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Surface enhanced Raman spectroscopy (SERS) is meeting the requirements in biomedical science being
a highly sensitive and specific analytical tool. By employing portable Raman systems in combination with
customized sample pre-treatment, point-of-care-testing (POCT) becomes feasible. Powerful SERS-
active sensing surfaces with high stability and modification layers if required are available for testing and
application in complex biological matrices such as body fluids, cells or tissues. This review summarizes
the current state in sample collection and pretreatment in SERS detection protocols, SERS detection
schemes, ie. direct and indirect SERS as well as targeted and non-targeted SERS, and SERS-active
Received 26th January 2024 sensing surfaces. Moreover, the recent developments and advances of SERS in biomedical application
scenarios, such as infectious diseases, cancer diagnostics and therapeutic drug monitoring is given,

which enables the readers to identify the sample collection and preparation protocols, SERS substrates
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Key learning points

and detection strategies that are best-suited for their specific applications in biomedicine.

o The experimental parameters affecting a SERS measurement for a biological samples
o The difference among different detection strategies and how to choose them evaluating pros and cons.

o The possibilities and limits of SERS bioanalysis for various biological samples and diseases.
o How SERS can tackle the issue of chemical complexity of biological samples and or matrix interference.

1. Introduction

Biomedical science requires highly sensitive and specific ana-
lytical tools. Whereas gold standard methods (such as gas and
high performance liquid chromatography combined with mass
spectrometric detection) often require sending the samples to
centralized labs, surface enhanced Raman spectroscopy (SERS),
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especially when combined with a streamlined sample pre-
treatment and portable instrumentation, is an excellent candi-
date for point-of-care-testing (POCT). The attractiveness of
SERS in analytical science is due to its molecular specificity
combined with the sensitivity enabled by the signal-enhancing
plasmonic nanostructures, allowing detection limits that in
some cases can reach the single molecule regime.' One of
the first biomedical applications of SERS include (i) the inves-
tigation of the intercalation of antitumor drugs into DNA
double strands to draw conclusions about the conformation
within the DNA duplex, (ii) the analysis of sialic acid residues
on living cells to shed light into the biological activity of
inhibiting viruses, as well as (iii) the identification of drugs
as complexed or free form within the cell interior.* Since then,
SERS was further developed by increasing the number and type
of SERS-active substrates and probes, their functionalization
with biocompatible layers, and their application towards in vivo
investigations,” POCT®” or clinical decision-making processes.

For instance, tumor margins could be identified in vivo
thanks to a specific enrichment in the tumor tissues of bright

Chem. Soc. Rev,, 2024, 53, 8957-8979 | 8957


https://orcid.org/0000-0002-2251-7786
https://orcid.org/0000-0003-2778-6624
https://orcid.org/0000-0001-7589-238X
https://orcid.org/0000-0002-7031-1088
https://orcid.org/0000-0003-3057-7559
https://orcid.org/0000-0003-2533-9695
https://orcid.org/0000-0003-4257-593X
http://crossmark.crossref.org/dialog/?doi=10.1039/d4cs00090k&domain=pdf&date_stamp=2024-08-07
https://rsc.li/chem-soc-rev
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cs00090k
https://pubs.rsc.org/en/journals/journal/CS
https://pubs.rsc.org/en/journals/journal/CS?issueid=CS053018

Open Access Article. Published on 07 August 2024. Downloaded on 10/29/2025 9:37:09 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Tutorial Review

