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Emerging SERS biosensors for the analysis of cells
and extracellular vesicles

Mohammad Tavakkoli Yaraki, =/ Anastasiia Tukova ‘= and Yuling Wang ‘= *

Cells and their derived extracellular vesicles (EVs) or exosomes contain unique molecular signatures that
could be used as biomarkers for the detection of severe diseases such as cancer, as well as monitoring
the treatment response. Revealing these molecular signatures requires developing non-invasive ultra-
sensitive tools to enable single molecule/cell-level detection using a small volume of sample with low
signal-to-noise ratio background and multiplex capability. Surface-enhanced Raman scattering (SERS)
can address the current limitations in studying cells and EVs through two main mechanisms: plasmon-
enhanced electric field (the so-called electromagnetic mechanism (EM)), and chemical mechanism (CM).
In this review, we first highlight these two SERS mechanisms and then discuss the nanomaterials that have
been used to develop SERS biosensors based on each of the aforementioned mechanisms as well as the
combination of these two mechanisms in order to take advantage of the synergic effect between electro-
magnetic enhancement and chemical enhancement. Then, we review the recent advances in designing
label-aided and label-free SERS biosensors in both colloidal and planar systems to investigate the surface
biomarkers on cancer cells and their derived EVs. Finally, we discuss perspectives of emerging SERS bio-
sensors in future biomedical applications. We believe this review article will thus appeal to researchers in
the field of nanobiotechnology including material sciences, biosensors, and biomedical fields.

School of Natural Sciences, Faculty of Science and Engineering, Macquarie University,
Sydney, NSW 2109, Australia. E-mail: yuling.wang@mq.edu.au

Mohammad Tavakkoli
Yaraki
enhanced processes including metal-enhanced fluorescence, metal-
enhanced singlet oxygen generation and surface-enhanced Raman
scattering. He has published 45+ papers in the area of nanobio-
technology and has 11+ years of experience in doing research in
both academia and industry as well as entrepreneurship.

15242 | Nanoscale, 2022, 14, 15242~

Anastasiia received her B.Sc. in
chemical  engineering  from
St Petershurg State Chemical-
Pharmaceutical University
(Russia, 2016). She continued
her M.Sc. in chemical and bio-
molecular engineering at the
University of Sydney (Australia,
2018). In 2021, Anastasiia
joined Yuling Wang’s research
group at Macquarie University.
She started her PhD with a
project that aimed to analyse
how gold nanoparticles funda-
mentally interact with proteins via advanced characterization of
gold nanoparticles and their toxicological profile to control their
biological behaviour and properties.

Dr Mohammad Tavakkoli Yaraki
is a postdoctoral research fellow
in the School of Natural
Sciences, Macquarie University,
Australia. He is an alumnus of
the National University of
Singapore, where he received his
PhD in plasmon-enhanced pro-
cesses for the diagnosis and
therapy of cancer in 2020. His
expertise is in the synthesis of
metal nanostructures, synthesis
of fluorescent nanomaterials,
optical biosensors, and plasmon-

Anastasiia Tukova

15268 This journal is © The Royal Society of Chemistry 2022


http://rsc.li/nanoscale
http://orcid.org/0000-0002-6987-7885
http://orcid.org/0000-0003-0316-1814
http://orcid.org/0000-0003-3627-7397
http://crossmark.crossref.org/dialog/?doi=10.1039/d2nr03005e&domain=pdf&date_stamp=2022-10-24
https://doi.org/10.1039/d2nr03005e
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR014041

Published on 19 September 2022. Downloaded on 3/14/2026 11:26:43 AM.

Nanoscale

1. Introduction

Raman spectroscopy is a spectroscopic technique that is based
on the inelastic scattering of photons that cause vibration of
chemical bonds in the molecules, first predicted theoretically
in 1923 by Smekal and co-workers' and discovered by C.V.
Raman in 1928, which led to a Nobel Prize in physics for
Raman in 1930.% The rich vibrational information on changes
in composition, structure, or phase transitions in the sample
provided by Raman spectroscopy has made it a unique
approach in analytical chemistry. However, Raman signals for
bulk (solid) or concentrated samples are not strong enough for
further analysis. Therefore, development of new techniques to
enhance the Raman signal for a sample at low concentration is
essential for further applications, especially in the biomedical
field.”™

Surface-enhanced Raman scattering (SERS), which was first
discovered by Fleischmann et al.® in 1974, is a technique in
which the Raman signal of a molecule can be enhanced dra-
matically when placed in the vicinity (<10 nm) of some nano-
materials including plasmonic noble nanostructures, 2D nano-
materials, and semiconductors. In general, there are two main
mechanisms for SERS: (i) the plasmon-enhancement mecha-
nism, which is the dominant mechanism in noble metal-
based SERS systems, and (ii) the chemical enhancement
mechanism, which is the main mechanism in non-metal-
based SERS systems and also occurs between molecules and
the substrate. In the last decade, colloidal and planar SERS
systems have found their place as strong analytical tools in bio-
medical field”" owing to their high sensitivity, which can be
even at the single molecule level."

Accurate analysis is imperative to inform health care provi-
ders in predicting the progression of a disease and implement-

A/Prof.  Yuling Wang 1is an
Australian  Research  Council
(ARC) Future Fellow in the
School of Natural Sciences at
Macquarie  University. Yuling
completed her PhD at the
Chinese Academy of Sciences in
2009. She was then awarded an
Alexander von Humboldt (AvH)
fellowship (2010) and a German
Research Foundation (DFG) fel-
lowship (2012). In 2014, she
received the ARC Discovery Early
Career Researcher Awards fellow-
ship. In 2017, Yuling was appointed as a Senior Lecturer at
Macquarie and was promoted to Associate Professor in 2020. Her
research focuses on platform technology that utilizes rationally
designed plasmonic nanomaterials and surface-enhanced Raman
scattering (SERS) for biomarkers sensing with the aim to enhance
in vitro diagnostics and personalized medicine.

Yuling Wang

This journal is © The Royal Society of Chemistry 2022

View Article Online

Review

ing appropriate treatment. Biosensors can be used to observe
and predict a patient’s state of health by monitoring the pres-
ence of biomarkers in biological fluids such as blood, saliva
and urine, tears, and cerebrospinal and synovial fluids.">™*°
Extensive research has been done on the use of analytical
methods to monitor biomarkers such as circulating tumour
cells (CTC), specific proteins, circulating RNA and DNA, and
small extracellular vehicles (EVs)**™° to create fast, effective,
and reliable assays and techniques to determine their activity
and measure their concentration in patients’ samples.>”>°
Among them, SERS-based systems have received tremendous
attention owing to their high sensitivity and low signal-to-
noise ratio background, as well as their non-invasive nature
and requirement for a very low amount of sample.'%?°73?
Additionally, SERS biosensors could enable multiplex detec-
tion of various analytes in the sample by one single measure-
ment, owing to the unique distinct Raman peaks of Raman
reporter molecules in the design of SERS nanotags. Plenty of
excellent reviews have been recently published on this
topic.***> However, it seems the chemical mechanism in SERS
enhancement mechanism has been neglected, and no review
specifically covers the use of SERS to analyse the surface bio-
markers on cells and their EVs.

In this review, we first present an overview of SERS mecha-
nisms with the focus on the chemical mechanism, which has
been overlooked by many review articles. Then, we highlight
different nanomaterials that have been used to design highly
sensitive colloidal and planar SERS systems based on electro-
magnetic enhancement mechanism and chemical enhance-
ment mechanism. Next, we discuss label-free and labelled
SERS systems as two main approaches for the analysis of
cancer cells and EVs, where various SERS systems based on
plasmon enhancement and/or chemical enhancement have
been designed to provide deeper insights into the molecular
signatures of cells and EVs, and therefore for early detection or
monitoring of the cancer treatment process. At the end, we
propose our perspectives and future work using SERS as a sen-
sitive tool for sensing cells and their EVs.

2. Overview of the SERS mechanism

The weak Raman scattering cross-section of molecules (10>~
107*° cm® per molecule) results in an inefficient Raman scat-
tering, which has limited its application in real practice.*®?”
SERS has solved this issue by enhancing the Raman signal of
molecules placed in the vicinity of SERS nanomaterials (e.g.,
plasmonic nanostructures, semiconductors, etc.). Although the
understanding of SERS enhancement has been one of the
main topics in SERS studies for decades, debate about the
mechanisms of SERS remains. Despite the many proposed
models for SERS enhancement, there is still a need for a new
SERS enhancement model to explain some complex systems.
Fig. 1 shows the two common mechanisms that could be used
to explain SERS enhancement in most systems based on
different nanomaterials: (i) electromagnetic enhancement
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Fig. 1 (a) Enhanced near field in a plasmonic nanomaterial due to localized surface plasmon resonance (LSPR) when it interacts with incident light
with wavelength larger than its size (bottom) and SERS of a molecule placed on surface of the plasmonic nanomaterials due to electromagnetic
enhancement mechanism (top). Adapted from ref. 38 with permission from Nature-Springer Group, copyright 2016. (b) Chemical enhancement
mechanism with macroscopic (without complexation) and microscopic (with complexation and formation of new electronic state) point of view
when a molecule (blue star) is adsorbed on surface of a nanomaterial (grey sphere).

(Fig. 1a, ie., plasmon enhancement); and (ii) chemical
enhancement (Fig. 1b with the two concepts of Macroscopic,
where the charge transfer between nanomaterial (metal) and
molecule occurs, and Microscopic, where nanomaterial and
molecule form a complex with a new electronic energy state).
In this section, these two main mechanisms are explained and
the effective parameters of these mechanisms are reviewed.

2.1. Electromagnetic enhancement mechanism

Electromagnetic enhancement is the result of localized surface
plasmon resonance (LSPR). When light (i.e., electromagnetic
wave) interacts with a metal or semiconductor nanostructure,
oscillation of electrons at the surface of the metal or semi-
conductor nanostructure results in an enhanced electric field
in the space surrounding the nanostructure, which can modu-
late the optical properties of molecules placed in the vicinity of
the surface of the nanostructure, including Raman scattering.”

