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Many of the features of SERS, such as its high sensitivity, molecular specificity and speed of analysis
make it attractive as an analytical technique. However, SERS currently remains a specialist technique
which has not yet entered the mainstream of analytical chemistry. Therefore, this review draws out the
underlying principles for analytical SERS and provides practical tips and tricks for SERS quantitation. The
aim is to show the readers how to rationally design their SERS experiments to improve quantitation
performance. We begin by introducing the three core components in SERS analysis: (1) the enhancing
substrate material, (2) the Raman instrument and (3) the processed data that is used to establish a
calibration curve. This is followed by discussion of the analytical figures of merit relevant to SERS. In the
following sections each of the three essential components in SERS quantitation and how they affect the
quality of the analysis are described in more detail using examples from the literature. Finally, we
highlight the current challenges in applying SERS to the analysis of complex real-life samples and briefly
introduce the state-of-the-art developments on multifunctional substrates, digital SERS and Al-assisted
data processing, which will help SERS rise to the challenge of moving out into routine real-world
analysis.

1. Quantitative SERS measurements depend on three core components: (1) the enhancing substrate material, (2) the Raman instrument and (3) the processed
data that is used to establish the calibration.
2. Aggregated Ag and Au colloids are easily accessible and provide robust performance so they are a good starting point for non-specialists.

3. Since plasmonic enhancement falls off steeply with distance, substrate-analyte interactions are critical in determining successful SERS detection of an

analyte.

4. SERS quantitation is subject to numerous sources of variance associated with the instrument, enhancing substrate and sample matrix but many of these can

be minimized by use of internal standards.
5. The precision of SERS measurements is often indicated by quoting the standard deviation of the signal but it is the standard deviation in the recovered
concentration which is useful in assessing the precision of the analysis and can be compared to other techniques.

1. Introduction

chemical properties of nanomaterials to dramatically amplify
the intensity of Raman scattered light from molecules present

Surface-enhanced Raman spectroscopy (SERS) is a vibrational on the surface of these materials. In the time since its discovery
spectroscopic technique that exploits the plasmonic and/or 50 years ago,' SERS has grown from a niche technique to one
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which is in the mainstream of academic research. As an
extension of Raman spectroscopy, the growth of SERS was
greatly enabled by the rise in the availability of Raman instru-
ments, ranging from sophisticated microscopes to simple
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of SERS methods for detecting, identifying and quantitating
chemical targets in samples ranging from bacteria® to
batteries.”
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Many techniques for the analysis of low concentration
samples are already well established, although each has their
own particular strengths and weaknesses. For example gas
chromatography-mass spectrometry (GC-MS) is often used
because it provides high sensitivity and has a level of molecular
specificity which allows measurements to be made with an
excellent level of confidence. In addition, it can be used to
analyze samples containing mixtures of chemical compounds,
which is particularly useful for real-life samples.® However, GC-
MS does have some important disadvantages in that it requires
expensive specialist equipment, is time-consuming and is not
generally considered to be field portable. In contrast, SERS has
the potential to offer sensitivity and molecular specificity that
matches GC-MS but in a cheaper, faster and portable fashion,
which could provide unique solutions for many challenging
analytical problems, such as bedside diagnostics” and in-field
forensic analysis.®?
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The clear potential of SERS in analytical chemistry has led to
an explosion of research, and it has recently been noted that a
keyword search of “SERS + Analytical”” over 2013-2023 gives ca.
20000 hits.” Despite this, the reality is that most quantitative
SERS measurements up to this point have been carried out by
SERS specialists whose primary interest is in method develop-
ment, rather than using SERS for routine analytical measure-
ments. This is often the case with any new analytical technique
but with SERS the gap between the amount of research activity
and the number of non-specialists who have adopted the
technique is particularly notable. With this in mind, this
Tutorial Review is aimed towards non-specialist users to pro-
mote SERS so that it can sit alongside more established
approaches as a general-purpose analytical tool. Here, we focus
particularly on SERS quantitation since this is arguably one
of the most useful but also challenging aspects of SERS
analysis, particularly to non-specialists who wish to adopt this
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Fig.1 Schematic illustrations which show the Raman instrument, the
enhancing substrate, the processed data as the three essential compo-
nents in SERS quantitation, as well as how each component will likely
develop in the near future. Adapted with permission from ref. 20, copyright
Springer Nature 2024.

technique. In order to make this Tutorial Review useful to a
wide body of researchers with varying technical backgrounds
and analytical problems, this paper draws out the aspects of
SERS that are specifically relevant to quantitative measure-
ments and are important, irrespective of the detailed nature
of the analytical problem. We would encourage readers who are
interested in obtaining further technical details to explore the
very informative references provided throughout this review. In
addition, there are also numerous excellent recent reviews on
SERS which discuss experimental methods,'®"" state-of-the-art
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research trends, substrate fundamental
theory,'®"” and portability.*®"°

As shown in Fig. 1, the most basic description of a quanti-
tative SERS experiment is that a laser is used to irradiate an
enhancing substrate material to generate enhanced Raman
scattering signals of the chemical species on the substrate
material at various concentrations. The SERS signal intensity
of the analyte can be plotted against its concentration to obtain
a calibration curve which can be then used for quantitation. As
such, the essential components of a SERS quantitation experi-
ment can be categorized as: (1) the enhancing substrate mate-
rial, (2) the Raman instrument and (3) the processed data that
is used to establish a calibration curve. Therefore, in this
review, we start off by introducing the analytical figures of
merit in SERS (Section 2). This is followed by a general
introduction to the typical types of SERS enhancing substrates
(Section 3), Raman instruments (Section 4) and data processing
methods (Section 5) that are used in SERS measurements.
Importantly, we discuss how the properties of the enhancing
substrate and Raman instrument, as well as the selection of
different data processing methods, affect the figures of merit in
SERS quantitation. The aim is to show the readers how to
rationally design their experiments to improve quantitation
performance. After discussing the present state of quantitative
SERS research, we move on to discuss the main research trends
in literature on improving the performance of SERS in quanti-
tative analysis of complex real-life samples (Section 6). More
specifically, we introduce the development of smart multifunc-
tional SERS sensors, digital SERS and Al-assisted data proces-
sing methods. Finally, we present an outlook (Section 7) which
discusses the barriers to adoption of SERS within the wider
analytical community and the areas where more research is
needed. We also speculate on how the field might develop as it
rises to the challenge of moving out of the research lab into
routine real-world analysis.

design,

2. Analytical figures of merit in SERS
quantitation: precision, accuracy, LOQ,
LOD

In quantitative SERS, the concentration (the recovered value) is
typically determined from calibration plots of the SERS signal
(the response) versus concentration. The signal is normally
calculated as the height of a relevant band, rather than the
area since this is less susceptible to interference from adjacent,
partly overlapping bands. As shown in Fig. 2A, unlike techni-
ques such as HPLC, where linear calibrations of peak area
against concentration are expected, in SERS the fact that there
are a finite number of enhancing sites within any substrate
means that the signal will reach a limit as the surface becomes
saturated. This leads to calibration curves that rise approxi-
mately linearly at low concentration but then start to plateau at
higher concentrations (Fig. 2B). In simple cases, where the
adsorption of the analyte is ideal, the response will follow a
Langmuir model but other isotherms may be used to include

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 The key analytical figures of merit in SERS quantitation. (A) Sche-
matic illustrations of the adsorption of analyte molecules on the enhancing
substrate surface and the corresponding change in the SERS signal of the
analyte observed. (B) and (C) Schematic illustration of a typical calibration
curve between analyte concentration and signal intensity from SERS
analysis. (C) Schematic illustration of the linear region of the calibration
curve.

interactions between analytes or other effects. In quantitative
SERS analyses, a common approach is to use a limited section
of the calibration curve which is approximately linear over the
working range selected. This region of the calibration curve is
often referred to as the ‘“quantitation range”, as shown in
Fig. 2C. The precision of the SERS measurement is typically
expressed by calculating the relative standard deviation, or
“RSD” in short, of the SERS signal intensity for multiple
repeated experiments, while the linearity of the calibration
curve, which is an indicator of the accuracy that the SERS
measurement will provide, is typically expressed through the
“R*” value.

Two other important analytical figures of merit in SERS
quantitation are the “Limit of Quantitation” and the “Limit of
Detection”, or “LOQ” and “LOD”. As illustrated in Fig. 2C, the
LOD is formally defined as the concentration where the signal
is calculated to be 3x the standard deviation of the blank (30).
The LOQ is the lowest analyte concentration in the quantitation
range, defined as the concentration where the signal is 100.
However, it is also common in the literature to see the lowest
concentration which gives a SERS spectrum with discernible
sample peaks described as the LOD. It is useful to note here
that the extremely large fluctuations in SERS signals observed
at low analyte concentrations, due to analyte molecules ran-
domly entering plasmonic hot-spots, mean that detectable
SERS signals may occasionally be detected even when the
sample concentration is below the formal LOD. For example,
in Fig. 2C the lowest concentration point will, on average, give a
signal which is undetectable because it is lower than the noise
level set by the LOD but the random fluctuations in the signal
intensity may mean that in some rare measurements it may
nevertheless be larger than the noise and therefore detectable.

This journal is © The Royal Society of Chemistry 2025
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This effect has been exploited with the recent development of
digital SERS, which is discussed in Section 6.

In summary, this section discussed the key figures of merit
that can be used to determine the success of SERS quantitation.
This leads naturally to the following sections, where we will
discuss the typical enhancing substrates, Raman instruments
and data processing methods that are presently used in quan-
titative SERS measurements, as well as how these affect the key
figures of merit in SERS quantitation.