SERS-active metallic nanoparticles conjugated with Raman repor-
ter molecules, in some cases even using an endoscope.>’
Similar concepts are applied in drug delivery and photothermal
therapy within mouse models, where the decrease in SERS
signal intensity over time illustrates the release of the drug or
the accumulation of nanoparticles at the target site allowing for
treatment with thermal energy. However, before its application
in humans, the assessment of the toxicity of these SERS probes
and safe-by-design concepts are essential. The investigation of
cells by applying SERS-based methods shed light into their
microenvironment, and will be important to understand the
development of diseases on a cellular level in future.”
Although a qualitative or semi-quantitative detection is
enough for many biomedical SERS applications such as identi-
fying of tumor margins or cancer sites, other applications
require the use of quantitative methods, as in the case of
therapeutic drug monitoring. Since a reliable quantification is
strongly correlated with the signal-enhancing performance
of the specific SERS substrate, the use of internal standards is
very effective to address temporal or spatial substrate-related
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variability of SERS intensity, e.g. due to the aggregation state in
colloids or variations in nanostructured sensor surfaces from
spot-to-spot or batch-to-batch.” Finally, the prediction of the
target analyte’s concentration in biomedical and clinical detec-
tion schemes needs to be validated to confirm the accuracy of
the developed SERS-based detection scheme.® In quantitative
SERS, several figures of merits need to be estimated to allow for
a final successful application in a clinical environment:*°
(i) the accuracy of the detection schemes within the clinically
relevant concentration range, e.g. the required drug dose or the
expected biomarker concentration; (ii) the limit of detection
(LOD), which should be lower than the actual required sensi-
tivity for the envisioned application scenario; (iii) the apparent
recovery rate, i.e. the ratio of estimated and real concentration,
which is related with a validation against the gold standard;
(iv) the accuracy of the prediction via its root mean square
error. It needs to be mentioned that these figures of merits are
dependent on the quality of the SERS-active substrates and
might vary between labs when using different Raman systems.
The more reproducible the SERS substrate is, the more precise
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the concentration prediction is. In qualitative or semi-
quantitative detection for clinical applications, however, the
requirements for the reproducibility of a SERS substrate are
often less strict.

The necessity of a methodology to compare quantitative
SERS results acquired by various Raman systems but using
the same SERS substrate and sample preparation protocol
was addressed in a European inter-laboratory study.’ An
inter-laboratory comparison is of high importance towards
standardization of SERS-based detection schemes, not only in
the framework of biomedical and clinical application scenarios,
but also for a wider acceptance of SERS as a reliable quan-
titative technique in analytical chemistry. Within the study,
concentration-dependent SERS spectra of adenine were recorded
employing colloidal and solid SERS substrates, which were
distributed among the participants. As a result, it was shown
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that the root mean square error of prediction (RMSEP) was
between 13 and 29%, depending on the specific method
considered, i.e. SERS substrate and excitation wavelength,
which is promising for future applications of SERS on a large
scale. Despite the point marked by this collaborative effort, the
biomedical SERS community still lacks widely accepted stan-
dardized protocols. Hopefully other inter-laboratory studies
will follow, perhaps using the same or a similar methodology
as the one used by that study to report results. The need
for benchmarks in SERS have increasingly been recognized
by various authors,'®'" setting this goal as one of the most
important for the coming years.

To summarize, SERS is available for both qualitative as well
as quantitative analysis, the latter requiring more effort. This
review article aims at introducing recent developments mainly
from the last 3 years and advances of SERS in biomedical
application scenarios, and at guiding the readers to identify
the sample collection and preparation protocols (Section 2),
SERS substrates (Section 3) and detection strategies (Section 4)
that are best-suited for their specific applications. Moreover,
Section 5 provides work flow for data analysis of SERS data by
means of artificial intelligence-based approaches, and Section 6
summarizes recent examples from the field of SERS-based
detection in biomedicine.

2. Sample collection and pretreatment
for a successful SERS detection

SERS has proven to be a versatile and valuable tool for the
ex vivo and in vitro analysis of a wide variety of clinical and pre-
clinical biological matrices, e.g. biofluids, extracts, or tissues, in
various physiological and pathological states. In this section,
we present an overview of the samples that can be successfully
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analyzed using SERS as well as a discussion of the distinctive
benefits and difficulties associated with each type of matrix and
specimen.

Biological fluids, including blood, serum, plasma, urine,
and saliva, were the most frequently analyzed samples. This
is because of the ease with which these samples can be
collected, as well as their high relevance in the clinical setting
as a partly noninvasive and cost-effective route for obtaining
bio-analytes and biomarkers for diagnosis and monitoring.
SERS analysis of biofluids can be pursued by both direct and
indirect detection (see Section 4), enabling the identification of
a specific biochemical signature or biomarker that charac-
terizes the pathobiology and response to therapy for infectious
diseases, inflammation, metabolic disorders, and cancer.
Moreover, SERS detection and quantitation in biofluids of
exogenous agents, such as bacterial and viral loads, drugs,
and related metabolites, are becoming increasingly important
for assessing the severity of an active infection or for under-
standing the pharmacokinetics of selected drugs within the
framework of personalized treatment. SERS detection is favor-
able in aqueous environments. Therefore, it is common prac-
tice to monitor the intra and extracellular microenvironment of
cultured and collected cells by analyzing cell lysates or various
culture media.">"*