Noble metal (i.e., Au, Ag, Pd, Pt, Cu) nanostructures have
free electrons at their surface which lead to a considerably
enhanced electric field in the surrounding environment, while
the LSPR, and consequently the enhanced electric field under
visible range excitation in semiconductors, is weak, since it
depends on the electron density of the conduction band (CB)
and a large electron density (10*>~10** cm™) of the valence
band (VB).>° Therefore, the electromagnetic enhancement
mechanism usually refers to noble metal-based SERS systems.
Mie theory explains that when incident light with a certain
wavelength is much greater than the size of nano-object, inci-
dent light interacts with a metal nanosphere, and the extinc-
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tion cross-section in the nanosphere can be explained by the
following equation:

€ metal
; SRR (1)
€' metal + 25diel) +(6meta1)

@ 2v
Oext = 9(—) (edier)?
¢ (

where V is volume of the sphere, w is the frequency of the inci-
dent light, eq4ia is the dielectric constant of the surrounding
environment and €"eca aNd €' meea are the imaginary and real
part of the refractive index of metal.**** The SERS enhance-
ment factor is proportional to the fourth power of enhanced
B[
|4

5 ) The enhanced electric field around
0

metal nanostructures possesses short decay (10-30 nm in
sphere and <10 nm in anisotropic nanoparticles with sharp
edges and corners) (Fig. 2a), but when a dramatically
enhanced electric field occurs in the space between the par-
ticles, this is called a “hot-spot” (Fig. 2b).***>%¢ Therefore, the
SERS enhancement factor is roughly proportional to d™'?,
where d is the distance between the molecule and the surface
of the metal nanostructure.® The enhanced electric field is size
and shape dependent, and the material of the nanoparticle
strongly affects the enhanced electric field. Therefore, appro-
priately matching the shape, size, and material of the nano-
particle with the excitation wavelength of the Raman scattering
is of great importance for SERS applications. Fig. 2c shows
how tuning the size of silver nanocubes affects the average
enhanced electric field on the surface of these nanostructures
under a common laser with the excitation wavelength.
Although it was mentioned that semiconductors do not have

electric field <|
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Fig. 2

(a) Enhanced electric field distribution around a 130 nm Ag sphere (i), 84 nm Ag nanocube (ii) and 33 nm Ag triangle nanoplate with 7 nm

thickness (i) under excitation wavelength of 550 nm, which is well matched with the maximum LSPR of each nanoparticle. Adapted from ref. 50
with permission from WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, copyright 2020. (b) The enhanced electric field between AgNPs with
different sizes and gaps under 633 nm incident light, adapted from ref. 46 with permission from Nature-Springer Group, copyright 2019. (c) The
fourth power of surface average enhanced electric field (|Eavel*/|Eol* on Ag nanocubes with different sizes (based on edge length) under a common
Raman laser with the excitation wavelength in the (i) UV region (200-400 nm), (ii) visible region (400-700 nm), and (ii) NIR/IR region
(700-1100 nm). Adapted from ref. 45 with permission from the Royal Society of Chemistry, copyright 2020. K is the wave vector, and E is the inci-

dent polarization.

strong LSPR, and therefore they do not have a strong enhanced
electric field in the visible region, some attempts have been
made to shift the LSPR of semiconductor-based SERS systems
to the visible range by optimizing the size and geometry con-
figurations as well as defect engineering in the semiconductor
nanomaterials. It should be taken into account that the LSPR
peak is a function of the morphology (size and shape) and the
component of the nanoparticle. There is an optimal size of
metallic nanoparticles to achieve the strongest SERS enhance-

This journal is © The Royal Society of Chemistry 2022

ment. Small nanoparticles (<10 nm) have an extreme surface
damping, while large nanoparticles have a great radiation
damping (>160 nm).*” It is important to note that for a
different excitation wavelength the choice of optimal nano-
particle size for maximum SERS enhancement will vary.
Surface plasmons are also strongly influenced by the shape of
nanoparticles. For example, gold nanorods have two resonance
modes at different wavelengths corresponding to the longitudi-
nal and transverse direction of plasmon oscillation.*®

Nanoscale, 2022, 14,15242-15268 | 15245
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Adjusting the aspect ratio of these nanoparticles would result
in shifting of the LSPR peak, and as a result in different SERS
enhancement. LSPR and SERS enhancement also depend on
the surrounding environment. For example, Li et al. have
investigated the optimal size of gold nanoparticles for SERS
under different conditions.*® They found that under the same
concentration and total surface area of gold nanoparticles the
optimal size for the maximum SERS enhancement among the
particles from 17 to 80 nm is 50 nm. SERS also depends on
the component of NPs. Although Ag exhibits high plasmonic
quality in the visible to near-infrared range and enhances
strong Raman scattering, chemical stability and toxicity are
two major concerns for its biomedical applications. Au exhi-
bits SERS enhancement comparable to Ag in the long wave-
length range (usually above 600 nm), but gold is widely used
due to its high chemical stability and biocompatibility.

2.2. Chemical enhancement mechanism

Although electromagnetic enhancement usually occurs in
metal nanostructure-based SERS systems and is the dominant
mechanism, chemical enhancement is the dominant mecha-
nism when a molecule locates on the surface of a semi-
conductor (metal oxides) or non-metal nanostructure (carbon
nanomaterials).””" In chemical enhancement, the charge
transfer process occurs between the metal or non-metal sub-
strate and adsorbed molecule (Fig. 3a). This charge transfer
process can happen in two different ways depending on the
electronic states of the nanomaterial (SERS substrate) and the
adsorbed molecule.>®*™>* First, the substrate and molecule may
form a complex that has a new energy state, where the reso-
nance of such a complex could enhance the Raman scattering
under excitation by incident light. Second, there is no complex
state, but the Fermi level of the nanomaterial substrate could
match the highest occupied molecular orbital (HOMO) or the
lowest unoccupied molecular orbital (LUMO) of the molecule.
In this case, the electron can be transferred from the HOMO of
the molecule to the unoccupied state above the Fermi level of
the nanomaterial substrate, or from the LUMO of the molecule
to the occupied state below the Fermi level of the nanomaterial
substrate. A third possible pathway is excitation resonance,
which is different from charge transfer system and happens
when excitons (i.e., electron-hole pairs) are being generated as
a result of electron transition from valence band to conductive
band. When the size of nanoscale semiconductor is smaller
than the distance between hole and pair (i.e., Bohr radius), the
bandgap increases. If the wavelength of incident light is
matched with the bandgap energy, the SERS performance of
semiconductor nanoparticles through the chemical enhance-
ment effect (i.e., exciton resonance) can be improved.”>>°

2.3. Synergic effect between electromagnetic enhancement
and chemical enhancement mechanisms

The combination of the two mechanisms, taking advantage of
the synergic effect between the two well-known mechanisms,
in developing SERS substrates has been one of the hot topics
in this research area. While surface defect-engineered semi-
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View Article Online

Nanoscale
a Macroscopic Microscopic
e LUMO+1
CT;M*-A

LUM
%v umo Y
/ Eqr @Ev Ahv
E,.FL E,. ™

-Agvﬂ “AE, ﬂ’Ahv & Er

EVo = M-A

Nanomaterial -Molecule

Nanomaterial = Molecule Complex
SERS
e
Lumo A
(S 3
o b o]
of . .49
cecc L
HOMO Au-TiO, _recycle Au-TiO,
Au TiO, Molecule oa— -

Fig. 3 (a) Chemical enhancement mechanism based on resonant
charge transfer model with macroscopic and microscopic point of view
when a molecule is adsorbed (A: adsorbate) on surface of nanomaterial
(in this case M: metal). Adapted from ref. 68 with permission from the
Royal Society of Chemistry, copyright 2011. (b) Schematic diagram of
the SERS enhancement mechanism of 4-mercaptobenzoic acid (4-MBA)
molecules adsorbed on Au-TiO, nanocomposite. Adapted from ref. 65
with permission from the Royal Society of Chemistry, copyright 2017.

conductors have been used as potential SERS substrates for
some biomedical applications,””>° it seems that the appli-
cation of semiconductor nanomaterials in bioanalysis needs
further investigation to solve the practical challenges that
researchers face in biomedical applications, in particular in
the analysis of cells and extracellular vesicles. Therefore, the
combination of noble metal nanostructures and semi-
conductor nanomaterials has received tremendous attention
in the design of SERS substrates with stronger SERS effect
compared with noble metal-based substrates or semi-
conductor-based substrates alone.®®®* In such a composite,
the presence of a noble metal results in stronger light absorp-
tion in the visible to near-infrared (NIR) region, depending on
the size/shape/material of the noble metal nanostructure. This
can modify the light absorption of the composite and lead to
stronger excitation under Raman laser irradiation. On the
other hand, since semiconductors have a generally higher
Fermi level than noble metal nanostructures, the hole-electron
separation effect in a semiconductor can be promoted by the
presence of the metal nanostructure, and therefore the charge
transfer efficiency of the semiconductor can be improved.
Fig. 3b depicts how the combination of Au and TiO, nano-
structures could enhance the Raman signal. In this work,

This journal is © The Royal Society of Chemistry 2022
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Jiang et al.®® deposited Au ions on TiO, nanoparticles by a
photocatalytic reduction approach, where it was found that a
synergic effect between deposited Au and TiO, nanoparticles
plays an important role in the enhanced charge transfer from
semiconductor to the adsorbed 4-mercaptobenzoic acid mole-
cules, and in turn, the SERS effect of the nanocomposite. The
synergistic effect between electromagnetic mechanism and
chemical enhancement is not limited to metal-semiconductor
substrates. Recently, MXenes made of Ti;C,, Nb,C, and Ta,C
have shown up to 10°fold SERS enhancement factor, which
was due to a combination of both enhanced electric field
around the MXene structures and charge transfer between
MXene and Raman molecule.®>®” We believe these nano-
materials have great potential for the analysis of surface bio-
markers on cells or extracellular vesicles in the near future.