3. Enhancing substrates for SERS
quantitation: standard substrates and
design principles

Arguably, the most important component in SERS is the
enhancing substrate, which is most commonly a plasmonic
Ag and Au nanomaterial. At the simplest level, these Ag and Au
nanomaterials can be regarded as providing SERS enhance-
ment through charge-transfer induced resonance effects
(known as “chemical enhancement”) and near-field electro-
magnetic effects (known as “electromagnetic enhancement”).
These effects are not discussed in detail here since they have
already been covered in many excellent reviews.'””*" The crucial
role which enhancing substrates play in SERS means that they
have been extensively studied and, as a result, one challenge
facing a new potential user of SERS is the bewildering variety of
minutely-differentiated approaches/substrates which have been
reported. In this regard, the area has become extremely frag-
mented with numerous solutions proposed to meet the chal-
lenges of achieving the required sensitivity, reproducibility,
selectivity, stability of the substrates etc. This is particularly
apparent in the reporting of novel enhancing substrates, which
often claim without rigorous justification that they are an
improvement on existing SERS approaches because they give
higher sensitivity and/or reproducibility for a particular analyte
molecule. Unfortunately, this can lead to confusion, not
least because of the lack of a widely agreed standard method
for characterizing the performance of SERS enhancing
substrates.!* Therefore, in this section we discuss the current
classes of SERS substrates available, and introduce the use of
Ag and Au colloids as a good starting point for non-specialists
who wish to experiment with SERS quantitation. Importantly,
we discuss how the plasmonic properties and surface chemistry
of the enhancing substrate affect the analytical figures of merit
in SERS quantitation, which can serve as the rationale for
customizing the enhancing substrate to achieve optimal per-
formance for a given sample with its own specific properties.
Particular emphasis is placed on discussing the use of internal
standards, since this is the most straightforward way of obtain-
ing robust quantitative SERS measurements.

3.1.
chips

Typical types of SERS substrates: liquid media, solid

The current generation of SERS substrates can be generally
categorized into liquid- and solid-nanostructured materials.

Chem. Soc. Rev,, 2025, 54, 62-84 | 65
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As shown in Fig. 3A, liquid-based enhancing substrates are
typically colloidal nanoparticles and their assemblies. The
technology for preparing colloidal nanoparticles has developed
enormously in the past years, so that particles with complex
morphologies and nanostructures are now accessible through
bottom-up chemical synthesis that can be carried out in
standard research laboratories without the need for specialised
equipment.”*?* In addition, plasmonic colloidal nanoparticles
including Au nanospheres, Ag nanocubes and Au nanorods are
also readily available from numerous commercial sources, such
as BBI Solutions and Beijing Zhongkeleiming Technology.
These colloidal particles have been used as the enhancing
media for SERS quantitation of a very diverse set of target
analytes, ranging from cells to pesticides.>*** In addition,

Liquid

Colloidal nanoparticles

Fig. 3 The typical types of plasmonic SERS substrates. These are liquid
substrates which include (A) colloidal Ag and Au nanoparticles and (B) nano-
particle assemblies; solid substrates which include (C) chips carrying plasmonic
nanostructures created via top-down approaches and (D) materials coated
with chemically synthesized plasmonic nanomaterials. The scale bars in panels
(A) and (B) (i)—(iii) correspond to 100 nm. The scale bars in panels (B) (iv) and
(©) ()—(iii) correspond to 1 um. The scale bar in panel (C) (iv) corresponds to
50 pm. The scale bars in the insets of panel (D) correspond to 50 nm. Panels
(A) (i)—(iv) were reproduced with permissions from ref. 32 (copyright 2015
American Chemical Society), ref. 33 (copyright 2010 American Chemical
Society), ref. 23 (copyright 2023 American Chemical Society) and ref. 34
(copyright 2019 The Authors), respectively. Panels (B) (i)-(iv) were reproduced
with permissions from ref. 35 (copyright 2017 Springer Nature), ref. 26 (copy-
right 2010 American Chemical Society), ref. 36 (copyright 2018 Elsevier Ltd) and
ref. 37 (copyright 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim),
respectively. Panels (C) (i)—(iv) were reproduced with permissions from ref. 38
(copyright 2021 Elsevier B. V), ref. 39 (copyright 2010 IOP Publishing Ltd),
ref. 40 (copyright 2018 Elsevier B. V.), and ref. 41 (copyright 2023 Wiley-VCH
GmbH), respectively. Panels (D) (i)?(iv) were reproduced from ref. 42 (copyright
2016 The Royal Society of Chemistry), ref. 43 (copyright 2019 Elsevier Ltd),
ref. 44 (copyright 2022 The Royal Society of Chemistry), and ref. 45 (copyright
2014 American Chemical Society), respectively.
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colloidal nanoparticles have also been used as plasmonic
building-blocks for the construction of liquid-based
nanoparticle-assemblies ranging from dimers and trimers®®*’
to 2-dimensional arrays***° and colloidosomes,***! which typi-
cally provide improved plasmonic enhancement in SERS
quantitation.

As shown in Fig. 3B, solid enhancing materials typically
come in the form of films or chips with plasmonic metal
nanostructures on the surface. These materials are mostly
made in-house but increasing numbers of commercial sub-
strates are also becoming available, although Klarite,*®*” the
commercial substrate most widely discussed in the literature, is
no longer manufactured. In the preparation of solid SERS
substrates, the metal nanostructures can be formed via
bottom-up approaches, such as the deposition of pre-formed
colloidal nanoparticles*>*® and in situ particle growth,**® or
top-down approaches, such as chemical etching®"** and
lithography.*®*' Depending on the synthetic approach, a vari-
ety of support materials have been used for the fabrication of
solid SERS substrates which range from paper** and polymer*®
to superhydrophobic needles®® and electrodes.>

In general, the advantage of liquid SERS substrates, parti-
cularly Ag and Au colloids, is that they are straightforward to
obtain (both commercially and through in-house synthesis), are
relatively inexpensive and can give large enhancements. The
disadvantage of using colloidal substrates for SERS quantita-
tion is that they are mostly limited to studying of analyte
molecules which adsorb spontaneously to the metal surface.
The fact that colloids are liquids also makes them less con-
venient to use outside the laboratory in the real-life applica-
tions that are often envisaged for SERS. In contrast, solid
substrates are easy to handle and deploy in field measure-
ments. Moreover, solid substrates can be used for a wider range
of analyte molecules since the sample solution can be depos-
ited directly onto the enhancing surface to create the substrate-
target interaction that is necessary for SERS enhancement.
However, the disadvantage of solid substrates is that they are
much more challenging to prepare, especially with good repro-
ducibility, which make them less accessible for non-experts.
For the reasons listed above, we recommend Ag and Au colloids
as a good starting point for non-specialists who can use them to
carry out at least preliminary experiments without the need to
decide which of the many other possible enhancing particles
might be appropriate, since they are easily accessible and
provide robust performance in SERS quantitation.

3.2. Ag and Au colloids for SERS quantitation: standard
procedures and common pitfalls

Despite the huge variety of enhancing materials which have
now been prepared and tested for SERS, the chemically-reduced
Ag and Au colloids, particularly citrate-reduced®>*® and
hydroxylamine-reduced colloids,”” remain the most widely
applied SERS substrates. An indication of their popularity
is that Lee and Meisel’s original paper on the preparation
of citrate-reduced silver colloids currently has ca. 4500
citations (Web of Science). The original method for preparing

This journal is © The Royal Society of Chemistry 2025
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citrate-reduced colloids is extremely simple, and involves boil-
ing an aqueous solution of sodium citrate and the appropriate
Ag or Au salt. The colloids can be used in SERS simply by
mixing them with an aqueous metal salt solution, which acts as
the aggregating agent, and a solution of analyte.”® The average
diameter of the product nanoparticles can be roughly con-
trolled by altering the relative amounts of the reducing agent
and/or metal salt. Of course, the crudeness of the preparation
method means that the product particles are not uniform at the
nanometer scale, both in morphology and size, which is often
discussed as a major issue in SERS quantitation in literature.
However, since bulk analytical measurements of colloidal sus-
pensions typically involve recording signals which are averaged
over large numbers of particles, the spectra obtained from
different regions of even quite heterogeneous colloids may be
highly reproducible.>®*® Similarly, while some batch-to-batch
variation is inevitable, it has been shown that the batch-to-
batch variation in SERS enhancement factors of simple colloids
as low as 5-10% can be routinely achieved.>®

For a given colloid and sample, the main source of variation
in the intensity of the SERS signals between measurements of
the same sample is normally the extent of aggregation. This is
an intrinsic problem, for individual quasi-spherical nano-
particles the increase in the electromagnetic field near their
surface given by plasmonic resonance is small which leads to
low enhancement, so they need to be aggregated to form
plasmonic hot spots which give the necessary high enhance-
ment factor.®" Typically, the particles in the as-prepared colloid
are stabilized by the electrostatic repulsion created by the
surface layer of charged capping ligands they carry which, in
the case of citrate-reduced Ag and Au colloids for example, is
mostly residual citrate. Addition of metal salts such as NaCl,
KBr or MgSO, perturbs the electrical double layer and shields
the charge, allowing the particles to approach each other
sufficiently closely that short range attractive van der Waals
forces bring them together. The structure and surface chem-
istry of the nanoparticle aggregates significantly affects their
performance as SERS enhancing materials. Therefore, as shown
in Fig. 4A, the SERS enhancement provided by aggregated
colloids changes with the nature and concentration of the salt,
as well as the surface chemistry and concentration of the
nanoparticles.®> However, irrespective of the details, the gen-
eral pattern of the salt-induced nanoparticle aggregation pro-
cess remains the same in that the particles initially come
together to form small aggregates, which will continue to grow,
so that they eventually become so large that they sediment out
of the suspension (Fig. 4B). For SERS measurements, this
means that the enhancement provided by the colloid will rise
during the early stages of the aggregation process as increasing
numbers of particles join to form hot spots, but it will then
drop as the aggregates grow too large so that they start to
precipitate out of solution.®

The obvious result of having a dynamic aggregation process
is that for consistent signal enhancement the spectra should
always be recorded at the same time after aggregation is
initiated, otherwise the random changes in enhancement due

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 The effect of colloid aggregation on SERS enhancement. (A)
Variation in SERS signal intensity of a test molecule obtained from Au
colloid aggregated with the same concentration of six different salts. (B)
TEM images of Au nanoparticles before aggregation and after aggregation
for 10, 20, 60, 120, and 300 s with NaBr. The scale bar is 200 nm. (C) Time
dependence of the SERS signal intensities of citrate obtained by aggregat-
ing citrate-reduced silver colloid with different concentrations of MgSQO.,.
Panels (A) and (B) were reproduced with permission from ref. 62, copyright
2018 Wiley-VCH Verlag GmbH & Co. kGaA, Weinheim. Panel (C) was
reproduced with permission from ref. 63, copyright 2013 American
Chemical Society.

to variation in the extent of aggregation will decrease the
precision and accuracy of SERS quantitation. The effect of this
time-dependence may be minimized by choosing a salt concen-
tration which maximizes the time window during which the
signal remains relatively constant. For example, Fig. 4C shows
time-dependent SERS intensity data for citrate-reduced Ag
colloid aggregated with different concentrations of MgSO,,
where low salt concentrations show a slow rise in the SERS
signal while the highest salt concentration gives signals that
rise and decay rapidly.®® From the data set, it can be seen that
the optimum concentration of salt gives a near-plateau region
which extends for >10 minutes, which is ample time for
several SERS measurements.