Serum and plasma are liquid portions of blood and serve as
the primary specimens of clinical interest. Blood collection is a
commonly performed clinical procedure that is largely standar-
dized, although some variations in collection protocols can
occur. Blood samples are typically obtained by venipuncture,
and subsequent centrifugation allows for the collection of
separated serum and plasma samples. Serum offers an advan-
tage over plasma in terms of the absence of spectral interfer-
ence caused by platelets, clotting factors, and anticoagulants.™
Urine is easily obtained and is a rich source of information
about kidney and liver function, metabolic disorders, and
specific biomarkers related to several conditions. Saliva and
crevicular fluids are other valuable biofluids that can be easily
collected on paper substrates and do not require intrusive
procedures or the involvement of specialized medical staff,
making them ideal media for SERS detection of various internal
metabolites in fields such as oral health monitoring, horm-
one profiling, and the detection of cancer and infectious
diseases."'® Sweat is another biofluid that possesses diagnos-
tic potential. An interesting approach using SERS is the direct
analysis of sweat using a flexible plasmonic meta surface to
capture distinctive spectral patterns.’” Cerebrospinal fluid
(CSF) samples have been successfully subjected to SERS analy-
sis to diagnose neurological disorders and central nervous
system infections.'®'® However, a CSF sample can only be
collected by a specially trained doctor performing a lumbar
puncture, an invasive technique.

The interstitial fluid (ISF), which exists between blood
vessels and cells, is similar to plasma, and numerous studies
have explored its use in conjunction with SERS and micro-
needle arrays (MN), creating minimally invasive platforms for
chemical sensing. An example of that is the continuous glucose
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monitoring carried out by skin-worn MN-based biosensors,”®
where the ISF can be utilized as a rich biomarker source to
monitor glucose levels in diabetes patients (Fig. 1 left).>! An
MN-assisted paper-based sensing platform has been developed>*
that combines rapid, sufficient extraction of ISF with good
structural integrity and enables painless biofluid analysis with
ultrasensitive molecular recognition capacity. Notably, the ana-
lyte molecules in the needles can be recovered into a moist
cellulose paper through spontaneous diffusion. More impor-
tantly, the paper can be functionalized with enzymatic colori-
metric reagents or a plasmonic array, enabling a desired
detection capacity of a diverse set of molecules (cefazolin,
nicotine, paraquat, methylene blue) whose levels could vary
significantly in response to metabolism (Fig. 1 right).>*> The
minimally invasive sensing systems could have great benefit
in precision medicine, especially for personal healthcare
monitoring.

Lacrimal fluid—that makes up the liquid of tears—is another
body fluid tested in health monitoring applications using SERS.
For example, SERS contact lens materials (SERS-LM) have been
developed for noninvasive selective glucose sensing in human
tears.”® The tear’s glucose levels measured by these contact
lenses before and after a meal followed the corresponding blood
glucose levels, suggesting their potential application as wearable
biosensors.>* The synovial fluid (SF) is also worth mentioning in
this context, which is produced by the connective tissue lining
the joints. It functions as cartilage nourishment and joints
lubricant for which lubricin, a glycocomposite binded to hyalur-
onan (HA), plays a major role. As a decrease in HA is associated
with a loss of SF viscoelastic properties in the onset of osteo-
arthritis, it could constitute a potential biomarker for the early
stages of the disease. Human SF derived from knee osteoarthritis
patients has been examined using combined SERS and resonant
Raman spectra to discriminate between low- and high-grade
groups, and has achieved high classification accuracy.>*