To date, the potential of a wide range of nanomaterials for
SERS enhancement has been investigated. Plasmonic noble
nanostructures have shown promising SERS enhancement
effects in both colloidal and planar systems through the elec-
tromagnetic enhancement (ie., plasmon enhancement)
mechanism. While chemical enhancement has also been
found in metals, it is suppressed by the electromagnetic
enhancement mechanism. However, in non-plasmonic nano-
materials such as semiconductors and 2D carbon nano-
structures, the chemical enhancement effect is the dominant
mechanism, and mainly occurs through the charge transfer
process. Combination of these nanomaterials provides an
opportunity to take advantage of the synergic effect between
metal and non-metal nanomaterials, and to obtain dramatic
SERS enhancement. In the following section, we discuss the
nanomaterials that contribute to SERS enhancement via these
mechanisms.

3. Nanomaterials for SERS
3.1. Nanomaterials for the plasmon enhancement effect

Noble metal nanostructures are the key nanomaterials that
have been used for designing SERS systems in both colloidal
and planar systems owing to their LSPR effect, and in turn, the
dramatically enhanced electric field in their surrounding
environment. As discussed earlier, the Raman signal of the
molecule can be modulated when it is placed in this enhanced
electric field area (i.e., typically the molecule is adsorbed on
surface of metal nanostructure), which is proportional to the
fourth power of the enhanced electric field. Among various
noble metals, gold and silver have received more attention
compared with other plasmonic metals (i.e., Cu, Pd, Pt), owing
to their well-known size and shape-tunable chemical synthesis
routes (i.e., bottom-up approaches), as well as the fewer techni-
cal challenges in the fabrication of nanostructures via top-
down approaches (e.g., electrodeposition). In this section, we
highlight nanomaterials that have been used for designing col-
loidal and planar SERS systems based on the plasmon
enhancement mechanism.

This journal is © The Royal Society of Chemistry 2022
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3.1.1. Colloidal SERS systems with plasmon enhancement
effect. Synthesis of metal nanoparticles with a size less than
100 nm is at the heart of development of SERS systems in col-
loidal form. Since the enhanced electric field is stronger at
sharp edges and corners in anisotropic metal nanoparticles,
the development of reproducible synthesis routes for aniso-
tropic metal nanoparticles is of great importance. The syn-
thesis of anisotropic gold and silver nanoparticles has been
recently reviewed by different groups.®®*”® In general, the suc-
cessful synthesis of anisotropic metal nanoparticles requires
the presence of metal salt (i.e., mostly HAuCl,, AgNO;), mild
reducing agent (i.e., ascorbic acid, hydroquinone, etc.) and
shape-directing agent (i.e., polymers and a trace amount of
ions). The morphology and size of the anisotropic metal nano-
particles can be controlled via two general ways: direct (seed-
less) synthesis and seed-mediated growth, shown schemati-
cally in Fig. 4a.

In direct synthesis (Fig. 4a, left), a combination of mild
reducing agent and shape-driving agent can lead to the for-
mation of anisotropic nanoparticles, where bio-templated/bio-
molecules-based methods can satisfy these requirements.
Biomolecules such as peptides, proteins and nucleic acids,
proteins and peptides as well as plant extracts containing bio-
active compounds could be used for the synthesis of aniso-
tropic nanoparticles, due to the simultaneous presence of
various sequences (i.e., nucleotides or amino acids) or chemi-
cal structures.”®®° For example, Tan et al.®®> have reported
the synthesis of triangular Au nanoplates using polypeptide as
simultaneous reducing agent, shape-directing agent and
capping agent under mild synthesis conditions such as
neutral pH, room temperature and in aqueous solution. The
as-synthesized nanostructures through these routes are fully
covered with functional groups that enable further surface
functionalization easily and provide high biocompatibility,
which are essential for biomedical applications.®*® 1In
another study, Wang’s group reported the seedless synthesis of
spiky Au nanostars using ascorbic acid as reducing agent and
capping agent in the presence of a trace amount of Ag" ions as
shape-directing agent, which showed a great SERS enhance-
ment.®® In another work, using the same precursors, and just
by changing the ratio between chemicals and synthesis con-
ditions, Au-Ag alloy nanoboxes with a relatively smooth
surface were synthesized.®”

On the other hand, the seed-mediated growth approach
(Fig. 4a, right) allows the manipulation of the shape and size
of the anisotropic nanoparticles by introducing different
amounts of seeds (i.e., usually small-sized nanoparticles with a
size between 5 and 20 nm) as well as a shape-directing agent
such as polyvinylpyrrolidone (PVP),*® poly(diallyldimethyl-
ammonium) chloride (PDDA),”® cetyltrimethylammonium
bromide (CTAB),*® and a trace amount of metal ions (Ag", Fe*",
etc.).’>®® The shape-directing agents usually have specific
binding affinity for certain facets (e.g., {100}, {111}) in the
crystal structure of the seeds, leading to reducing of metal ions
and growth of the nanoparticle in specific directions. A careful
control of the ratio between the reagents in the synthesis can
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(a) Controlling the morphologies of metal nanoparticles via two main approaches: direct (seedless) synthesis (left) and seed-mediated

growth method (right). Adapted from ref. 74 with permission from Elsevier, copyright 2020. (b) Controlled synthesis of penta-twinned Au nanocrys-
tals by tuning the ascorbic acid (AA)/HAuCl, ratio. Adapted from ref. 75 with permission from the Royal Society of Chemistry, copyright 2021. (c)
Plasmon resonance and maximum LSPR peak of differently shaped gold (Au) and silver (Ag) nanoparticles (NPs). Adapted from ref. 76 with per-
mission from the Royal Society of Chemistry, copyright 2021. (d) Synthesis of Fez0,@AuNP@Ag as magnetic SERS nanotag (i) and its application in a
microfluidics device for detection and quantification of immunoglobulin G. Adapted from ref. 77 with permission from the Royal Society of

Chemistry, copyright 2017.

result in anisotropic nanoparticles with well-defined shapes.
For example, Ag bipyramids have been synthesized in the pres-
ence of CTAB, ascorbic acid and Cu*' ions, where CTAB was
specific to {100} facets of Ag seeds, and the combination of
ascorbic acid and Cu®" ions produced H,0, that could etch the
{110} and {111} facets on Ag seeds.’® Recently, Zhang et al.”®
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reported the synthesis of penta-twinned Au nanocrystals using
Au decahedral seeds (Fig. 4b). Au decahedral seeds were first
synthesized using ethylene glycol as solvent, ascorbic acid as
reducing agent and PDDA as shape-directing agent at 220 °C.
Then, the seeds were used for the synthesis of various penta-
twinned nanocrystals (truncated penta-twinned decahedra,
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truncated bipyramids, bipyramids, truncated bipyramids with
tips, star-like penta-twinned nanocrystals, decahedra with
concave edges, and decahedra) just by tuning the ascorbic
acid/HAuCl, ratio in the presence of Ag" ions. As can be seen
in Fig. 4c, different shapes of gold and silver nanoparticles
have different LSPR peaks, and therefore the SERS enhance-
ment factor is maximum when the laser wavelength is well
matched with the LSPR peak of the nanoparticle.

One of the interesting approaches to improve the SERS
intensity in colloidal SERS nanotags is aggregation-induced
SERS.’"? In this approach, the SERS intensity increases dra-
matically due to formation of hot-spots between the SERS
nanotags upon addition of the analyte.”® For example, Liu
et al. have used porous Au@ZznS multi-yolk-shell structures
derived from Au@ZIF-8 as SERS nanotags, where introducing
the electrolyte resulted in a dramatic enhancement of the
SERS intensity of these nanoparticles due to aggregation of
them.?® This approach has also been used as the basis of a lot
of magnetic bead-SERS nanotags biosensors. In this approach,
both metal SERS nanotags and magnetic beads are functiona-
lised by recognition elements that can interact with analyte
molecules, resulting in the formation of magnetic bead/metal
nanoparticles in the form of core/satellite shape. The metal
nanoparticles (as satellites) in this structure become close
enough to each other that many hot-spots are formed between
them. In another method with a similar concept, magnetic
SERS nanotags made of a magnetic core and grown metal
nanoparticles on the surface can be designed.”” For example,
Yap et al”’ designed Fe;0,@AuNP@Ag as magnetic SERS
nanotags that were used to quantify immunoglobulin G
protein using a microfluidic device (Fig. 4d). The external mag-
netic field causes the aggregation of the SERS nanotags,
leading to a dramatic enhancement in SERS intensity.

3.1.2. Planar SERS systems with plasmon enhancement
effect. Planar SERS systems are of interest for designing
analytical tools, where the SERS substrates can be made via
different approaches: (i) assembly of metal nanoparticles onto
a substrate, and (ii) deposition of metal atoms on the surface
of a substrate and formation of metal nanostructures. The sub-
strate is usually a dielectric material such as glass, silicon
wafer, paper, and polymer that has an inert effect and provides
a versatile surface chemistry for further surface functionali-
zation and binding of metal nanoparticles.

The assembly of metal nanoparticles onto the substrate can
be performed via electrostatic adsorption, a simple casting/
drying process, solvent-mediated, sputtering, or even chemical
binding.'® All these approaches usually result in a layer of
metal nanoparticles on the surface of the substrate, where hot
spots can be formed in the space between the metal nano-
particles.'” Another approach to make SERS substrate using
metal nanoparticles is by combining metal nanoparticles with
polymers and casting the polymer solution as a thin film. The
performance of the metal nanoparticle-based SERS substrate
strongly depends on the surface coverage and shape of the
metal nanoparticles. Solis et al.”® have investigated the effect
of surface coverage of spherical AuNPs, Au nanorods, and
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spiky Au nanostars on a glass substrate. As can be seen in
Fig. 5a, the SERS enhancement factor is more sensitive to
surface coverage in spherical nanoparticles than anisotropic
nanoparticles, where the spiky Au nanostars showed less sensi-
tivity. Additionally, the Au nanostars led to at least 1 order of
magnitude higher SERS enhancement factor compared with
spherical Au nanoparticles, which could be due to formation
of stronger “hot-spots” between the sharp tips of the Au nano-
stars. In general, deposition of metal nanoparticles on sub-
strates is an easy and cheap process; however, reproducibility
of the quality of these SERS substrates should be considered in
real biomedical applications.