It should be noted that even subtle differences in experi-
mental conditions, such as whether the same amount of
sample is added as a small volume of concentrated solution
or if it is added in a more dilute form can change the dynamics
of the aggregation and the absolute signal.* Therefore, the
development and adoption of a robust experimental protocol is
very important when using aggregated colloids for quantitative
SERS. For example, the sequence of steps where analyte and
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aggregating agent are added into colloidal nanoparticles fol-
lowed by placing the sample in the compartment of the instru-
ment should be practiced so that the processes always take a
similar amount of time. This experimental approach is not
commonly highlighted within the literature but can have a
crucial effect on the reproducibility of the SERS measurements.
The levels of reproducibility which can be achieved by carefully
controlling experimental conditions, including the size of the
nanogaps and aggregation time is very striking, for example
Grys et al. have demonstrated sample-to-sample variation in
intensity from aggregated colloids as low as <1% relative
standard deviation (RSD),*® although this values is exceptional
and under standard conditions 5-10% is more usual.®>®’

3.3. Rational substrate design for improved quantitation
performance: plasmonics and surface chemistry

Aggregated colloids were recommended above as being a good
route for non-specialist users to start carrying out quantitative
SERS measurements. This approach is particularly robust for
samples which contain a single type of analyte molecule
dispersed in aqueous solution. However, as the complexity of
the sample and/or application increases, it might become
necessary to customize the SERS enhancing substrate to
achieve adequate quantitation performance. There are limitless
possibilities for this, depending on the specific application and
enhancing material at hand. Regardless, there are some general
rules of thumb in substrate design that can be considered,
which will be highlighted in this section.

Overall, the main approaches to improving substrate design
in SERS quantitation are fine-tuning the surface chemistry and
the plasmonic properties, as shown in Fig. 5. Since the main
contribution to SERS enhancement originates from the loca-
lized surface plasmon resonance (LSPR) effect, this means that
the plasmonic properties of the substrate will significantly
affect SERS signal intensity, and in turn the LOD, LOQ and
sensitivity of the quantitation. As shown in Fig. 5A, the plas-
monic properties of the enhancing material can be improved
through engineering nanostructures which create strong elec-
tric field localization. More specifically, this includes the crea-
tion of nanoparticles with tips,®®®° or internal gaps,”®”" or the
creation of nanoparticle assemblies which contain interparticle
gaps.”>’® One challenge that comes with engineering complex
nanostructures to improve plasmonic properties is that it is
difficult to achieve high levels of reproducibility, particularly at
the nanoscale. This results in variation in the plasmonic
properties of the substrate and in turn the precision of SERS
quantitation. In some cases, this issue can be largely resolved
by choosing the appropriate Raman instrument, which will be
discussed in the next section of this review. In other cases, it
may be helpful to fine-tune the synthetic procedure to create
highly mono-disperse nanoparticles’*”> and/or uniform super-
lattice assemblies,”®”” as shown in Fig. 5B. However, even with
very regular structures, although the non-uniformity may be
reduced, some residual variation (RSD >2-3%) is still com-
monly observed.
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Fig. 5 The main approaches to improving substrate design in SERS
quantitation. These include (A) designing new nanostructures to improve
field enhancement; (B) increasing the structural uniformity of the substrate
material to improve SERS reproducibility; (C) modifying the surface of the
substrate to promote analyte adsorption; (D) introducing internal stan-
dards to compensate for experimental variations. The scale bars in panel
(B) correspond to 25 nm. Panel (A) was reproduced with permission from
ref. 68 (copyright 2020 Elsevier Ltd) and ref. 72 (copyright 2015 the Owner
Societies). Panel (B) was reproduced with permission from ref. 74, copy-
right 2013 American Chemical Society.

The surface chemistry of the substrate material is important
since it dictates the interaction between the target analyte and
the enhancing surface, as shown in Fig. 5C. This is often
overlooked in SERS experiments, but can be critical in deter-
mining whether an analyte gives SERS signals at all, since SERS
enhancement is a short-range effect that is localized to within
tens of nanometers of the enhancing surface. For example,
recently we have shown that polyaromatic hydrocarbons can
adsorb spontaneously to Ag and Au nanosurfaces through
dispersive m-metal interactions to generate strong SERS sig-
nals, but this interaction is prohibited by surface oxidation or
the presence of strongly binding ligands such as thiols on Ag/
Au.”® This is one of many examples where having a clean
and accessible metal surface promotes the adsorption of ana-
Iyte molecules which improves the sensitivity of SERS
quantitation.”®®® Conversely, for analyte molecules which do
not interact strongly with Ag and Au, adsorption to the enhan-
cing surface can be promoted by functionalizing the surface of
the metal with ligands that capture the target molecules via
intermolecular forces (Fig. 5C). This either allows detection of
the non-adsorbing analyte directly via SERS or indirectly
through systematic changes in the SERS signals of the ligand
molecules.®®* For example, metal-organic frameworks (MOFs)
have been used as a functional coating to adsorb and localize
volatile aromatic molecules near the enhancing surface for
SERS.® Other typical examples of functional ligands that can
be used to promote the adsorption of analyte molecules include
supramolecular hosts,*” self-assembled monolayers of small
molecules,®* and aptamers.®®
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In some cases, the target may be too large to fit into the
plasmonic region of the enhancing substrate for direct SERS
analysis. This can be overcome via indirect SERS approaches
where the plasmonic nanoparticles are functionalized with a
mixture of Raman reporter molecules and modifier molecules
that selectively bind to the target.®® Using these nanoparticles
(often referred to as “SERS tags”) allows the presence and
quantity of the targets to be indirectly analyzed via the SERS
signal intensity of the Raman reporter and has been demon-
strated as an effective approach for the analysis of biological
targets, such as proteins®” and extracellular vesicles.®®

3.4. Internal standards for improved accuracy and precision
in quantitation

Besides dictating the adsorption of analytes, the surface of the
enhancing substrate can also be functionalized with SERS
active molecules, which act as internal standards to improve
the precision of quantitation using ratiometric methods. As
shown in Fig. 5D, this is typically achieved by pre-adsorbing a
SERS active component to the enhancing substrate, which
allows the SERS intensity of the target molecule (I) to be
normalized against the internal standard molecule (I,). This
provides a standard which tracks the enhancement provided by
the substrate and can therefore compensate for variations in
intensity caused by changes in the experimental conditions
between measurements. Commonly used internal standard
molecules are strongly adsorbing/binding compounds that
generate strong Raman scattering, such as dyes,* thiols®®
and aromatic amines.”’ The extent to which such pre-
adsorbed standards can improve robustness by correcting for
both random variations in the enhancing medium and changes
arising from instrumental factors was demonstrated by Chen
et al. who prepared two-dimensional close-packed films of Ag
nanoparticles with an octadecanethiolate internal standard
surface layer with good signal uniformity (RSD = 4.3%, see
Fig. 6A).°° With this substrate, using crystal violet embedded in
a spin-on glass layer as the target (Fig. 6B), normalisation of the
crystal violet signals to the signals of the internal standard gave
a linear calibration plot with R> > 0.999 with samples contain-
ing from 5-5000 molecules per um”. Notably, to demonstrate
the effectiveness of the internal standard in the calibration of
experimental errors, the authors established the calibration
plot mentioned above deliberately using data obtained from
two different Raman instruments (Fig. 6C).