Moisoiu et al. identified three types of SERS protocols that
are usually employed for the analysis of biofluids: (1) the
mixing of biofluids with metal colloids, and the subsequent
SERS analysis of the sample in its liquid form for the detection
of purine metabolites, ie. “liquid SERS”, (2) an analogous
protocol but with the use of iodide-modified substrate, for
the detection of proteins, (3) the SERS analysis of dried drops
of biofluids-metal colloids mixtures for the detection of both
purine metabolites and proteins, ie. ‘“dried SERS”. Many
diseases cause perturbations to cellular turnover rate or inflam-
mation, so that many experimental data observed in SERS
liquid biopsy research make sense in this context. An altered
purine metabolism, and in particular elevated uric acid levels,
in addition to being a marker of cellular turnover, is linked
to specific illnesses like gout or cardiovascular conditions, but
it is also proposed as a protection against neurodegenerative
disorders."*

Human exhaled breath carries a wealth of information about
human health, with breath volatile organic compounds (VOCs)
serving as excellent biomarkers for noninvasive screening of a
variety of cancers (including stomach, lung, and oral cancer) as

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 (Left) Microneedle patches for biopsy sampling and biosensing applications. Schematic of intradermal application of the MN-SERS sensor. Inset in
(v) represents the flower-like nanostructure formed on the microneedle. Used with permission of [Elsevier Science & Technology Journals], from ref. 21;
permission conveyed through Copyright Clearance Center, Inc. (Right) Schematic representation of a rapid, minimally invasive, ultrasensitive detection
system for healthcare monitoring. (A) Extraction of ISF from skin tissue using the csMN patch. (B) Recovery of biomolecules and drugs from the
ISF-extracted MN patch using a 3D recovery microsystem. (C) Optical analysis of biomolecules or drugs using paper-based sensing platforms. Used with

permission of John Wiley & Sons — Books, from ref. 22; permission conveyed through Copyright Clearance Center, Inc.

well as lungrelated disorders such as COVID-19.>°7>® The
relative concentration of breath VOCs varies significantly
with the progression of a disease and is distinct from the VOCs
produced during a normal physiological activity. However,
these changes are often as low as a sub-ppb (parts per billion).
In this regard, SERS breath analysis has recently emerged as
a potential tool for a routine VOC-based illness detection plat-
form. The fundamental issue for SERS analysis of exhaled
breath is the detection of gas molecules, which are difficult to
enrich and capture in SERS ‘“hotspot” regions of substrates.
Many solutions have been proposed to address this issue,
with the most successful being the combination of noble metal
nanoparticles with porous materials (such as graphene oxide>®
or metal-organic framework (MOF)*’) or the construction of
three-dimensional (3D) SERS substrates.>®

In many biological specimens, a specific analyte of interest
is typically found alongside hundreds or even thousands of
other chemical compounds (referred to as the “matrix’’), which
can potentially interfere with its detection. Furthermore, ana-
lytes concentrations are often much lower than that of many
other potentially interfering substances. This situation holds
true for most analytical techniques, and it’s not specific to
SERS. To address this “matrix issue” effectively, a prac-
tical solution is to reduce the chemical complexity through
sample pretreatment before conducting the analysis. In SERS,

This journal is © The Royal Society of Chemistry 2024

interfering species from the matrix can either compete for
“hot spots” or disrupt the interaction between a recognition
element and the analyte. Ideally, SERS has the advantage that
sample pretreatment can be minimized if the analyte exhibits
an exceptionally strong affinity for the metal substrate or
when the recognition element in indirect detection is highly
selective.”® In the former case, an analyte can be directly detected
even in the presence of a complex matrix because its SERS signal
dominates over most biomolecules. This is the case, for instance,
of molecules having a sulfur atom capable of binding Au and Ag
surface, such as thiopurine drugs or the amino acid ergothio-
neine, both of which can be easily detected with SERS even when
found together with many other biomolecules in complex bio-
logical matrices (e.g. cell lysates, serum seminal plasma).*®*!
Additionally, when metal colloids are used as substrates, the
matrix can interfere with hot-spot formation, for example, by
forming large protein coronas around nanoparticles. Generally,
analytical approaches that heavily rely on sample pretreatment
are less desirable, as they shift complexity from the actual SERS
detection to a pre-analytical step. Although there is space for
improving the efficiency of such pretreatments, there are cur-
rently time-consuming, and in many cases their development
remains experimentally challenging. Simpler one- or two-step
pretreatment methods, like de-proteinization (e.g. by centrifuga-
tion, filtration, or precipitation), dilution and solvent extraction,