Deposition of metal atoms on the surface of the substrate
using atomic electrodeposition equipment through a litho-
graphic approach or using a template is another technique
that enables researchers to investigate the performances of
SERS substrates with unique, well-defined structures for both
in-plane and out-of-plane vertically stacked plasmonic nano-
gaps. For example, Hu et al.®” have fabricated a flexible poly-
meric nanofinger coated with a thin layer of Au. As shown in
Fig. 5b, the presence of the analyte molecule can bring the
plasmonic nanofingers close to each other as result of capillary
forces during the drying of the sample. This results in a dra-
matically enhanced electric field between the tips and, there-
fore, high SERS sensitivity. In another work, a dual-templating
technique has been used to fabricate a 3D hierarchically
porous gold nanostructure, by Zhang et al.°® In this approach
(Fig. 5¢), porous poly(methyl methacrylate) (PMMA) and octa-
ethylene glycol monohexadecyl ether (C;,EOg) were used as
hard template and lyotropic liquid crystal (LLC), respectively. A
porous anodic aluminium oxide (AAO) template was used to
prepare a negative PMMA template, followed by formation of
LLC and, finally, electrodeposition of gold. The synthesized
nano-holes could harvest the incident light and therefore gene-
rate an electric field enhancement close to the edges of the
nano-holes. The fabricated substrate showed considerable
reproducibility and sensitivity for detection of benzenethiol at
ultralow concentrations (0.1 pM). Although this approach pro-
vides unique SERS substrates at laboratory scale, the cost and
time for the preparation of this type of SERS-active substrate
should be taken into account when the scaling up of this type
of SERS substrate is required. In another study, an ultrathin
plasmene nanosheet was fabricated by stamping Au@Ag nano-
cubes on different substrates including paper banknote,
polymer banknote and coin (Fig. 5d). The stamped nano-
structures have shown dramatic SERS enhancement for 4-ATP
molecules (as model Raman molecule). Careful tuning of the
morphology of the nanoparticles in this approach could be
used as a method to engineer the SERS performance.”® The
self-assembly of nanoparticles on a flexible planar substrate
has been reported in many studies.’*>'°> Huang’s group has
reported a new fabrication method based on tailoring the
contact angle of nanoparticles to assemble the nanoparticles
instantly (within 5 s) on silicon wafer.'®® In another study, the
same group has reported controlling the SERS intensity of a
planar system (containing a monolayer of gold nanoparticles)
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analyte (iii, and iv). Adapted from ref. 97 with permission from the American Chemical Society, copyright 2010. (c) Schematic illustration of different
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by adjusting the shrinkage of the substrate through light. In
this design, the substrate was made by photopolymerization of
acrylamide, which undergoes the photopolymerization process
under irradiation of UV light.'®" This polymerization led to
shrinkage of the substrate, and therefore the formation of hot-
spots between nanoparticles that resulted in higher SERS
intensity.'**

3.2. Nanomaterials for the chemical enhancement effect

Although nanomaterials that have been used for developing
SERS systems with the chemical enhancement effect are
mostly based on inorganic semiconductors and carbon-based
nanostructures (Table 1), metal nanoparticles have also shown
the chemical enhancement effect when the adsorbed mole-
cules experience the charge transfer to the metal surface. Since
the plasmon effect is the dominant mechanism in metal nano-
particles, in this section, we only discuss the non-metallic
nanostructures that have been used for designing SERS
systems with the chemical enhancement effect. The first obser-
vation of SERS on TiO, and NiO by Yamada et al.’®>'° can be
traced back to 1982, when they discovered the enhancement in
Raman spectra of chemisorbed pyridine on the smooth
surface of NiO-coated glass substrate. Since then, the research
on using semiconductor nanomaterials as Raman enhancers
has witnessed much progress, and various types of nano-
materials including metal oxides, single-element semi-
conductors, transition metal dichalcogenides, and organic
semiconductors have been found as potential SERS substrates.
In the following sections, we briefly review these nano-
materials and their applications as SERS substrates through
the chemical enhancement mechanism.

3.2.1. Inorganic semiconductors. Inorganic semiconductor
nanomaterials such as metal oxides and metal dichalcogen-
ides have been used extensively for SERS. Metal oxides includ-

Table 1 Recent advances in nanomaterials for SERS through chemical
enhancement mechanism

Nanomaterial Raman molecule EF Ref.
TiN R6G 1.0 x 10° 117
VO, R6G 6.7 x 107 118
d-MoN R6G 8.16 x 10° 119
TiO,nanoparticles 4-MBA 1x10% 113
MoO, R6G 3.75x10° 120
h-MoO; MB 6.99 x 10° 121
ZnO nanocrystal 4-MPy 10° 122
CuO nanocrystal 4-MPy 10% 123
Amorphous Rh;Sg 4-NBT 3 x10* 124
Amorphous ZnO nanocages 4-MBA 6.62 x 10° 125
Amorphous TiO,nanosheets ~ 4-MBA 1.86x10° 126

CdS nanoparticles 4-MPy 10% 127

N-Doped graphite cv 3.2x107 128
Ozone-treated graphene RhB 2.5x 10" 129
Black TiO, R6G 1.2 x 10° 112
Mo0S,,0; R6G 1.4 x 10° 62

WO, 4MBA 10 130
Zn0;_y R6G 1.1 x 10* 131
WO;_, R6G 1.1 x 10* 131

Ga-doped ZnO nanoparticles 6.66 x 10* 132

4-MPy
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ing TiO,, ZnO, Cu,0, Fe,0;, Mo00O,, VO,, WO;, Ta,0s, and
Nb,Os5 are high refractive index semiconductors that have low
cost, high chemical stability, high biocompatibility, high
carrier mobility, are easy to prepare with high controllability
and have shown high SERS reproducibility.”” "' TiO, has
been one of the most interesting metal oxides for researchers,
due to its simple synthesis routes and low cost. Yang et al."*"
have investigated the effect of phase structure of TiO, on its
SERS activity using 4-mercaptobenzoic acid (4-MBA) as Raman
reporter. They found that an appropriate mixture of rutile and
anatase phase is favoured to achieve maximum SERS enhance-
ment. In another study, hydrogenated black TiO, nanowires
were used to make SERS substrate (Fig. 6a), where it was found
that hydrogenation is an effective method that could result in
a 3-fold higher SERS enhancement factor.''” Xue et al''?
investigated the effect of crystallite size (i.e., in the range of
6.8 nm-14.2 nm) on the SERS performance of TiO, nano-
particles. They found that nanoparticles with crystallite size of
10.9 nm have maximum SERS effect; this better performance
can be attributed to the quantum confinement effect between
TiO, nanoparticles and adsorbed 4-MBA molecules and
improved charge-transfer resonance. After demonstration of
the SERS activity of colloidal ZnO in 1996,"'* the SERS activity
of different ZnO nanostructures has been examined. For
example, submicron flower-shaped ZnO nanostructures were
synthesized by Zhang et al.'*®> and showed considerable SERS
activity, to be employed as a biosensor for detection of heavy
metal ions. Although most research is focused on TiO, and
ZnO, the SERS activity of other metal oxides has also been
examined. For example, amorphous Nb,Os nanoflowers syn-
thesized by the hydrothermal method have shown the chemi-
cal enhanced SERS effect under 532 nm excitation laser.'*®
The as-synthesized nanostructures also possessed a crystal-
dependent and thermally affected SERS performance, which is
similar to what has been observed in other metal oxides.''!
Since the SERS performance is usually weak (enhancement
factor between 10°-10°) in pure semiconductors,''>"?>123127
there are different strategies to engineer the bandgap of semi-
conductors, and in turn, improve their SERS effect through the
chemical enhancement mechanism. Doping the structure of a
semiconductor using a trace amount of another metal/non-
metal is an effective strategy to engineer the bandgap of semi-
conductors. For example, Yang et al.’® have reported the syn-
thesis of Mo-doped Ta,O5 nanowires that were used to make a
SERS substrate. The fabricated SERS substrate exhibited a
remarkable SERS sensitivity with an enhancement factor of 2.2
x 107 using methyl violet (MV). This value is 1-2 orders of
magnitude larger than the enhancement factor reported for
other metal oxides."*>"** Another approach is defect engineer-
ing by producing oxygen vacancies in the structure of
semiconductors."**™**” Various methods such as lithium metal
grinding reduction, irradiation, and high-temperature anneal-
ing under a reducing gas atmosphere have been employed to
generate  oxygen vacancies in the structure of
semiconductors.”***! For example, Cao et al.'*° have success-
fully synthesized MoO,_, with a polycrystalline surface by
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(a) Schematic illustration of charge transfer process in hydrogenated TiO, nanowires to rhodamine 6G and its effect on SERS intensity of rho-

damine 6G. Adapted from ref. 112 with permission from the American Chemical Society, copyright 2018. (b). Optical image of graphene and sche-
matic illustration the setup (i), and effect of electrical field on Fermi level in a monolayer graphene (ii). Adapted from ref. 147 with permission from
the American Chemical Society copyright 2011. (c) Effect of pH on SERS intensity of rhodamine B, 20 puM (i), crystal violet, 10 yM (ii), Ponceau S,
20 pM (iii), and methylene blue, 10 uM (iv). Adapted from ref. 161 with permission from WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, copyright
2013. (d) Effect of reduction time on SERS effect of reduced graphene oxide. Adapted from ref. 150 with permission from Elsevier, copyright 2016.
(e) Raman spectra of R6G dye on different substrates: argon-plasma treated MoS, (AT-MoS,), oxygen-plasma treated MoS, (OT-MoS,), pristine MoS,
(P-MoS,), and SiO,/Si, adapted from ref. 160 with permission from WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, copyright 2014.

treating MoO, with 6 wt% Li. The as-synthesized MoO,_,
showed better SERS performance compared with MoO,, which
could be attributed to the produced oxygen vacancies on the
surface of the semiconductor, confirmed by X-ray photo-
electron spectroscopy.