One potential issue with directly adsorbed internal stan-
dards is that they may interfere with target binding. This can be
addressed by including the SERS-active component as a con-
stituent of the enhancing material itself.>** For example, Lin
et al. prepared sensors composed of Au core particles coated
with a layer of 4-mercaptobenzoic acid and with an outer Ag
shell where the 1073 ecm™* band of 4-mercaptobenzoic acid
could be used as an internal standard.”® These could then be
used to construct paper-based sensors. Importantly, it was
shown that this approach corrected for physical changes in
the experiment, since the intensities of 1617 cm ™" band from
the crystal violet test analyte and the 1073 cm ' internal
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Fig. 6 Examples of pre-adsorbed internal standard molecules used to
improve the reproducibility of SERS quantitation. (A) SEM image of a close-
packed monolayer AgNP film on quartz. Inset shows a schematic diagram
of the octadecanethiolate-covered NPs. (B) Diagram of the structure of
the SERS substrate and the analyte layer. Lower SEM image shows a cross
section of the substrate and sample. (C) Log/log calibration plot of crystal
violet SERS intensity normalized to thiolate signal against areal density. The
black and red points were obtained using different Raman spectrometers.
(D) Schematic diagram of Au@Ca + Mpy@Ag NPs (Ca = cysteamine, Mpy =
4-mercaptopyridine). STEM image showing the composition of a single
particle. (E) Calibration plots for detection of uric acid. The normal human
concentration ranges are marked with turquoise (male) and blue (female)
arrows. Panels (A)-(C) were reproduced with permission from ref. 90,
copyright 2015 American Chemical Society. Panels (D) and (E) were
reproduced with permission from ref. 92, copyright 2015 Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim.

standard band both changed in the same way when the focus
position was changed, so their relative intensity remained fixed
within the overall 3.7% RSD even when the focus was changed
so that absolute signal level fell by a factor of 4x. Similarly,
non-uniformity in the distribution of nanoparticles on the
paper support was reduced by normalising the intensity of
the crystal violet analyte band to the standard at each point.
This approach has been extended to one where the inter-
mediate layer is composed of two types of molecules, one which
acts as the internal standard and one which acts as a linker to
the outer shell. For example, as shown in Fig. 6D, Shen et al.
prepared core/shell particles with gold nanosphere cores sur-
rounded by a mixed layer of with 4-
mercaptopyridine as the internal standard and an Ag outer
shell.®® In this case, since the internal standard molecules were
encapsulated within the nanoparticles, the surface of the
particles was accessible to a wider range of analyte molecules.
With these particles a plot of the SERS intensities of uric acid
over the normal human concentration range showed signifi-
cant non-linearity in absolute intensity but improved to a good

cysteamine
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linear response once the signal of uric acid was normalized
against the 4-mercaptopyridine internal standard (Fig. 6E).
The disadvantage of using pre-adsorbed SERS internal stan-
dards is that while they can compensate for non-uniform
distribution of the plasmonic hot-spots of the enhancing
material in the probe volume and other physical variations in
experimental conditions, they cannot be used to correct for
changes in the way which the target interacts with the surface.
This means that subtle changes to the surface chemistry of the
SERS substrate between the calibration process and the analy-
tical measurement can perturb the relative intensities of the
target and standard and therefore the apparent concentration
i.e. accuracy of the quantitation. This is a particularly challen-
ging problem since the fact that the surface has changed may
not be obvious from the SERS spectra. These changes in surface
chemistry can arise during storage due to oxidation of the
surface (particularly for dry Ag substrates with exposed
surfaces)’®®” or more subtle changes, such as those associated
with surface restructuring.’® In addition, changes in the sample
matrix, which are often encountered in biological samples for
example, can perturb the adsorption of the target onto the
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surface by introducing compounds which bind competitively
with the surface.”

This issue can be resolved by adding a known amount of an
internal standard compound, which has chemical properties
similar to those of the target molecules, to co-adsorb with the
target molecules during SERS quantitation. In this case, any
change in the enhancing medium will affect the adsorption and
Raman scattering signals of both the target molecules and the
standard in a similar way.'°® This has the advantage over pre-
adsorbed standards that it can compensate for not only varia-
tions in physical parameters but also any changes in chemical
properties of the substrate. In this regard, the ultimate internal
standards are isotopologues of the analyte because both the
target and standard will respond in essentially identical ways to
any perturbation in the experimental conditions.'®>*° This has
been demonstrated by Behabib et al. in a study of amines that
are important in refinery processes which used d;- and d,-
monoethanolamine (MEA-d,) as internal standards for the
SERS quantification of MEA.'® As shown in Fig. 7A, the test
spectra were scaled to the characteristic MEA-d, band at

870 cm™' which gave excellent results for both standard
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Fig. 7 Examples of isotopologue internal standards used to improve the reproducibility of SERS quantitation. (A) SERS spectra of 50 ppm MEA-d, internal
standard with O (black), 25 ppm (green) and 75 ppm (blue) of the MEA-dg target analyte. (B) The distribution in the results of SERS measurements of
75 ppm laboratory standard MEA solutions that were collected over 4.5 years on 25 different Raman spectrometers. The RSD is 10.3%. (C) Comparison of
SERS measurement of MEA in refinery process water samples with ion chromatography. The error bars on the Raman axis are the 95% confidence interval
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laboratory solutions and real-world refinery process water
samples. Notably, the distribution in the results of SERS
measurements of a standard MEA solution was reported for
data which were collected over 4.5 years on 25 different Raman
spectrometers (Fig. 7B). In addition, it was reported that the
calibration developed with the isotopically substituted stan-
dards was extremely robust and was used over a period of 7
years with thousands of samples and hundreds of nanoparticle
batches without adjustment or recalibration. This data, which
was validated using ion chromatography, is shown in Fig. 7C.

The main difficulty in using isotopologues of the target
molecules as internal standards is obtaining suitable isotopo-
logues and their high cost. However, if isotopologues are not
available, standards which chemically match the target and
therefore respond in the same way to perturbations may be
used instead. One problem for selection of suitable chemically-
matched standards is that the chemical similarity of target and
standard may also lead to similarities in the spectra and in
particular, overlap in the target and standard bands. For
example, this approach was used in SERS quantitation of
nicotine where pyridine was chosen as a chemically-matched
standard, since it would be expected to bind to the enhancing
surface through its aromatic amine group in the same way as
nicotine.'® However, the strongest pyridine band overlapped
that of the nicotine target at 1030 cm™'. This problem was
resolved by switching to ds-pyridine, whose strongest band is
shifted to 974 cm™ ' but is easier to obtain than isotopically
substituted nicotine (Fig. 7D and E). This process gave excellent
analytical results, the calibration plot of actual vs. predicted
concentrations obtained by PLS-1 analysis of linearised data
had R*> ~ 0.998 over the concentration range 1-10 ppm
(Fig. 7F). A blind test of the method with unknown samples
gave results where the root mean square (RMS) error in the
concentration was 0.10 ppm. Interestingly, a subsequent experi-
ment of quantification of nicotine in e-liquids with d,-nicotine
as the standard, gave spectra which looked very similar to those
with ds-pyridine but the linear calibration was even better, with
R* =0.9996."%

Overall, if internal standards are required, the choice is
typically between the experimental convenience of having pre-
adsorbed, strongly bound standards, which are inexpensive
and applicable across a wide range of analytes, and
chemically-matched/isotopically substituted standards, which
are less flexible but make the calibrations more robust. With
samples in well-controlled and understood matrices, the pos-
sibility of random perturbations to binding caused by the
matrix is low and the condition of the enhancing materials
can be checked before the measurement, so pre-added stan-
dards may be sufficient to overcome the effects of varying focus
or amounts of substrate in the probe volume. With uncon-
trolled real-life samples, such as potentially contaminated
water, soils, biofluids etc., the risk of matrix interference is
larger. One possibility of dealing with this is to use some form
of sample pretreatment, such as LC-SERS,'*®'"” to reduce
matrix interference. However, since there is no easy method
of detecting if the sample pretreatment has been entirely
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effective, confidence in the result may be set by how much
trust can be placed in the pre-treatment method, rather than
the SERS measurement. Conversely, using isotopologues or
chemically-matched standards, which can cope with these
effects, can give a high level of robustness and assurance that
the result is accurate, despite any possible changes in the
sample matrix and this may be the level of confidence that is
required for quantitative measurements of critical analytes.
Indeed, it is notable that methods which use this approach
underpin some of the few commercially-available SERS sensors
intended for routine quantitative analysis of real-life targets by
non-specialists.' %108

4. Raman instrument selection for
SERS quantitation: instrument
selection and instrument parameters

One aspect of SERS which is often not discussed in detail is the
effect of the instrumentation on the overall success of the
analytical measurements which are being reported, presumably
because modern instruments have evolved to the extent that
the commercial systems which most researchers now use give
at least adequate performance. However, the fact that the
performance of a given substrate in SERS quantitation can be
significantly improved by selecting the appropriate Raman
instrument and experimental parameters should not be
ignored. For example, specific laser wavelengths can be used
to couple with the LSPR of the enhancing substrate to signifi-
cantly boost its plasmonic response’®® while large laser spot
sizes can be used to improve signal uniformity by averaging out
the nonuniformity of the plasmonic nanostructures."*® There-
fore, this section discusses the selection of Raman instruments
and Raman instrument parameters as well as their effect
on different analytical figures of merit used in SERS quantita-
tion. The aim is to provide general guidelines which readers
can use in determining the optimal parameters for different
applications.

4.1. Selection of Raman instrument for improved
quantitation

In general, commercial Raman spectrometers can be broadly
divided into large instruments where excitation and collection
are achieved through optical microscopes and “macro’ systems
which have poorer spatial resolution but can be portable or use
fibre probes. The Raman signals acquired from the same
sample can vary dramatically in signal-to-noise (S/N) ratio,
spectral background and spectral range depending on the
instrument used. For example, a state-of-the-art confocal
Raman microscope which efficiently collects a large fraction
of the Raman scattered light and is equipped with a high
throughput spectrometer and cooled detector to reduce ther-
mal noise will give spectra with significantly higher S/N ratios
for the same sample and laser power than a compact portable
Raman spectrometer with an uncooled detector. This is one of
the reasons to why it is difficult to assess the relative
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performance of enhancing substrates from different groups by
simply comparing the LOD of a standard test molecule, since
the detection limit can be pushed lower, even for the same
enhancing substrate, by using a spectrometer which gives
better S/N. Overall, since the SERS signal is determined by
the combination of the SERS scattering and the instrument
used to detect it, the best quantitative analysis will be obtained
with research grade instruments. However, if a substrate which
gives high SERS scattering with the target analytes can be found
this may compensate for the lower performance of compact or
low-cost Raman instruments, which could be useful for in-field
applications.

