size-based capture and (ii) in situ Raman spectroscopy for label-free optical virus identification;
(d) on-chip virus analysis and enrichment for NGS, (i) on-chip immunostaining for captured H5N2,
(ii) on-chip viral propagation through cell culture, and (iii) genomic sequencing and analysis of
human parainfluenza virus type 3 (HPIV 3) (reproduced under the terms of CC BY 4.0 from Ref. [139],
copyright 2020, the authors). (B) Design strategy for the label-free SERS-based aptasensor platform
for SARS-CoV-2. (a) Targeted aptamer screening against spike (S) protein for detecting SARS-CoV-2
from clinical samples. Side and top view of the trimeric S protein on the surface of SARS-CoV-2 (PDB:
6VXX); (b) the particle display aptamer discovery process, in which solution-phase aptamer library
molecules are converted to monoclonal aptamer particles, incubated with fluorescently-labeled S
protein, and then subjected to fluorescence-activated cell sorting (FACS) to enrich library molecules
with a strong affinity for this target; (c) the aptamer is then conjugated onto a silver nanoforest
(SNF) substrate for the detection of SARS-CoV-2 and the intrinsic aptamer peaks shift in response
to the conformational changes triggered by the S protein binding to the aptamer (reproduced with
permission from Ref. [140], copyright 2023, Elsevier B.V.).

In the labeled SERS detection, typical immunoassays have been employed for virus
detection [141–146]. For example, a highly sensitive and quantitative SERS-based LFA
strip was developed for the simultaneous detection of influenza A H1N1 virus and human
adenovirus (HAdV) [144]. Fe3O4@Ag nanoparticles served as magnetic SERS nanotags,
which were conjugated with dual-layer Raman dye molecules and target virus-capture
antibodies, allowing for specific recognition and magnetic enrichment of target viruses in
the solution, as well as SERS detection of the viruses on the strip. The magnetic SERS strip
can directly be used for real biological samples without requiring any sample pretreatment
steps. The LOD achieved for H1N1 and HAdV were 50 and 10 pfu·mL−1, respectively,
which were significantly higher compared to the standard colloidal gold strip method. This
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SERS-based LFA strip is a potential tool for early detection of virus infections for its easy
operation, rapidity, stability, and high throughput.

SERS also provides great potential for fast-screening detection of SARS-CoV-2 virus
and its variants [140,147–153]. Park et al. developed an ultra-sensitive label-free aptasen-
sor based on SERS for the universal detection of SARS-CoV-2 variants of concern [140]
(Figure 7B). Two DNA aptamers with high affinity for binding to the spike protein of
SARS-CoV-2 were first identified through high-throughput screening. The dissociation
constants (kD) of the aptamers are 1.47 ± 0.30 nM and 1.81 ± 0.39 nM, respectively. By
combining these aptamers with a silver nanoforest, this ultra-sensitive SERS platform
achieves a detection limit at the attomolar (10−18 M) level using a recombinant trimeric
spike protein. Furthermore, the intrinsic properties of the aptamer make the approach
label-free, eliminating the need for a Raman tag. Clinical samples with variants of concern,
like the wild-type, delta, and omicron variants, were successfully detected. In another
study, a hand-held breathalyzer based on SERS for the rapid identification of individ-
uals infected with COVID-19 was developed, which is capable of providing results in
under 5 minutes and demonstrates high sensitivity (>95%) and specificity across a cohort
of 501 participants [152]. These developments hold promise as a powerful tool for the
rapid and reliable detection of SARS-CoV-2 variants, facilitating effective control measures
against the ongoing pandemic.

While both label-free and labeled SERS bioassays have been developed for the de-
tection of viruses, there is still a need for diverse functions, such as virus capture and
enrichment, and minimized sample exposure, apart from sensitive, specific, and rapid
detection. Such advancements would be highly desirable for real-world applications.

6. Conclusions and Future Perspectives

SERS has emerged as a very powerful and promising analytical technique, and its
capabilities continue to advance primarily through improvements in substrates. The
sensitivity, compatibility with probed molecules, and measurement reproducibility are
determined by the substrate. These substrates often involve well-controlled particles and
their tunable couplings to achieve optimal enhancement. While SERS-based bioassays have
already been widely used in biomolecular detection, the rational design of substrates and
applied methodologies discussed here will continue to drive advancements toward higher
sensitivity and reproducibility for clinical applications. The labeled SERS bioassays using
SERS nanotags for biomolecule detection offer a sensitive method with enhanced specificity
through the use of targeting moieties on the nanoconstructs. One notable advantage of
SERS nanotags is the ability to design and synthesize Raman-reporter labels with unique
spectral peaks, enabling multiplex detection by avoiding overlap. These nanoprobes hold
potential for early disease diagnosis, where simultaneous detection of multiple biomarkers
at low concentrations is crucial.

Additionally, the implementation of artificial intelligence (AI) can greatly enhance
the analysis of complex samples for which the involuted Raman spectra are often hard
to distinguish, enabling disease diagnosis without the labeling of biomarkers [154–158].
For more related information, please refer to Ref. [159,160]. In brief, acquired Raman
spectra in complex media can be processed using spectral unmixing algorithms to estimate
concentration profiles, leading to improved quantification. By “learning” the fingerprint of
Raman spectra and identifying specific characteristics from massive data, deep learning
algorithms can automate analysis processes, outperforming human-operated analysis and
potentially enabling more efficient and faster disease diagnosis. The combination of SERS
signals with data processing software, especially involving AI, is an active area of research,
offering potential improvements in accuracy and reliability.

While the SERS technique offers high sensitivity and intrinsic molecular fingerprint
information, its reproducibility has historically been a challenge, limiting its widespread
application. Recent advancements in nanotechnology have provided researchers with
the means to create more uniform and reproducible SERS substrates, both at the mi-
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cro/nanoscale and macroscopic levels. However, achieving precise nanogap regulation
for specific recognition remains a critical requirement, especially in complex measurement
environments. SERS analysis in vivo still pose both opportunities and challenges. One
pressing need is to fix the nanogap between nanoparticles at a stable distance on a molecu-
lar level to achieve simultaneous reproducibility and selectivity in detection. Framework
nucleic acids hold promise as they can integrate chemical recognition elements and provide
a stable structure. By altering Raman reporters and refining molecule structures, it is
possible to minimize fluctuations in the SERS signal. In addition, it is worth noting that
some delicate methods, due to the complexity of their designs, may have a relatively high
coefficient of variation in analyzing complex samples. Therefore, developing simple yet
effective methods is of great importance for practical use in real-world applications.

Another significant challenge in advancing SERS is the limited availability of sensitive,
affordable, and portable Raman spectrometers. Confocal Raman microscopy, despite its
sensitivity, is often of cumbersome size and complex structure, limiting its usage as a
portable device. Moreover, since only one micro area can be acquired at a time with Raman
microscopy, bias may result from the microscopic heterogeneity, lacking representation
at the overall level. To overcome this hurdle, extensive research is needed to develop
miniaturized spectrometers with higher sensitive and Raman-stabilized lasers that can
be seamlessly integrated into on-chip platforms. This development would be crucial in
realizing the vision of portable and accessible SERS devices.
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