3.2.2.
in particular graphene-based nanostructures, have been exten-

Carbon nanostructures. Carbon nanostructures, and

sively studied as SERS nanomaterials through the chemical
enhancement mechanism."**'** Graphene has large surface
area and high potential for adsorption of various molecules on
its surface.'** The quenching effect of graphene that reduces
the fluorescence background in SERS measurement is another
advantage.'*® Ling et al.'*® reported the SERS effect in gra-

phene for the first time in 2009. They deposited graphene

15252 | Nanoscale, 2022, 14, 15242-15268

layers on SiO,/Si substrate and then studied its effect on
different adsorbed molecules including rhodamine 6G (R6G),
phthalocyanine (Pc), crystal violet (CV), and protoporphyin IX
(PPP). They found that graphene can enhance the Raman
signals of all the studied molecules due to charge-transfer
from graphene to the adsorbed molecules. Interestingly, they
found that a monolayer of graphene leads to a stronger SERS
effect. Xu et al.'*” have investigated the effect of the Fermi
level of graphene on its SERS effect by applying positive gate
voltage and negative gate voltage. They reported that the SERS
effect is stronger when the Fermi level is down-shifted (ie.,
applying negative gate voltage) (Fig. 6b). In another work, the
same group investigated the effect of an external electric field
on the SERS effect of graphene under different atmospheres
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including ambient air, O, atmosphere, NH; atmosphere, and
vacuum. It was found that modulation of the Fermi level region
occurs differently under different atmospheres, confirming that
the SERS effect in graphene comes from a charge-transfer
enhancement mechanism (ie.,, chemical enhancement).'*?
Additionally, it was found that the molecular orientation of the
adsorbed molecule (i.e., induced by annealing) can modulate
the degree of interaction, and in turn, charge transfer between
the graphene and the adsorbed molecules.'*

Besides the graphene, the derivatives of graphene such as
graphene oxide (GO) and reduced-graphene oxide (rGO) have
also shown the SERS effect via the chemical enhancement
mechanism. GO and rGO have high affinity to adsorb molecules
with aromatic rings, good water dispersibility, and fluorescence-
quenching capability, making them interesting candidates for
SERS study. Since the pH determines the adsorption of organic
molecules on the surface of GO via electrostatic interactions, a
pH-dependent SERS effect has been observed for various mole-
cules on GO (Fig. 6¢). In rGO, Yin et al."*° found that the degree
of reduction can determine the SERS effect. Fig. 6d shows that
rGO has a better SERS effect compared with graphene, and
10 min reduction time results in maximum SERS effect when
R6G molecules are adsorbed on surface of rGO.

3.2.3. Other 2D nanomaterials. Transition metal dichalco-
genides with the formula of MX,(M is a transition metal
element and X is a chalcogen element) have also shown SERS
effects. Their tunable thickness, phase structure, and inter-
layer gap result in various photoelectric features including
SERS. MoS,, NbS,, ReS,, WTe,, and WSe,are some of the well-
known transition metal dichalcogenides that have shown the
SERS effect.’> "%’ Ling et al."*® investigated the potential SERS
effect of MoS, and hexagonal boron nitride (h-BN) using
copper phthalocyanine, and found that although both these
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nanomaterials have a weaker SERS effect compared with gra-
phene, h-BN has better performance than MoS,. Lee et al.">
studied the effect of the number of layers of MoS, and WS, on
their SERS enhancement using R6G. It was found that WS,
has better performance than MoS,, and in general, the
increase in the number of layers decreases the SERS effect,
where the change in SERS effect was pseudo-linear in MoS,
but it decreased dramatically in WS,. Sun et al.*®® reported
how the treatment of MoS, nanoflakes can improve its SERS
effect, where argon-plasma treated MoS, (AT-MoS,) and
oxygen-plasma treated MoS, (OT-MoS,) were compared with
pristine MoS2 (P-MoS,). As can be seen in Fig. 6e, the Raman
intensity of R6G is at least one order higher when it interacts
with either oxygen or argon-treated MoS, nanoflakes.

3.3. Nanomaterials for plasmon/chemical enhancement
synergic effect

In order to take advantage of both plasmon-enhancement
effect and chemical enhancement effect, plasmonic nano-
materials are being combined with non-plasmonic nano-
materials (i.e., semiconductors, 2D nanomaterials, etc.) and
are being used to prepare SERS substrates. This combination
not only provides higher SERS enhancement through coupling
the plasmon-enhancement and chemical enhancement
mechanisms, but also protects the metallic part (in particular
silver) from oxidation. For example, graphene and other 2D
nanomaterials have extensively been used to develop AgNP/gra-
phene-based SERS substrates to obtain high-performance
SERS systems.'®*"'®> The coupling between these two mecha-
nisms can enhance the SERS effect through different path-
ways:*° (i) the metal nanostructure and semiconductor each
plays its own role in the enhancement of the Raman signal
through the plasmon-enhancement mechanism and chemical
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enhancement mechanism, respectively; (ii) the charge transfer
rate increases due to the enhanced excitation rate in the semi-
conductor nanomaterial as a result of the enhanced electric
field in the surrounding environment; (iii) the charge transfer
rate in the semiconductor increases due to pumping electrons
from noble metal to semiconductor (Fig. 7a); and (iv) distri-
bution of the enhanced electric field can be changed and
affect the Raman intensity of the adsorbed molecules. In par-
ticular, it has been reported that the enhanced electric field in
between the metal islands which is usually maximum between
the metal islands will shift to the surface of the metal islands
in the presence of monolayered graphene. Additionally, the
enhanced electric field region can penetrate into the graphene
layer.’®® In addition to the better SERS performance, the
metal-semiconductor-based substrates possess reproducibility
owing to the self-cleaning property that comes from the
improved photoinduced catalytic properties of hybrid nano-
structures. All of these properties suggest that the hybrid nano-
structure is favourable for designing SERS substrates. Fig. 7b
represents how metal, semiconductor and molecule could be
in contact with each other in different SERS system designs.*

4. SERS analysis of biomarkers on
cells and EVs

Traditional cancer diagnostics methods involve tissue biopsy,
histopathological studies and imaging (with endoscope, MRI
and others). Early detection of cancer is problematic due to
the limited availability of clinical assessments for the general
public.'®” For most types of cancer, the above traditional diag-
nostics techniques are invasive and require the involvement of
qualified professionals and expensive machinery, which makes
cancer screening less available for patients. The limited avail-
ability of cancer screening leads to late diagnosis.'®®'®® As well
as availability, in most cases these techniques are able to
identify potentially dangerous tumours only when the number
of tumour cells is large enough to cause an extensive release of
biomarkers or metastasis has started.'”’

As an analytical technique, SERS is a powerful tool for ultra-
sensitive analysis of small amounts of analyte, making it stand
out among other techniques that require a larger amount of
sample for biomarker detection. From this perspective, SERS
can detect a single molecule at the designed condition.'”
SERS-based techniques have been extensively used for the
detection and discrimination of biomarkers.'”>"7® As dis-
cussed in sections 2 and 3 about the SERS enhancement
mechanisms and substrates (nanomaterials), SERS is capable
of providing a unique spectral profile for molecules on the
SERS substrate - so-called “molecular fingerprints”.>"'”°
Additionally, the detection of cancer biomarkers with SERS is
not invasive, which lowers the risk for patients and eases the
analysis performance.'3°7"82

Using the as-discussed SERS nanomaterials, the SERS-
based analysis and detection of biomarkers on cancer cells
and small extracellular vehicles (EVs) or exosomes can be
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classified into two main approaches: label-aided and label-
free.”®

Label-aided SERS analysis is an indirect sensing of the
analyte based on the use of SERS tags, which consist of SERS-
active nanoparticles functionalized with Raman-active or
chromophore-based dyes that produce high-intensity and
unique spectral bands/peaks. Most common label-aided detec-
tion methods utilise SERS tags that are bio-conjugated with
targeting ligands, such as antibodies, to specifically target the
analyte. This approach selectively identifies the target by moni-
toring the Raman spectrum from the SERS tag.'®® Due to the
high sensitivity of this method, label-aided SERS platforms
have been widely utilised in the detection of biomarkers on
cancer cells and EVs,!>16:1847187

Label-free SERS detects the intrinsic Raman spectrum of
the analyte. This method allows for the identification of mole-
cular fingerprint signals that originate from the biomolecules
in close proximity to the SERS platform (i.e. from the surface
of the cells or EVs). This approach is simple and easy to
operate, and can provide information about analytes that are
difficult to differentiate by targeting a  specific
biomarker.'®®'%° However, due to the complexity of biological
systems, label-free SERS normally generates signals from all
the molecules (known or unknown biomarkers) around the
SERS substrate, as well as other molecules in the environ-
ment.'®® Thus, multi-variant statistical analysis methods are
usually required to enable the identification of target bio-
markers on cells and EVs.

In this section we discuss recent advances in SERS platform
designs with plasmon and chemical enhancement effects for
the analysis of cells and EVs based on two major approaches:
label-aided and label-free SERS.