4.2. Selection of Raman instrument parameters for improved
quantitation performance

It is important to note that even with the same Raman instru-
ment and sample, different instrument parameters including
laser power, laser wavelength, accumulation time, spot size and
probe depth can all significantly affect the success of quantita-
tive SERS measurements. Here, we focus our discussions on
benchtop microscope systems, not only because they are widely
used in current SERS research, but also because they provide
more options for varying instrument parameters than compact
low-cost systems. The first instrument parameter that is typi-
cally set at the start of the SERS measurement is the wavelength
of the laser, with the most common being 532, 633 and 785 nm.
While many samples and substrates will give adequate signals
using any of the three laser wavelengths, the best signal
intensity is typically achieved when the frequency of the inci-
dent laser matches the energy of an electronic transition in the
target molecule and/or the resonant frequency of the LSPR of
the enhancing material, which can bring about additional
enhancement in signal intensity, and in turn improvement in
the LOD and LOQ by several orders of magnitude.'™

During SERS measurements, the most obviously adjustable
parameters are the laser power and accumulation time. Since
the S/N ratio increases as the square root of the accumulation
time, increasing the accumulation time from 1 s to 16 s will give
a 4x improvement in S/N and therefore a 4x improvement in
the LOD, even if all other factors are held constant. Similarly,
increasing the power of the probe laser will obviously lead to a
corresponding increase in the Raman scattering signal and
therefore an improved LOD as the signal at any concentration
will grow while the noise remains constant.

Irrespective of any differences in performance associated
with thermal noise and throughput, there are more fundamen-
tal differences between highly confocal Raman microscopes
and macroscopic Raman spectrometers with their larger spot
sizes and depth of focus, which are particularly important in
SERS quantitation. While it might appear that microscopes
with high numerical aperture objectives and small spot size
would be superior for SERS measurements, this is only partly
correct. It is true for imaging experiments or if measurements
need to focus on specific areas of the sample, such as coffee
ring deposits of analyte crystals on solid enhancing substrates.
However, if the sample is non-uniform due to spatial variations
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in the plasmonic properties of the enhancing material or
differences in the distribution of the analyte on the substrate,
larger spot sizes may be preferable for improving the precision
of the quantitation, since they can average over variations in
signal intensity. This is important since point-to-point varia-
tions in EF are a common feature of solid substrates; in a
recently published list of values for 49 substrates the point-to-
point variation was shown to be 5-15% RSD.®® For spatial
averaging, the important parameter is the size of the sampled
area compared to the length scale of the non-uniformity. For
example, Fig. 8A shows a substrate composed of nanoparticle
aggregates dispersed in a sprayed polymer film on a paper
support.’** This substrate is clearly extremely heterogeneous
on the sub-micrometer scale but with a laser probe spot
diameter of 60 pm the signals of numerous aggregates are
included in each measurement, so the point-to-point signal
variation is reduced to 19.1%, which allowed SERS quantitation
of thiram to be performed with adequate reproducibility
(Fig. 8B and C).

A more systematic study of the effect of the laser spot size of
Raman microscopes on the RSD of the SERS measurement was
presented by Liu et al.'™ In their experiments, they changed the
spot size of the probe laser by altering the numerical aperture
of the objective lens used in the Raman microscope. Fig. 8D
shows data obtained for several different commercial sub-
strates with 10x, 50x and 100x objectives (numerical aperture
= 0.25, 0.75 and 0.9, respectively). The data show that the
change in spot diameter with numerical aperture had a sig-
nificant effect on the RSD of the SERS measurements, and led
to the RSD of the signal increasing from 30% to 70% in the
most dramatic case. The issue of sampling error has been
treated in detail by Crawford et al. in the context of quantitative
SERS immunoassays."™* Fig. 8E shows the results of Monte
Carlo simulations aimed at predicting the effect of sampling on
the precision of SERS measurements of labelled antibodies.
These simulations allowed the RSD of the measurement of a
random distribution of point-sized adsorbates (PSAs) to be
predicted under various conditions. The plot in the inset shows
how the RSD is predicted to change as a function of the area
analysis ratio (AAR), which is the proportion of the sample
probed in each experiment. Under the conditions chosen for
the simulation, sampling errors rose above 1% when the
probed area was decreased to the point that the AAR dropped
below 107>,

For instruments which do not offer the option to increase
probe area, multipoint sampling can be used, since the uncer-
tainty in the measured signal intensity will decrease as the
square root of the number of points sampled (assuming the
intensities are normally distributed). Alternatively, the laser
beam may be rastered over the surface of a stationary sample,
an option which is available in some commercial systems
(Orbital Raster Scan (ORS™), Metrohm Inc.). The important
advantage of probing over a larger area of the sample is that it
can reduce the sampling error associated with point-to-point
non-uniformity of the substrate or non-uniform analyte distri-
bution even more effectively than increasing the laser spot size.
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Fig. 8 Demonstration of the effect of probe area on the reproducibility of SERS quantitation. (A) Optical and scanning electron microscopy image of the
substrate. The diameter of the Raman laser spot is 60 um. (B) The SERS signal intensity of crystal violet obtained on 30 random points on a typical sample.
(C) The SERS spectra of several solutions of thiram contaminated with sand. The inset shows Semi-log plot of the SERS intensity of different
concentrations of aqueous thiram solutions with (grey) and without (orange) sand contamination. Data points are an average over 5 measurements and
error bars represent +1 SD. (D) lllustration of the effect of laser spot size on the RSD of SERS measurements taken with different substrates. (E) Results of
Monte Carlo simulations aimed at predicting the effect of sampling on the precision (RSD) of SERS measurements of labelled antibodies. Panels (A)-(C)
were reproduced with permission from ref. 112, copyright 2021 The Royal Society of Chemistry. Panel (D) was reproduced with permission from ref. 113,

copyright 2020 Springer. Panel (E) was reproduced with permission from ref. 114, copyright 2016 American Chemical Society.

This is common in quantitative Raman measurements, where
samples which are heterogeneous on length scales larger than
the probe beam diameter have been studied using rastered
beams,'"® multipoint sampling'®'*® or large beam diameters,
up to 6 mm.">'"” Indeed, for many SERS applications, it may
be more efficient to use or develop sampling methods that
increase the sampled area rather than concentrating on
attempts to further improve the uniformity of the enhancing
substrate.

4.3. Effect of instrument parameters on sample integrity

Finally, it is important to note that the appropriate choice of
instrument parameters is also crucial for preserving the integ-
rity of the sample, particularly for organic and biological
samples which are more susceptible to laser damage.
Obviously, increasing the laser power and length of accumula-
tion will increase the chance of damaging the sample. In
addition, decreasing the spot size also increases the possibility
of sample degradation due to photochemical effects or simple
sample heating due to high laser power/unit area.'*®'° For
example, Zeng et al. used photothermal heterodyne imaging
(PHI) combined with SERS and scanning electron microscopy
(SEM) to study local heating of nanoparticle aggregates used for
SERS.""® Fig. 9A and B show bubble formation due to
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photothermal heating of Au NP aggregates supported on an
indium tin oxide (ITO) support covered in ethanol. Heating for
just 5 s with 1.8 mW of 532 nm laser irradiation was sufficient
to cause bubble formation, which was unsurprising since
simulations of the system predicted that the aggregates could
reach a maximum temperature of 390 °C. Apart from causing
disruption to the sample during analysis, photothermal effects
can also lead to degradation of organic materials on the surface
of the SERS substrates. As shown in Fig. 9C, this can often be
detected by the appearance of a broad doublet of bands
centered at ca. 1200 and 1600 cm ™', which can be attributed
to the D and G bands of amorphous/graphitic carbon.'*’
Obviously, any sample degradation will reduce the accuracy
of quantitative measurements and needs to be avoided if
possible. Indeed, the need to reduce the laser power so that it
lies below the damage threshold may partly cancel out the
advantages of high collection efficiency given by high numer-
ical aperture objective lenses in microscope-based systems.
Apart from increasing the size of the probe area, another way
to reduce localized heating is to perform the SERS measure-
ments in aqueous solution so that the water acts as a heat sink.
For example, Mochizuki et al. have used thermal desorption of
thiols to track temperature increases in SERS substrates experi-
mentally (Fig. 9D) and showed that the effect of plasmonic
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Fig. 9 Examples of photothermal effects in SERS analysis. (A) Dark field
image of Au NP aggregates in ethanol. Inset shows the scanning micro-
scopy image of a typical Au aggregate in the sample. (B) Bubble formation
following 5 s heating with 1.8 mW of 532 nm laser which simulations
predict would give a maximum temperature of 390 °C. (C) SERS signals of
consecutive scans over an area of 170 x 190 pm? with 60 nm silver dimers,
demonstrating the gradual increase of the amorphous carbon signal with
characteristic D and G bands. (D) Monitoring laser heating of a SERS
substrate using thermal desorption of thiophenol from a Au island film.
Panels (A) and (B) were reproduced with permission from ref. 118, copy-
right 2017 American Chemical Society. Panel (C) was reproduced with
permission from ref. 120, copyright 2019 The Authors. Panel (D) was
reproduced with permission from ref. 119, copyright 2016 The Chemical
Society of Japan.

heating common in dry substrates is mitigated to some extent
in wet samples due to the higher thermal conductivity around
the excited region.'*’

The examples above illustrate how selection of the Raman
instrument and instrument parameters can significantly
impact the performance of SERS quantitation. In particular,
we highlight the effect of sampling area on SERS reproducibility
which is often overlooked in literature. More specifically,
sampling over larger areas of a given substrate can significantly
increase the precision in SERS quantitation. This would suggest
that macro systems with large spot sizes would be preferable to
use of microscope-based instruments (particularly since they
may also reduce sample damage) but there is a trade-off
because microscopes typically have much more efficient collec-
tion of the Raman scattered light. This, coupled with the high-
quality detectors such research instruments are normally fitted
with, means that the best compromise will vary with the sample
and substrate being used for the application. With very hetero-
geneous substrates the averaging given by macro instruments
will be most important, while for weak signals or studies aimed
at detecting signals arising from small volumes, such as single
molecule studies, microscope-based systems will be a better
choice. In addition to the probe area, a variety of other Raman
instrument parameters can also be tuned to improve the
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performance of SERS quantitation. These parameters should
be tested and set at the beginning of the SERS experiments and
be kept constant throughout the calibration and measurement
process.