Chem. Soc. Rev.,, 2024, 53, 8957-8979 | 8961
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often provide a reasonable compromise to reduce matrix complex-
ity to a level that permits SERS detection of desired targets.
De-proteinization solves the hot-spots formation issues when
using metal colloids, and prevents the protein fouling of the
metal nanostructure used as substrate in the case of solid SERS
substrates. Dilution, by lowering the concentration of proteins
and other matrix component, can be an effective method to
minimize matrix interferences. However, it works best with
analytes who show a strong affinity for the SERS substrates, as
their concentration is lowered as well. Target analytes can be
concentrated with the help of solvent extraction and liquid-liquid
extraction (LLE). By exploiting the difference in solubility or parti-
tion coefficient between the target analyte and an organic solvent,
it is possible to selectively extract the molecules of interest into a
smaller volume of a more suitable solvent.*® It is essential to
recognize that sample pretreatment strategies may vary depending
on the specific research or clinical goal. The key to the successful
SERS analysis of biofluids lies in tailoring the sample preparation
and pretreatment steps to overcome the inherent challenges while
preserving the integrity of the biological specimen. This concept
has been recently explored in a comprehensive review.*

3. SERS substrates in biomedical SERS

As in most SERS applications, the performance of SERS in
biomedical analysis is highly dependent on the plasmonic
properties of SERS substrates. Therefore, the design, explora-
tion, and construction of high-performance SERS-active nano-
structures remain crucial in developing the SERS technology.
An ideal SERS substrate must be biocompatible, reproducible,
and robust. Overcoming the challenges of biomedical SERS,
such as limited functionality and target selectivity as well as
mitigation of complex matrix interferences, is also critical.*®
The development of SERS substrates with increasing complexity
has gone through many stages. Various materials and structures,
including single and multi-component metals, semiconductors,
2D materials, and composite nanostructures, have been explored
as potential SERS substrates.>* In biomedical applications, espe-
cially for molecules whose fluorescence signal is in the visible
range of wavelengths or which are prone to photodegradation,
the SERS substrate should ideally be suitable for excitation by
lasers with wavelengths in the red-near IR region (e.g. 633, 785 or
830 nm) to avoid the generation of an interfering fluorescence
background and the destruction of the analyte.®® In addition,
lasers at these wavelengths achieve high signal enhancements
with all coinage metals used for SERS substrates preparation
(see Fig. 2), as they match their localized surface plasmon
resonances.’® This section provides a brief introduction to SERS
substrates in biomedical applications, along with references
to the appropriate literature for more in-depth information on
each substrate category. An illustrative summary of the various
approaches for SERS substrates is provided in Fig. 3.

Metallic nanostructures made of gold and silver are widely
used because of their adaptability and ease of synthesis. These
nanostructures can be tailored into various shapes and sizes,
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Fig. 2 Excitation profiles from copper, silver, and gold films deposited
under ultrahigh vacuum. Pyridine was used as the test analyte. Adapted
with permission from ref. 36.

allowing their properties to be modified. Moreover, they can be
deposited on solid supports, using various bottom-up appro-
aches, to prepare solid SERS substrates. Bottom-up synthesis
involves the creation of larger systems from smaller building
blocks such as atoms, molecules, polymers or nanoparticles.*?
Chemical synthesis,**** template-based methods,**> optical
printing*® and self-assembly®” are some of the techniques used
for bottom-up approaches. This synthesis approach is cost
effective and more accessible without the requirement of heavy
instruments or cleanroom facilities. In addition, they offer
precise control over morphology and composition to achieve
denser hot spots relevant to SERS. Despite these advantages,
they sometimes require multi-step synthesis protocols, have
limited scalability and are subject to lab-to-lab variability.*®
Spherical nanoparticles made of silver and gold have tradition-
ally been the preferred choice in SERS-based applications.
However, a wide range of structures have been developed,
including anisotropic nanostructures such as nanorods, nano-
stars, nanocubes, and nanotriangles with sharp edges or corners.
All these metal nanoparticles are able to generate intense localized
electromagnetic fields upon illumination with a laser having
an adequate wavelength, because of their plasmonic properties.
When nanoparticles clusters are formed, particularly intense elec-
tromagnetic fields are generated at the nano-sized gaps between
particles (“hot spots”), enhancing the intensity of the Raman
scattering for those molecules located there. Their plasmonic
profile can be tuned by adjusting their size and shape and various
excitation wavelengths in the visible and NIR region are accessible
to take advantage from additional resonance Raman enhance-
ment or to avoid fluorescence background by using the best