4.1. Label-aided SERS

There are a large variety of SERS tags with different chemical
and structural properties reported in the literature.'®*'%°
Typically, the SERS tags’ design would include nanoparticles
either metallic or non-metallic NPs as the core, coated with
the Raman reporter molecule (which serves as label) and tar-
geting molecules (Fig. 8)."*>'8971° The rest of the design aims
for high signal ratios to enable lower detection limits and
specific targeting for reliable analysis and reproducible results.
Development of label-SERS systems requires the conjugation
of Raman reporter molecules to the surface of metal nano-
particles. Fig. 9 represents the chemical structure and corres-
ponding Raman spectra of the molecules that are usually used
as label or reporter in designing SERS nanotags. These mole-
cules can be chemically attached to the surface of metal nano-
particles through strong metal-S bonds (in those that have the
SH group). Metal NP@molecule (SERS nanotag) can be simply
achieved by incubation of the metal nanoparticles with a solu-
tion of molecules. In order to enhance the selectivity of SERS
nanotags, they can be further functionalized with various reco-
gnition elements (i.e., antibody, aptamer, DNA, lectins, etc.)
for selective targeting of the analyte. One of the most common
approaches for the functionalization of metal nanoparticles is
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Fig. 8 Different strategies for improving the stability of SERS nanotags
in biological media. Adapted from ref.193 and 197 with permission from
Elsevier, copyright 2019, and the Royal Society of Chemistry, copyright
2020, respectively.

using linkers that can bind to metal nanoparticles from one
head and provide functional groups such as COOH and NH;
on their other head. The COOH or NH; groups can be further
linked to recognition elements through N-hydroxysuccinimide
(NHS)/N'-ethylcarbodiimide hydrochloride (EDC) chemistry.">
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Another approach is using a linker that can directly be
attached to a recognition element. For example, we have
reported the functionalization of AuNPs with lectins (ie.,
WGA, cholera toxin B (CTB), Phaseolus vulgaris (PHA-L) and
Aleuria aurantia lectin (AAL)) using (3,3"-dithiobis (sulfosucci-
nimidyl propionate)) (DTSSP) as linker. In this approach,
lectin-DTSSPs were first incubated with 1 : 1 mass ratio and the
obtained complexes were incubated with AuNPs.'®* Besides
covalent functionalization, electrostatic interaction between
the recognition element and metal nanoparticles covered by
molecules is another approach. However, since this electro-
static interaction is loose, there is the need to consider the
stability of the binding for biomedical applications. While the
SERS nanotags are of great importance for in vitro and in vivo
applications, their stability in the biological environment is
one of the main concerns. To address this drawback, there are
two main approaches: (i) formation of a silica shell to protect
the metal core from oxidation (i.e., in the case of silver) and
increase the colloidal stability; and (ii) coating with macro-
molecules (i.e., polymers, proteins, etc.) (Fig. 8). In a compara-
tive study, we found that a layer of bovine serum albumin
(BSA) on the SERS nanotag could result in more stability in
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biological media (i.e., 1X PBS, 1 M Tris-HCl, FPBS and RF-10)
than the formation of a thin layer of silica. However, it was
found that the stability of the antibody-functionalized BSA-
coated SERS nanotags strongly depends on the type of anti-
body and also the thickness of this extra layer. Therefore, the
stability of SERS nanotags should be investigated in each case.
As discussed in previous sections, the nanoparticles that serve
as the core for the SERS tag can provide plasmonic or non-
plasmonic Raman signal enhancement as well as enabling
hybrid SERS. The nature of the phenomenon depends on the
chemistry of the core. In case of plasmonic label-aided SERS,
nanoparticles are manufactured from noble metals like gold or
silver."**'®® For the non-plasmonic label-aided SERS, the core
of SERS tag can be any material that provides chemical Raman
signal enhancement, such as semiconductors, carbon nano-
structures and transition metals.”’®'*® In this section we
discuss recent advances in label-aided SERS platforms that
incorporate described SERS tags designs based on the plasmo-
nic and chemical/hybrid enhancement of Raman signal.

4.1.1. Plasmon enhancement platforms. Owing to the high
SERS enhancement factor, most SERS nanotags or label-aided
SERS detection have used plasmonic nanoparticles. Numerous
published works focus on developing SERS platforms that can
provide high sensitivity, enabling up to femto molar analyte
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concentration detection. Researchers are coming up with new
SERS platform design variations, observing plasmon enhance-
ment originating from multiple hotspots on anisotropic par-
ticles created by local curvature and hotspots formed by cav-
ities between noble metals (core-shell structures,
nanohollows).?*” ' A good example of such design is
reported by Fan et al,”'" who developed a SERS sensor for
ultrasensitive exosome (isolated from A549 cell medium) detec-
tion using Au nanostars as substrate and Raman reporter
(4-MBA) coupled with lysine as SERS tags and targeting mole-
cule, respectively (Fig. 10a). This platform allows optimization
of signal amplification, due to the controlled coupling of the
Raman reporter with lysine by solid-phase peptide synthesis.
The authors have reported ultrasensitive exosome quantifi-
cation with the limit of detection of 2.4 particles per pL.>"

An interesting approach was developed to increase the
detection sensitivity of EVs in which they are labelled with
SERS tags conjugated with capturing substrates, enabling sep-
aration and accumulation of the analyte into a small area for
ultrasensitive detection."®*'>?*> This approach also elimin-
ates the need for complex analyte isolation procedures from
biological media. As indicated in Fig. 10b, Hou et al. developed
a dual aptamer-based sandwich-type SERS sensor for quanti-
tative detection of tumour-derived EVs.*’?> The EVs were
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(a) Protocol of ultrasensitive exosome detection via SERS biosensor based on Au nanostars as substrate and Raman reporter coupled with

lysine as SERS tags and targeting molecule, respectively; adapted from ref. 211 with permission from the American Chemical Society, copyright
2021; (b) sandwich-type SERS sensor based on dual aptamers and Au-enhanced Raman signal probes for the detection of tumour EVs; adapted
from ref. 212 with permission from the Royal Society of Chemistry, copyright 2020; (c) detection of multiple cancer-specific surface proteins on EVs

(molecular phenotype profiling) of CD63-positive EVs using SERS nanotag

s and CD63 antibody-functionalized magnetic beads; adapted from ref.

184 with permission from the American Chemical Society, copyright 2020. (d) Aptamer functionalized SERS-sandwich assay for ultrasensitive detec-
tion of miR-122 from exosomes, adapted from ref. 213 with permission from the American Chemical Society, copyright 2021.
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immobilized on the surface of agarose beads functionalized
with aptamers targeting PTK7 (tyrosine kinase-7) proteins,
which are highly expressed in tumour-derived exosomes.
Captured EVs were then labelled with SERS tags that consist of
AuNPs decorated with R6G and aptamers targeting CD63 pro-
teins which are pervasively expressed on targeted EVs. The con-
centrated precipitate could then be analysed via SERS. Another
example of this approach was implemented by Zhang et al.,
where CD63-modified magnetic beads were used as capturing
substrates.'® EVs immobilised on the magnetic beads were
labelled with three different SERS tags — AuNP decorated with
Raman reporter molecules (DTNB, MBA or TFMBA) and conju-
gated with monoclonal antibodies for specific binding
(CD44v6, EpCAM and MIL38) (Fig. 10c). This approach
enabled the simultaneous detection of multiple cancer-specific
surface proteins on EVs in a single sample. As a proof-of-
concept demonstration, their method was further tested in
plasma-derived EVs in patients who have experienced PDAC.""®
The magnetic separation method is suitable not only for EV
detection, but can be implemented to concentrate and separ-
ate the EVs’ and exosomes’ protein biomarkers of interest, as
has been done by Muhammad et al.>'* The researchers devel-
oped an aptamer SERS-sandwich assay for highly sensitive
detection of elevated exosomal miR-122. The biosensor was
constructed with a SERS tag (silica-coated AuNP conjugated
with aptamer and Raman reporter molecule) and magnetic
capture substrate (Au-coated Fe;O, NP functionalised with the
target-recognition aptamer) (Fig. 10d). The researchers demon-
strated that separated exosomal miR-122 can be recognized
with the coexistence of other sequences of similar length with
a slightly varying arrangement of DNA bases in a concentration
as low as 8 fM.>"?

Label-aided SERS sensors can be integrated for multiplex
and robust quantitative analysis with miniaturized devices for
“at the point-of-care” testing. The conceptual design of such
devices avoids the use of the complex protocols that hinder
point-of-use of the developed techniques. As such, Reza et al.*'*
developed a SERS-based simple microfluidic device for screen-
ing of single CTC that enables the identification of the hetero-
geneous expression of CTC surface proteins (Fig. 11a). They
have employed three types of Raman reporter molecules for the
SERS-tags (DTNB, MBA, and TFMBA) for each type of biomarker
analysed through the channel. CTC passing through the micro-
fluidic channel was then analysed for the heterogeneous
expression of multiple cell receptor proteins. The second part of
the device consists of an electrochemical zone with nanoscopic
fluid mixing for the detection of intracellular protein. By enhan-
cing the antigen-antibody collision via nanoscopic mixing, the
sensitivity of detection is significantly increased.*'* Wang
et al®>"® adopted a similar nanoscopic fluid-mixing chip with
SERS-based nanobarcode sorting for the detection of different
EVs subpopulations (Fig. 11b). They have seen the elevated sen-
sitivity of the platform due to the created nanoscopic flow. The
reported detection limit was 10° particles per mL.>*®

Overall, the described strategies have been developed in
order to provide the most accurate analysis of CTCs or EVs in

This journal is © The Royal Society of Chemistry 2022
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complex biological media, with a low limit of detection. A
summary of the methods described above is presented in
Table 2.