5. Classical manual data processing
methods in SERS quantitation:
calibration curves and logarithmic data
processing

Like any other analytical technique, the processing of data to
establish a calibration curve is an essential part of quantitation
in SERS. In general, this typically involves extracting the signal
intensity of the target analyte from the raw SERS data and
plotting it against the analyte concentration. However, this
process is not always straightforward, extracting the right
information and plotting the data in a way that does not
compromise the true physical meaning of the data can be
challenging, and if not performed correctly, could easily lead
to the wrong conclusion. Therefore, this section discusses the
data processing methods that are most commonly used for
SERS quantitation, including discussion of the use of logarith-
mic data in calibration curves and calculating uncertainty. The
aim is to give practical advice to the reader through a quick
overview using examples in literature to show the strengths and
weaknesses of the various approaches which are available. The
simplest case, where the signal falls off at high concentration
simply due to saturation of the surface, is well described by the
Langmuir isotherm,'" which gives a linear response at low
concentrations, as illustrated in Fig. 2B. Cases where the
adsorption is more complex may mean that data are better
fitted by other models, such as the Hill'** or Frumkin'*?
isotherms. However, while fitting experimental data to appro-
priate physical models has the potential to provide insights into
the mechanism of adsorption which is not possible in the same
way with log/log or semi-log plots, the simplicity of logarithmic
data processing has meant that it has become predominant in
SERS research. For more advanced SERS applications where
multiple peaks need to be measured quantitatively, it is often
necessary to involve chemometrics and multivariate methods
such as partial least squares (PLS) regression.">* However, these
methods require some knowledge not just of SERS but also of
machine learning, which is why they are not covered in this
Section but are briefly introduced in Section 6.

5.1. Log/log plots in SERS quantitation

Log/log calibration plots (which can also be regarded as fitting
to the empirical Freundlich equation) in SERS are calibration
curves obtained by plotting log [concentration] versus log
[intensity] (for an example see Fig. 6C). They are most often
used for target analytes with a small binding coefficient to the
enhancing surface since they allow the effect on the signal of
changing the concentration by several orders of magnitude to
be displayed clearly. In addition, it is often found from

This journal is © The Royal Society of Chemistry 2025
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experiment that log/log plots calibration plots are reasonably
linear, even if the underlying physical reasons for this are
unclear.'”>'*® Considering how prevalent log/log calibration
plots have become, it is useful to discuss the effect which using
such plots has on the apparent precision of the analysis. As a
simple example, if the precision is limited by the point-to-point
variation of the SERS measurement which gives a RSD of 10%,
in a simple calibration plot, the absolute size of the error bars
will be larger at higher concentrations than at the lower
concentrations, since their magnitude follows that of the
signals. However, in the log/log plot of the same data the error
bars will have similar size across the whole concentration
range. This can be misleading because it might appear that
the uncertainty in the concentration which can be determined
from intensity values is similar at all concentrations while in
fact, although the relative uncertainty in the concentration
remains fixed, the absolute values vary dramatically across
the concentration range. This is much more obvious if data
are plotted as simple signal versus concentration curves. In
addition, at high concentration even relatively small uncertain-
ties in the signal result in large uncertainties in the concen-
tration, due to the lower slope. This is illustrated in Fig. 10A
and B which shows SERS quantitation data for melamine in
milk samples.*?”

More generally, the purpose of the calibration is to allow the
recovered concentration of analyte molecules to be determined
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Fig. 10 Examples of quantitative SERS calibration plots. (A) SERS spectra
for various melamine concentrations in milk solutions obtained using an
integrated Au-coated Si nanopillar SERS substrate. (B) Calibration plot of
the intensity of the melamine peak at 687 cm™ against concentration. (C)
SERS spectra for various concentrations of thiram in juice obtained using
Au@Ag NPs in a hydrogel matrix as the enhancing substrate. (D) Semi-log
calibration plot of signal intensity against log[thiram]. Panels (A) and (B)
were reproduced with permission from ref. 127, copyright 2017 American
Chemical Society. Panel (C) and (D) were reproduced with permission
from ref. 128, copyright 2023 Elsevier B. V.

This journal is © The Royal Society of Chemistry 2025

View Article Online

Chem Soc Rev

from the response (signal height). The absolute uncertainty in
the concentration obtained from a given signal level depends on
the uncertainty in the response combined with the sensitivity of
the measurement, which is the change in the response given by
a change in concentration. In simple linear signal versus
concentration SERS calibrations, the sensitivity is the slope of
the regression line. Of course, even in these linear calibrations
the sensitivity may well change when different target analytes
and experimental conditions are used. However, irrespective of
the value of the sensitivity (slope), a 5% variation in the
response will indeed correspond to 5% variation in the recov-
ered concentration. In contrast, for log-log calibration plots,
the uncertainty in the recovered concentration will scale with
the reciprocal of the slope (m) i.e. 1/m. So, in a typical log-log
plot which has a slope of 0.5, the fact that a 100x increase in
concentration gives only a 10x increase in the response means
that the uncertainty in the recovered concentrations will be
much larger than is the case for samples giving simple linear
signal-concentration plots. For example, for a plot with m =
0.5 a RSD of 5% in the response (not the Log response) will
result in a 5%/0.5 = 10% RSD in the recovered concentration. It
is not unusual for log/log plots with slopes of <0.3 to be
reported and in this case the uncertainty in the concentration
derived from the signals will be correspondingly larger again
since the multiplier changes from 1/0.5 to >1/0.3.

5.2. Semi-log plots in SERS quantitation

The largest difference between the precision of the measured
intensities and the precision of the concentration measure-
ment is found in cases where relatively small changes in the
signal occur over a wide concentration range, which are typi-
cally displayed as semi-log plots in SERS. In this case the
measurement has the advantage of covering a wide concen-
tration range but the low sensitivity means that even a relatively
small deviation in signal height gives a much larger uncertainty
in the recovered concentration.*® For example, Fig. 10C and D
shows a sensor which covers 6 orders of magnitude and uses a
substrate which has a good signal RSD of <4%.'*® However,
using the regression line fitted to the data in the figure (y =
11274 + 985x) shows that if the signal is 6000 a.u. (corres-
ponding to a recovered concentration of 107> = 4.41 x 107°
M), then a random 4% change in the signal would take it to
6240 a.u., which gives a recovered concentration of 10 >*"! =
7.73 x 107° M. This means that although this is a good
substrate with a small RSD, even a change in the signal of just
+1 standard deviation is enough to almost double the recovered
concentration. It is important to emphasize that this result is
not due to any type of error in the method, some reduction in
the precision of recovered values is inevitable if signals with a
limited dynamic range (the difference between the lowest and
highest signals recorded) have to cover a large concentration
range. Of course, if the objective of a measurement is simply to
determine whether the analyte exceeds a threshold value in the
sample, lower precision may be acceptable. Nonetheless, it is
useful to be aware of the extent to which the precision may be

Chem. Soc. Rev,, 2025, 54, 62-84 | 75


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cs00861h

Open Access Article. Published on 21 November 2024. Downloaded on 6/19/2026 11:26:11 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chem Soc Rev

reduced in measurements which appear acceptable when dis-
played as semi-log plots but in fact have low sensitivity.

5.3. Calculation of uncertainty in SERS quantitation

Since the uncertainty in the recovered concentration is critical,
it is important to discuss more rigorous treatments which
include not only the uncertainty in the response (SERS signal)
but also uncertainty in the calibration plot, which was
neglected in the preceding paragraphs. It is obvious that if
the slope and the intercept of the calibration line have their
own associated variance this will reduce the precision, com-
pared to the case where the calibration line was composed of a
set of points lying in a perfectly straight line. The effect can be
calculated as follows.

If the concentration value (x,) is determined from a mea-
sured SERS response (y,) using a calibration line which has
been fitted to n (x;, y;) values, then the standard deviation in
that concentration value (S, ) can be calculated from:

1/2
S|l 1 —5)?
S = x| L1y bomp)” )
bim n py(x—%)
and
o 1)2
Z(J/i—yi)z
D (2)

where S, is a statistic that quantifies the residuals of the
measured y; values and the fitted y; values, b is the slope of the
regression line and the measurement of the y, value is repeated
m times."?® This calculation is normally carried out in statis-
tical software packages or spreadsheets'® but even without
following the process it is clear that the additional uncertainty
will reduce the precision in the recovered values. The relation-
ship between a single y, value and the corresponding x, and Sy,
values is represented diagrammatically in Fig. 11A, which also
includes lines showing the 1185, intervals in the calibration for
a range of y values. The uncertainty in calibration increases at
the extremes due to the (y, — J)* factor in eqn (1). Fig. 11B
extends the illustration to the case where the measured y, value
(SERS signal) itself has uncertainty (with a standard deviation
SJ’O
tration) value derived from the measurement. As shown in
the Figure, before including the uncertainty in the calibration,
the value of x, can be determined from y, with limits +15 .