4.1.2. Chemical enhancement and hybrid platforms. Since
the chemical enhancement mechanism is not strong enough
to produce a high-intensity Raman signal, the development of
SERS systems with only chemical enhancement has faced chal-
lenges. However, to increase the SERS sensitivity of the bio-
sensor, common noble metallic nanostructures are incorpor-
ated with semiconductor materials such as TiO,, graphene,
ZnO, Cu,0 and others, as discussed in section 2 and section 3.
These materials provide chemical enhancement in addition to
the strong EM enhancements generated by the plasmonic NPs.
The combination of the chemical and plasmon SERS platforms
improves the detection limits as compared with the SERS plat-
forms on their own, greatly benefitting sensing in low analyte
concentrations. Hybrid SERS platforms combine the beneficial
properties of the materials and overcome the limitations of tra-
ditional noble metal-based SERS platforms with improved
reproducibility, stability and biocompatibility.°>** A good
example of such a synergetic combination is a TiO,@Ag nano-
structure, developed by Xu et al. for the ultrasensitive detection
of CTCs.*"” The authors prepared a TiO,@Ag nanostructure by
modifying Ag on the surface of TiO, NPs. The particles are
further functionalised with R6G molecules (SERS tag), reduced
bovine serum albumin (rBSA, increase stability and reduce
non-specificity binding) and folic acid (FA, target molecule to
specifically recognize cancer cells) (Fig. 12(i)). These prepared
nanostructures are reported to have ultrahigh sensitivity, good
specificity, low toxicity, and high accuracy in CTC detection.
According to the results of the study, the TiO,@Ag nano-
structure demonstrate SERS activity with an EF of up to 7.61 X
10” (lower limit of detection for R6G is 10 fM). The developed
TiO,@Ag-R6G-rBSA-FA SERS bioprobe was effectively utilized
in detecting various cancer cells in samples with rabbit blood
and clinical liver cancer blood samples (Fig. 12(ii-v)). The sen-
sitivity of the bioprobe towards CTC was 1 cell per mL.>"”

Semiconductor materials provide another beneficial
feature: photothermal (PT) conversion. The combination of
SERS properties and local PT effects gives SERS platforms
additional functionality as theranostic agents - targeting,
detection/sensing and photothermal destruction of tumour
cells. Hybrid SERS platforms with PT conversion provide
sufficient EM signal enhancement for imaging and probe
sensing.”'®?** Semiconductor materials are also able to
provide a strong SERS signal and PT effect without incorpor-
ation of Au.”***** Lin et al. reported ultrahigh SERS activity
(EF up to 10> for the nitro blue tetrazolium (NBT) probe mole-
cule) of crystal-amorphous core-shell-structured black-TiO,
NPs.>”> The designed core-shell structure enables high-
efficiency exciton transition resulting in charge-separation that
occurs due to interfacial band bending. Those effects induce
photo exciton transition from the crystal core to the amor-
phous shell, further promoting photoinduced charge transfer
between the substrate and probe molecule. Modified with
SERS-active molecule (tag) and antibody (targeting molecule),
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Fig. 11 Schematics of the small devices with SERS-based sensors: (a) SERS-based microfluidic immunoassay for in situ characterization of single
CTCs, adapted from ref. 214 with permission from the American Chemical Society, copyright 2021; (b) nano-mixing-enhanced EVs subpopulation
characterization platform adapted from ref. 215 with permission from the American Chemical Society, copyright 2021.

the core-shell-structured TiO, NPs can be used to quickly and
accurately identify cancer cells in order to efficiently adminis-
ter treatment with photothermal therapy.”>® Hybrid SERS plat-
forms are often used to incorporate additional chemical
enhancements that increase overall SERS sensitivity. However,
a typical constraint of such an approach is that chemical or
physical binding of the analyte is required to produce effective
chemical enhancement through charge transfer, limiting the
choice as it requires the analyte to have either a thiol or aro-
matic binding group. Further, there are limited reports on the
usage of hybrid systems to improve SERS through EM, which
is a long path for development. Unfortunately, employing a

15258 | Nanoscale, 2022, 14,15242-15268

particular linker to detect and identify disease-related CTC
and EVs is rather difficult. The complex nature of cells and
EVs including many biomolecules makes it difficult to identify
particular biomarkers for selective labelling.*****” As a result,
identifying possible disease-related cells or EVs requires a
more thorough strategy that takes into account signals from
both known and undiscovered biomarkers to distinguish indi-
viduals at risk from healthy donors.

4.2. Label-free SERS

It is very important to understand that successful data analysis
with a label-free SERS platform depends on both a strong,
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Table 2 Recent advances in ultrasensitive detection of various biomarkers on cells and EVs using plasmon-enhanced SERS system

SERS platform Biomarkers Media Described detection ability Ref.

Au-Ag nanohollows T24 and RT4 bladder cancer cells  Urine Detection limit up to 1250 209
cells

Porous CuFeSe,/Au heterostruc-  Gaseous aldehydes and lung Exhaled breath and cultured cells Detection limit of gaseous 210

tured nanospheres cancer cells (A549)

EVs derived from A549 and
normal human bronchial
epithelial (BEAS-2B) cells

EVs derived from human acute
lymphoblastic leukemia cells
(CCRF-CEM)

EVs derived from colorectal
cancer (SW480), bladder cancer
(€C3) and pancreatic cancer (Panc-
1)

miRNA inside EVs derived from
Panc-1 cells

AuAg NPs SERS tags with
Fe;0,@TiO, capturing
substrate

AuNPs SERS tags with agarose
beads capturing substrate

AuNPs SERS tags with magnetic
beads capturing substrate

AuNPs SERS tags with
Fe;0,@TiO, capturing
substrate

SERS EpCAM-aptasensors EVs derived from A549

Human serum

Human serum

Human serum

Human serum

aldehydes - 1.0 ppb; detection

of folate receptor-positive

cancer cells

Detection limit 1 particle per 216
mL

Detection limit 2.44 pg pL ™" 212

Phenotype profiling with low 184
sample volume - 10 puL

In situ analysis with detection 186
limit of 0.21 fM

Isolated exosomes (cell medium Detection limit 2.4 particles 211
of A549 cells) per pL
Isolated cells (patient’s sample) Single cell-level protein 214

CTCs from melanoma cells
(SK—MEL»ZS)

SERS-based microfluidic
immunoassay for in situ
characterization of single CTCs
Aptamer functionalized SERS-
sandwich assay

miR-122 from mice serum and
human hepatoma (HepG2) cells’
EVs

EVs derived from SK-MEL-28,
SK-MES-1, NCI-H1703,
NCI-H1650, and MCF7 cells

Nano-mixing-enhanced
subpopulation characterization
platform

expression profiling

Isolated EVs (mice serum and cell ~Detection limit 8 fM 213
medium of HepG2 cells)

Isolated EVs (SK-MEL-28, Detection limit 10 particles 215
SK-MES-1, NCI-H1703, per mL

NCI-H1650, and MCF7 cells
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Fig. 12 (i) Schematic of the preparation of TiO,@Ag-based SERS bioprobe; SERS detection of MCF-7 and A549 cells incubated with TiO,@Ag—
R6G-rBSA-FA (ii and v, respectively) and TiO,@Ag—R6G-rBSA (iii and iv, respectively) SERS bioprobes. Adapted from ref. 217 with permission from

the Royal Society of Chemistry, copyright 2022.

reliable and accurate Raman signal, of which the SERS sub-
strate is in charge, and analysis of the signal. The Raman data
acquired by the label-free SERS method contain huge amounts
of information, especially when the analyte consists of mul-
tiple biomolecules that provide a complex pattern of signature
peaks. The most common approach to interpreting SERS

This journal is © The Royal Society of Chemistry 2022

signals is to examine particular Raman bands attributed to the
known vibrational modes and analyse the discernible differ-
ences in intensity and Raman shift compared with the control
samples. Bioanalytes, such as proteins, nucleic acids and
lipids, are usually analysed based on the spectral fingerprint
areas (between 800 and 1800 cm™') (Fig. 13).>>® However, it is
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Fig. 13 Characteristic Raman peaks of biomolecules, adapted from ref.
228 with permission from Elsevier, copyright 2021.

difficult to clearly identify the difference in signals from cells
and EVs due to the interference from various substances.
Therefore, to use the SERS signal of more complex structures
as a fingerprint for disease diagnosis, more precise signal ana-
lysis methods are used such as multivariate statistical
methods (principal component analysis, “PCA”),>**>*?> and
the more recently developed methods of
learning®*"*** and neural networks.>****> We will not discuss
much about analysis techniques, focusing on the SERS plat-
forms themselves, but the reader should take into consider-
ation that label-free SERS analysis outcome depends 50% on
data analysis tools.

Label-free SERS analysis is attractive to scientists due to the
rich information outcome it provides. Apart from the impor-
tance of data analysis that we briefly mentioned, the direct
SERS approach suffers multiple drawbacks that researchers are
willing to tackle through the SERS platform designed to
harvest the major benefit of analytes’ full structural infor-
mation. In this section, we discuss the label-free SERS
approach with the aim to deliver the advances in plasmon and
chemical/hybrid enhancement approaches in the design of
sensing platforms for the analysis of cells and EVs.