), which further increases the uncertainty in the x, (concen-
131

However, after the additional uncertainty is included, the
recovered value changes to xo & 1S} which is a significantly
larger range. Furthermore, if these values need to be expressed
as confidence limits, e.g. for 95% confidence, then the range
needs to be further multiplied by the appropriate ¢y5 value.
These are not abstract considerations, determining the
precision of the recovered concentration values which are
provided by SERS experiments is important because the ulti-
mate objective of the measurement is to determine the
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Fig. 11 The effect of including uncertainty in the slope and intercept of a
calibration plot obtained by linear regression. (A) The relationship between
a single yo value and the corresponding xo and Sy (recovered concen-
tration and standard deviation) obtained from a plot of the regression line
(black) and the +1S, interval lines (grey) calculated from eqgn (1). (B) An
example where the measured y, value (SERS signal) itself has uncertainty,
with a standard deviation S, . Green lines show the result obtained from yo
when the best fit regression line (black) is used, which is that the recovered
concentration is xo + ISf\_O. Red lines show the result of including the
uncertainty in the calibration (grey lines) which gives the recovered value
as Xo Xo £ lSﬁO, a significantly larger range than ils;o.

concentration, not the SERS intensity. However, since these
calculations are not straightforward, it may be useful to take a
simpler approach to determine the uncertainty in the recovered
concentration. This can be achieved by carrying out repeat
measurements of a known sample at a given concentration
(preferably one which is selected because it is relevant to the
analysis) and determining the RSD of the recovered values from
the measured responses and the best fit regression calibration
curve. An example showing the RSD in the recovered concen-
trations obtained for a standard monoethanolamine sample
was shown in Fig. 7B."%® Measuring the RSD in the recovered
concentrations is an excellent way to assess the success of
quantitative measurements but unfortunately it is not used as
frequently as it ought to be in SERS measurements. In contrast,
it is normal for chromatographic analysis, where the literature
shows that established methods can routinely achieve high
levels of accuracy and precision in their recovered concentra-
tions. For example, HPLC is one of the most common analytical
methods used to measure active pharmaceutical ingredient
(API) content in medicines and the precision of recovered
concentrations obtained with compendial HPLC methods is

This journal is © The Royal Society of Chemistry 2025
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generally 0.5-1.0% RSD,"** This precision would be very chal-
lenging to match with even what are regarded as good SERS
calibrations. However, the levels of precision which are
regarded as acceptable are normally larger for chromatographic
measurements when more challenging samples are being
studied and these may be closer to what can typically be
achieved with SERS. For example, the target RSD for detecting
pesticide residues using GC-MS at the low end of the working
range is 20%, which is set at this high value because it is
measured in the region where the combination of low signal
sizes and highest uncertainty in the slope come together.'*?
Even within these constraints, in a study of 155 different
pesticide residues in milk using GC-MS, at the low concen-
tration of 5 ppb almost all the recovered concentrations had
<10% RSD."* These levels of precision are a challenging but
achievable target for SERS although typically, if RSD in recov-
ered values at these levels of precision are reported (i.e. <10%),
they are for values near the centre of the calibration range
rather than at the more difficult extremes."*>"%°

Of course, the critical comparison is between the accuracy
and precision which is required and that which the analysis
method can provide and there are many applications where the
acceptable levels are more relaxed, in particular for screening
measurements, which only need an indication that the concen-
tration of the target has exceeded a threshold value. None-
theless, even in these cases, it is important to be able to
quantify the confidence that can be placed in any recovered
concentrations.

In summary, while monitoring the standard deviation in the
response signal and the magnitude of sensitivity is useful and
meaningful in the context of comparing different Raman
measurements, it may also underestimate the corresponding
uncertainty in the recovered concentration. Relying on the
response RSD alone may also make it difficult to compare
the analytical performance of the SERS measurements with
other approaches where the precision of the results is typically
reported as the more meaningful RSD in the recovered
concentrations.

6. Future research trends for SERS
quantitation of complex real-life
samples: multifunctional SERS sensors,
digital SERS and Al-assisted
chemometrics

The previous sections highlighted the enhancing substrate
material, the instrument and instrument parameters, and data
processing methods as the three key components in a quanti-
tative SERS experiment. The discussions focused mainly on
how each component fundamentally affected the different
analytical figures of merit in SERS quantitation. Understanding
these factors should allow a non-specialist to take on simple
quantitative SERS studies of single types of analyte molecules
dispersed in an ideal solution, which is the most common
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analytical problem addressed by SERS in the literature. How-
ever, the aim of many expert SERS research groups is to
continue to develop SERS as a sensing technique that so that
it may be used for more advanced applications where the
sample is much more complex and may contain several differ-
ent chemical constituents. This is clearly a much more challen-
ging and complex issue, nevertheless it can still be broken
down into a smaller sub-set of problems that can be tackled via
innovations in substrate design, methodology development
and data processing. Within this context, this section discusses
three future research trends in the field, namely the develop-
ment of multifunctional SERS sensors (substrate design), digi-
tal SERS (methodology development) and Al-assisted data
processing (data processing), that could potentially enable
SERS quantitation of complex real-life samples. The aim is
not to provide a comprehensive summary of these areas but
rather to give the readers a taste of the state-of-the-art technol-
ogies in analytical SERS research.

6.1. Multifunctional SERS sensors

A growing trend in SERS substrate design for improving
quantitation performance is to exploit the huge advances in
methods for synthesising and assembling of nanomaterials
to produce multifunctional materials."> For example,
particles which combine plasmonic enhancement with built-
in internal standards were discussed above (Section 3), while
other combinations of functions such as filtration'*”"**® and
regeneration'*®'*° have also been successfully demonstrated.
The next step up in complexity is to create multifunctional
SERS substrates which combine several different functions
simultaneously and can therefore address multiple commonly
encountered problems in a single package. It is easy to envisage
materials which have pre-formed hotspots, carry out some sort
of physical separation/filtration, contain internal standards,
and are assembled into a ready-to-use single ‘“‘smart-SERS”
sensor, similar to the ‘lab-on-a-chip” approach. If this
approach could be successfully implemented it might ulti-
mately reduce the fragmentation in the field by converging
towards a smaller number of multipurpose, ‘“smart-SERS”
sensors which could be used across a range of different
samples. Of course, developing such multifunctional materials
is challenging but many of the methods for adding different
functions orthogonally, i.e. in a way that does not interfere with
other properties of the system, have been developed. For
example, assembly of nanoparticles into larger arrays without
modifying their surfaces is now routine.’*" Similarly, methods
for adding porous shells to metallic cores often do not depend
on the shape of the core.'*®'** Essentially, many of the
individual processes needed for step-by-step construction of
multifunctional “smart SERS” materials are already known.
Moreover, there are clear examples of the potential of this
approach from other areas of nanotechnology, for example in
cancer therapy, theranostic particles which combine a biocom-
patible surface with simultaneous support for multiple imaging
modes (fluorescence/photoacoustic/magnetic resonance) and
tumour phototherapy have been developed.***
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As discussed in Section 3, the surface chemistry of the SERS
substrate plays a key role in SERS quantitation since SERS is a
surface-specific analytical technique and so in most cases it is
only the molecules which are directly adsorbed on the surface
of the enhancing material which give SERS signals. As a result,
a barrier to developing universal “smart-SERS” sensors is
the challenge of creating surfaces which can adsorb all the
potential target molecules that might be encountered. The
various different ways of promoting adsorption were discussed
above, but some of these are only applicable to very narrow
ranges of chemical compounds. Also, it is important to note
that even if a universal substrate were to be developed, it would
be very vulnerable to having non-target sample components
dominate the signal. This means there is a tension between
generality and effectiveness. Nonetheless, it is possible to
envisage a middle ground where different substrates, which
each show sensitivity across a broad range of targets of a
particular class, could be prepared, giving a family of sensors
that together could cover most samples. This would mean that
different sensors would need to be selected for different classes
of analytes, which would move away from an ideal “universal”
substrate but may be a more feasible route towards the real-life
application of SERS in the near future. For example, this has
been shown by Ling et al. using deposited Ag nanocubes
functionalized with a thioguanine self-assembled monolayer,
which acted as Raman reporters that allowed indirect detection
of several different classes of analyte molecules. More specifi-
cally, as shown in Fig. 124, the thioguanine reporter interacted
differently with different types of functional groups which
allowed differentiation and quantification of weakly adsorbing
analyte molecules with small Raman cross sections using
SERS.'*

One problem with promoting adsorption using adsorbed
ligand layers is that it is difficult to carry out surface modifica-
tion in a way which is orthogonal to the other functions
required, since these often also involve modifying the surface.
One approach is to add functionality within the core, as in the
case of core-shell nanoparticles with the internal standard
layer encapsulated beneath the outer shell as discussed in
Section 3.4. As shown in Fig. 12B, another example was
published by Sun et al. who demonstrated a hierarchical sur-
face modification strategy where a gold surface was modified
with a mixed self-assembled monolayer that contained mole-
cular reporters and antifouling zwitterionic polymer brushes,
which attracted analytes, including different types of drugs and
prevented protein adsorption. In addition, the silicon-based
substrate also generated a consistent and intense Raman band
at 520 cm ™!, which could be used as an internal standard to
calibrate SERS signals in quantitative measurements per-
formed in human plasma (Fig. 12C)."*® This system is “smart”
in the sense that it combines several functions and can be
applied across a range of chemically different analytes.

6.2. Digital SERS

Another useful approach to enhancing quantitation perfor-
mance in SERS is to develop novel experimental methodologies,
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signal ratio between doxorubicin and Si standard versus the concentration
of doxorubicin in ultra-filtrated plasma. Panel (A) was reproduced with
permission from ref. 145, copyright 2024 Wiley-VCH GmbH. Panel (B) was
reproduced with permission from ref. 146, copyright 2016 The Authors.

such as the use of orbital raster scanning in Section 4.2. Within
this context, a promising new method in SERS quantitation is
digital SERS, which was designed to address the challenge of
performing SERS quantitation at analyte concentrations in the
single-molecule region.

The ability of SERS to detect molecules at single-molecule
levels was first reported in 1997 and is now well-established in
literature.**”**® However, at such low analyte concentration
levels, the non-uniform distribution of the electromagnetic
field in the enhancing substrate material becomes a major
limiting issue in quantitative measurements. For example, even
a slight variation of the position of the molecule in the
plasmonic hot-spot by a single nanometer could alter the
intensity of the SERS signals by order(s) of magnitude.”” This
results in enormous signal fluctuations in the single-molecule
concentration region which makes quantitation measurements
based directly on tracking SERS signal intensity nearly impos-
sible. As shown in Fig. 13, to combat this issue, digital SERS
uses the idea that under single molecule conditions, the
observation of SERS signals at different hotspots can be classi-
fied simply as a “yes” or “no” event, so the number of SERS
events can be used to determine concentration, rather than the
total intensity of the signals."*’

In practice, this means that digital SERS is performed by
mapping of the sample to obtain a large number of data points,
which are analysed to determine the number of SERS events. At
very low concentrations, the precision of the SERS analysis
becomes limited by the statistical fluctuations in the number of
events detected. These follow a Poisson distribution, which

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cs00861h

Open Access Article. Published on 21 November 2024. Downloaded on 6/19/2026 11:26:11 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Tutorial Review

ok 3 , S, Ss R
A i % 00 \‘1 * o* *0“| ', o * \‘| ’, Q o \‘u
:‘\*0 ’: Il\\00 8 o "I :‘\* o ’: :‘\b o %’:

L RS L 0 *, *,

a K 7 i o )

Capillary j :j :j :j

Raman mapping

# Probe volume 0 Metallic colloids W Target molecules

0 0 0

M intensit = M digital count
easure Intensity —] easure digital counts

7.5 ' " ' ' 100 " " " )
5 65] B C
& 55 5 80
o ©
S 45 £
e 60
x 35 : £
3 25 8 40
g 15 } ! s
w 05 . 2 20
= ‘ ‘ a
Zz -05

15 0 - . . .