4.2.1. Plasmon enhancement platforms. Obtaining a
strong, clear and reproducible Raman spectrum is very impor-
tant in label-free SERS analysis. The final spectral profile of
the analyte depends on many factors related to the SERS plat-
form, such as the optical properties of the plasmonic material,
laser excitation wavelength, Raman cross-section of the target
analyte, analyte surface coverage and localization. Typically,
biological molecules produce extremely low signal intensities.
Due to the distance-dependent nature of the SERS effect, as
discussed in section 2.1, the local electric field enhancement
rapidly decreases with the increase in the distance from the
metal surface. To overcome these problems related to low
intensities and the heterogeneous nature of the cells’ and EVs’
Raman signals, researchers have developed methods to place

machine
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analytes in SERS hotspots. These methods aim to design an
effective capturing substrate that would create signal enhance-
ment in the place of analyte capture. An example of such a
consideration in a label-free SERS platform was demonstrated
by Liu et al.,>** who utilized anisotropic Au-Ag nanostars that
provide multiple “hot-spots” to distinguish the spectral differ-
ences of pancreatic cancer EVs from different sources
(Fig. 14a). Positively charged Au-Ag nanostars were attracted to
negatively charged EVs via electrostatic forces, resulting in
SERS spectra showing characteristic Raman peaks of the
different components of the EVs. The detection limit of com-
prehensive analysis was 6.7 x 10° EVs per mL.>*
Culum et al.** developed SERS substrates with Au nanohole
arrays of varying sizes and shapes (Fig. 14b). These platforms
have dual purposes of trapping single EVs and enhancing
their vibrational signature.”*® Ren et al. presented the nanola-
minated SERS multi-well cell culture assay (Fig. 14c). The cells
can be cultured directly onto the SERS substrate, enabling
100% detection. The platform integrates a multi-layered
“metal-insulator-metal” nanolaminated SERS substrate and
polydimethylsiloxane (PDMS) multi-wells for simultaneous
analysis of the cultured cells. With the aid of this platform and
machine learning, the authors managed to distinguish, with
an accuracy close to 90%, the border where breast cancer cell
lines end and normal breast epithelial cells begin. The predic-
tion rate between breast cancer cells and prostate cancer cells
was 94%.2*® An alternative to promote EVs-NPs interactions is
described in the work of Fraire et al>*' These researchers
developed a label-free SERS analysis of EVs based on in situ
formation of core-shell NP Au@Ag NPs directly on the EV
surface. AuNPs were modified with 4-(dimethylamino)pyridine
(DMAP) to impart positive charge and electrostatically adhere
onto EVs. To ensure a reliable SERS signal, capping agent
(DMAP) spectral contributions were quenched further by an
in situ-grown Ag layer (Fig. 14d). Additionally, core-shell NP
Au@Ag boosts EVs’ Raman signal.

Most reports demonstrate that label-free SERS necessitates
the use of pre-treated samples to avoid signal detection from
other molecules in the surrounding medium that are unrelated
to the analyte. Indeed, the purity of the sample is critical, as it
affects the reliability and repeatability of the SERS analysis.
Using a label-free SERS platform, Koster et al.>** verified that
common EV isolation methods (differential ultracentrifuga-
tion, density gradient ultracentrifugation, and size exclusion
chromatography) yield variable lipoprotein content. For their
tests, the research group developed a SERS platform based on
a commercially available substrate composed of a quartz
microfiber matrix embedded with AuNP clusters (solid Au
spheres with an approximate diameter of 40-60 nm), grafted
to a borosilicate glass microscope slide. After analysing
different samples, the authors concluded that a dual-isolation
method is necessary to isolate EVs from the major classes of
lipoprotein for the better performance of the label-free SERS
platform. The authors also reported that combined machine
learning analysis and the developed SERS platform was sensi-
tive enough to identify cancer-specific signatures that

This journal is © The Royal Society of Chemistry 2022
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Fig. 14 (a) Molecular characterisation of EVs with positively charged gold nanostars, adapted from ref. 232 with permission from the Royal Society
of Chemistry, copyright 2020; (b) Au nanohole arrays of varying sizes and shapes for trapping single EVs and enhancing their vibrational signature,
adapted from ref. 229 with permission from Springer-Nature Group, copyright 2021; (c) nanolaminated SERS multiwell cell culture assay, adapted
from ref. 236 with permission from Springer-Nature Group, copyright 2020; (d) in situ EV-attached AuNPs with a grown over silver layer — to form a
core-shell nanoparticle (Au@AgNPs) directly at the EV surface, adapted from ref. 231 with permission from the American Chemical Society, copy-

right 2019.

remained unaffected by the presence of additional co-isolated
biomolecules, showing that the label-free diagnostic ability
was effective across many different sample preparations.

4.2.2. Chemical enhancement and hybrid platforms.
Among chemical enhancement platforms for label-free SERS
detection of biomarkers, the prevailing number is based on
plate substrates. The trend is similar to that previously
described - there is a need for strong, reliable and accurate
Raman measurement that is achieved through increased EM
enhancement.>*”**® Haldavnekar et al. developed a label-free
SERS approach for the specific detection of biomolecules on
the cells by using extremely small ZnO NPs (sub 10 nm).>*®
ZnO is a wide band gap material, hence a good candidate for
biomolecular sensing applications. The probes demonstrated
significant SERS enhancement (EF - 10° with 4-ATP and
4-MBA analyte molecules). After cellular uptake, an increased
nanoprobes signal was achieved for the signals of cellular com-
ponents — amplification of around 7-fold for DNA, 16-fold for
proteins and 24-fold for lipids (Fig. 15a).>*®

Analyte-capturing techniques are also being extensively
researched and developed, as an approach to achieving strong

This journal is © The Royal Society of Chemistry 2022

and accurate SERS signal rests on the analyte. Yin et al
demonstrated a facile polyethylene glycol (PEG)-based isolation
method to classify and further analyse EVS with a label-free
SERS platform.**® PEG is commonly used to bind and purify
via centrifugation virus particles.*** The PEG-based method
was adapted to isolate EVs,**! which were similar to viruses in
physical size and membrane structure. EVs were wrapped in
PEG films, and upon centrifugation formed PEG-based EV
aggregates. The authors used a novel planar nanomaterial —
amino molybdenum oxide (AMO) nanoflakes - as the SERS
substrate.”*> To prove the reliability of the platform, three
types of common male cancer cell lines - leukemia, prostate
cancer, and colorectal cancer — and one healthy male blood
sample, were utilized to isolate and classify EVP. The obtained
data were analysed by PCA and machine learning algorithm.
As a result, analysis accuracies were higher than 85% and all
the precisions and sensitivities were higher than 80% for all
tested cell lines.**’

Semiconductors exhibit plasmon-free SERS through the
electron transferring between the semiconductor and
adsorbed analytes.”®® As such, Zhang et al developed a

Nanoscale, 2022, 14,15242-15268 | 15261
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dopant-driven oxide-based label-free SERS substrate with
dual function. For the SERS measurement, cells were briefly
(10 min) incubated with plasmonic oxide NPs. Then authors
used a microfluidic chip system with grooves designed to
hydrodynamically trap individual cells from the suspension
and minimize possible interference on the target signals
from the medium. The trapped single cells were then
further analysed with a Raman spectrometer (Fig. 15b). The
developed platform exhibits up to 90% accuracy in dis-
tinguishing single leukemia (THP1) cells from peripheral
blood mononuclear cells (PBMC) and human fetal kidney
(HEK 293) from a human macrophage cell line (U937).
Based on the combined features of enhanced electromag-
netic field-driven SERS and dopant-driven tunable plasmo-
nics, this approach enables single-cell detection. In addition,
the nanoprobe is triggered by the bio-redox response of
individual cells to stimuli, enabling complementary colori-
metric cell detection and achieving nearly uniform identifi-
cation accuracy at the single cell level.>*® A stronger Raman
signal in label-free design is necessary to obtain distinct
peaks from various biomarkers that exist on the surface of
cells and EVs, leading to better analysis of samples through
profiling the most possible biomarkers on their surfaces.
Given that the combination of chemical enhancement and
plasmon enhancement in the design of SERS substrates pro-
vides a higher SERS enhancement factor, many semi-
conductors and 2D nanomaterials have been combined
with noble nanostructures to make ultra-sensitive SERS

substrates.?*243
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5. Conclusions, perspectives and
future directions

SERS is one of the main approaches for ultrasensitive analysis
of wide ranges of analytes for biomedical purposes. Various
nanomaterials, ranging from plasmonic noble metal nano-
structures to inorganic semiconductors and 2D semiconductor
nanosheets, have been extensively used for the mechanistic
study of SERS as well as in designing SERS systems in both col-
loidal and planar forms. One of the main challenges in compar-
ing the SERS efficiencies of different nanomaterials is the incon-
sistencies in calculation of the SERS enhancement factor, where
there is a variety of parameters (such as solid sample vs. col-
loidal solution). In mechanistic studies, researchers usually
ignore one of the mechanisms and attribute the observed SERS
solely to one of the main well-known mechanisms. Although
one of the mechanisms is usually dominant - electromagnetic
enhancement is dominant in metal nanoparticles and chemical
enhancement is dominant in semiconductors - a comprehen-
sive analysis should be performed to indicate the role of each
mechanism in SERS of new nanomaterials.

SERS biosensors have been designed for the analysis of various
biomarkers in biological samples, and in particular, molecular sig-
natures of cells and their extracellular vesicles. These SERS systems
can be categorized into two main groups: label-aided and label-
free SERS systems. Label-aided and label-free SERS present both
great advantages and challenges. While the use of SERS tags
allows ultra-sensitive detection of analytes and relatively simple

This journal is © The Royal Society of Chemistry 2022
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manufacturing, it does not provide any structural information
about the target molecules other than their presence. In addition,
despite the development of SERS nanotags, there is still a need to
develop SERS nanotags with high intensity and high colloidal
stability in biological media, and reproducible SERS to make it
more reliable in biomedical applications.

On the other hand, label-free SERS can provide structural
information about the target sample. However, the analysis
and interpretation of spectra from complex structures made
up of many biomolecules are equally difficult, and necessitate
the use of sophisticated data-processing techniques to enable
reliable interpretation of complicated vibrational patterns.
Although many machine learning-based techniques have been
utilised to analyse the SERS spectra of complex samples, many
methods still have not been investigated. Additionally, there is
no comprehensive analysis comparing the accuracy of these
techniques. The establishment of a standard method becomes
very urgent and of significance for label-free SERS assays.

The further development of plasmonic and conductive
materials would greatly benefit the SERS sensing technology,
where there is a need to investigate the SERS performance of
newly developed nanomaterials such as carbon dots and metal
nanoclusters, and aggregation-induced emission luminogens
which have shown great optical properties and, in particular,
excellent charge/energy transfer ability. Additionally, the devel-
opment of SERS biosensors should also move towards a more
conceptual design of the platform. While most of the described
techniques demonstrated reproducible and reliable results with
low detection limits, the SERS platform compositions and proto-
cols in the majority of the works are rather complicated for
point-of-care use. The construction of small devices based on
the powerful SERS platform, as well as reliable and powerful
analysis tools, that would allow minimum effort from the user
to perform analysis is one of the most important pathways for
the development of this technology.
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