1 10 102 103 10* 10° 110 102 10® 10* 10°

Molecules / (um?) Molecules / (um?)

Fig. 13 The working principles of digital SERS. (A) Schematic illustrations
of how digital SERS is performed. In short Raman mapping of a sample
spiked with analyte molecules at the single-molecule concentration
region is performed. (B) If the SERS signal is processed directly using signal
intensity, large fluctuations are observed which leads to a loss of linearity in
the calibration curve. (C) If the signal is processed digitally a linear
calibration curve can be obtained. Panel (A) was reproduced with permis-
sion from ref. 20 (copyright 2024 The Authors).

means that at the low concentration end of the calibration plot
the error bars are proportional to 1/,/N, where N is the number
of events, so the precision can be significantly improved by
increasing the amount of sampling points."*® For example, in a
recent study by Ye et al., it was found that the RSD of the
measurements could be improved from 14.2% to 5.3%
when the total number of acquired voxels was increased from
1200 to 5400.>° Importantly, it has been shown that digital
SERS allows quantitation of important analytes including
thiram, dopamine, enrofloxacin, cytokines at sub-nanomolar
leVelS.20‘14g_151

The concept of digital SERS should be readily transferable to
a wide range of SERS substrates and samples. Indeed, up to
now digital SERS has been applied to both solid and liquid
enhancing substrates for quantitation of complex samples
including lake water’® and clinical samples."*® The current
limitation with digital SERS is that it inevitably requires long
signal acquisition times, which poses a major challenge in
kinetic studies, but this could be resolved in the near future
with the development of more plasmonically active enhancing
substrates, high-speed mapping Raman instruments and Al-
assisted automated spectra processing software packages.

This journal is © The Royal Society of Chemistry 2025
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6.3. Al-assisted chemometrics in SERS quantitation

Chemometrics is the science of extracting information from
chemical data via mathematical, statistical or other methods
that employ formal logic. The key feature that separates che-
mometrics from the classical analytical approach discussed in
Section 5 is that the classical approach is reductionist and aims
to examine one factor at a time, while chemometric approaches
are multivariate and are designed to examine multiple variables
at the same time. The nature of chemometric approaches
means that they require more computational power than
simple univariate data analysis methods. In addition, chemo-
metric methods are often used to process large SERS data sets
that are generated with mapping or online measurements and
would be impossibly time consuming with the classical manual
approach.'>'>* For example, when an artificial neural network
(ANN) based on supervised machine learning was used to
process >1000 SERS spectra it was possible to simultaneously
quantify of caffeine and its xenometabolites theobromine and
paraxanthine between 107°-10"7 M using simple aggregated
silver colloid and a portable Raman spectrometer.>?

In addition, the multivariate nature of chemometric meth-
ods means that it can be used to make sense of not just large
data sets but also data with high-dimensionality. This feature is
particularly useful in SERS, since even subtle changes in the
vibrational signature of the target molecule, such as relative
peak height, peak position, bandwidth et al., carry chemical
information that could be used to realize or improve quantita-
tion. For example, Ling et al. designed a machine-learning
driven “SERS taster”, which used support vector machine
(SVM) regression for SERS quantitation of flavoring molecules
in an artificial wine mixture.’> As shown in Fig. 14, the SERS
taster measured subtle changes in the SERS spectra generated
mostly by noncovalent intermolecular interactions between
various Raman reporters and flavouring molecules, which was
used to construct a super-profile that could be used to train the
SVM regression model. Ultimately, this allowed multiplex
quantification of two wine flavoring molecules with near
100% accuracy.

In summary, Al-assisted data processing techniques present
many crucial advantages over classic manual data processing in
SERS quantitation since they allow large amounts of high-
dimensional data to be processed. Apart from the chemometric
methods directly related to quantitation introduced above, Al
based approaches have also been developed for spectra
denoising,'* %% substrate design'®’ in SERS.
One major challenge in SERS that AI could be particularly
useful in addressing is the assignment of SERS signals for the
identification of unknown chemical compounds. Similar to the
case with normal Raman and infrared spectroscopies, while the
bands observed in SERS are characteristic of the molecular
structure, the complexity of SERS spectra has made it extremely
challenging for non-specialists to determine the structure of
molecules on the basis of their SERS bands alone. This has
largely limited SERS quantitation to well-defined samples in
which the target analytes’ molecular structure and associated

classification,
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SERS signature are already established. Clearly the use of Al in
data processing should not only allow more physical informa-
tion to be obtained from the experimental data, but also make
spectral interpretation more accessible, which would simplify
data analysis for non-expert users, especially once user-friendly
software is developed.'>® Therefore, it seems inevitable that Al
will increasingly be used in data processing as we continue to
generalize SERS and move from ideal test samples in the
laboratory to complex real-life samples in the field. However,
challenges in deploying Al in this context still remain. For
example, pre-processing steps, such as baseline correction, are
currently required before regression modelling of the data,
which increases the complexity of the method. Moreover, there
is still a lack of commercially available software packages that
can be easily employed by non-experts. As a result, current Al-
assisted approaches for data processing are only accessible to
researchers with considerable knowledge of both SERS and
chemometrics.

7. Outlook

This Tutorial Review contrasts with a previous one published in
this journal in 2008.'°° At that time, obtaining even simple,
quantitative calibrations with standard colloids was regarded
as extremely challenging by the analytical community.'® The
significant advances that have been made in preparation of
substrates with excellent plasmonic enhancement and at least
reasonable reproducibility/uniformity means that quantitative
measurements carried out under ideal conditions, have now
become routine."® Indeed, quantitative SERS analysis has now
been demonstrated for hundreds of target compounds. In
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parallel, researchers have continued to push the boundaries
of what is possible and dramatically expanded the sensitivity,
accuracy and range of measurements that can be carried out. In
this sense, the first phase of the development of quantitative
SERS, where good data can be obtained by researchers with
some experience and understanding of the technique is now
complete. Of course, there are still many improvements which
could be made. Notably there is a need for better methods for
modifying surfaces that can be systematically tailored to pro-
mote adsorption of target analytes. This is particularly impor-
tant since SERS is a surface-specific technique, which has
largely limited its use to quantitative analysis of those analyte
molecules which adsorb spontaneously to noble metals. A
related issue is that methods for treating mixtures of analytes
are still at an early stage of development, these have not been
discussed here but are critical to the employment of SERS in
real-life applications where the samples are complex and
typically contain multiple types of analytes of interest and/or
interfering species. Finally, it would be useful to have more
systematic studies of internal standards both as a way of
correcting for the sample/substrate variability and to increase
the robustness of measurements. In many cases, this could be
more practical and efficient than attempting to achieve yet
higher uniformity in the structural and plasmonic properties of
the enhancing substrate. Although none of these developments
is expected to be easy to achieve, it would be expected that they
will be addressed in the near future since they are a natural
extension of current SERS research areas.

A broader challenge for the future of quantitative SERS is to
also take the next step of extending the user community to
those who have no interest in developing methodology, but
simply want to use the advantages which SERS provides to
improve their ability to measure their own particular samples.
This may need to be under conditions which are far from ideal,
because of possible matrix effects or the need to carry out field
measurements using untrained personnel. There are huge
opportunities for SERS to play to its strengths by filling the
gap between existing analytical technologies, such as GC-MS,
which give excellent results but are confined to the laboratory
and field-deployable tests of various kinds, which often lack the
sensitivity/specificity that SERS can provide. This potential is
already being pursued in areas as diverse as bedside clinical
measurements and the detection of contaminants in food but
the range of applications is only limited by our imagination.
However, the need to make these measurements in a routine
and robust way pushes the onus back on specialists to both use
their expertise to develop substrates and protocols which can
make this possible and also to find ways to make these widely
available to the broader user community. Fortunately, huge
advances have already been made in the preparation and
exploitation of complex substrates, with particles and nanos-
tructures of different size, shape and composition, as well as
methods to introduce internal standards, build particles into
larger bulk scale assemblies and suppress matrix interference.
These developments in material synthesis can pave the way for
the design of new multifunctional “smart SERS” sensors which

This journal is © The Royal Society of Chemistry 2025
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can provide the ease of use and robustness needed for the real
world. In parallel with advances in SERS methodology, we can
also expect the cost of equipment to continue falling and the
implementation of new ubiquitous technologies to make data
acquisition and processing easy, for example by wirelessly
linking portable instruments to the internet.'®® Similarly, Al
will inevitably have a large impact on data processing and
interpretation.'®" More generally, all the above shows that there
is already a well-stocked toolbox of approaches which can be
used to develop existing methods to either make it easier to
solve existing problems or address new challenges.

In conclusion, after 50 years of SERS research, we are now
starting to see simple SERS sensors aimed at solving important
individual challenges appear.'®> Moving forward, the next gen-
eration of SERS sensors can build on this success by integrating
the latest developments in nanotechnology, computer science
and instrumentation to deliver the sensitive, accurate and
robust analytical solutions for complex and challenging sam-
ples which can be used by non-specialists in real life
applications.
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