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cs00090k

Open Access Article. Published on 07 August 2024. Downloaded on 10/29/2025 9:37:09 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Chem Soc Rev Tutorial Review

Metallic Nanoparticles and Nanostructures Precisely Engineered plasmonic gap Functionalized and Composite Materials

T, s
T e
2

":3 >33
SO

Fig. 3 Schematic illustration and respective SEM images of different types of plasmonic SERS substrates, (a) gold nanoparticle, (b) gold@silver shell,
(c) gold@silver cage, (d) gold@silver frame, (e) hollow gold nanocubes, (f) gold nanostar, reprinted from ref. 37, Copyright 2022, with permission from
Elsevier, (g) gap separated core—satellite nanoparticle®* (h) mesoporous gold nanoparticle®® (i) gold nanotriangle (j) sea urchin-shaped gold particles (k)
gold nanorods, used with permission of Royal Society of Chemistry, from ref. 39, permission conveyed through Copyright Clearance Center, Inc., (1) and
(q) diverse gold structures with nanogaps, (0) bowtie nanoantenna, reprinted from ref. 40, Copyright 2023, with permission from Elsevier, (m) porous gold
substrate and (p) triangular DNA origami®® (n) gap separated linear chain of gold nanoparticles®® (r) gold nanopillar on fused silica, reprinted from ref. 37,
Copyright 2022, with permission from Elsevier, (s) amorphous ZnO nanocage (t) semiconductor—metal hybrid (Au@DFH-4T) nanostructure (u) atomic-
layer WTe, and MoTe; substrate*® (v) metal—organic framework (ZIF-67) and (w) porous metal-organic framework, used with permission of Royal
Society of Chemistry, from ref. 34, permission conveyed through Copyright Clearance Center, Inc., (x) and (y) silver with a metal-organic framework

(Ag@MOF), reprinted from ref. 37, Copyright 2022, with permission from Elsevier.

suited excitation wavelength.*> Complex three-dimensional plas-
monic structures, such as nanocages, nanoframes, and bimetallic
nanostructures, have the ability to enhance signals by trapping
the analytes and exploiting the combined properties of different
metals.”” Different aggregating agents can be utilized to increase
the reproducibility and enhancement factors in the hot spots. The
main factors impacting SERS sensitivity are nanoparticles size,
shape, and choice of metal. New SERS substrates should always be
compared with the most frequently used ones such as citrate-
stabilized Ag or AuNPs.

Precisely engineered plasmonic nanostructures with hot
spots-generating nanogaps, such as nanogratings and nano-
grooves, offer explicit control over Raman signal enhancement.
These structures are created by top-down techniques such as
photolithography, electron-beam lithography, focused ion
beam lithography, etc. ensuring a well-defined and ordered
surface. One major challenge of these substrates is capturing
and placing the analyte at the plasmonic nanogaps. The fabri-
cation strategies for sub-10 nm gap-engineered substrates
and techniques for placing analytes within these gaps were
thoroughly discussed.’® Combined with DNA templates, metal-
based nanostructures can create plasmonic gaps as small as
1 nm and can reach single molecule sensitivity. Utilizing
specific DNA scaffold sequences, it is possible to create DNA
origami-based substrates with programmable 2D or 3D nano-
structures and controlled nanogaps.*® These techniques are
sophisticated, more complex, and require expert facilities

This journal is © The Royal Society of Chemistry 2024

(e.g., cleanroom). Due to the hotspot localization, usually, these
substrates offer better signal reproducibility and uniformity.

Inorganic materials such as MXene, graphene, and semi-
conductor materials like TiO, and ZnO have attracted attention
due to their large surface area and molecular adsorption
capabilities, as well as enhancing the charge transfer between
substrate and analyte.*’ Plasmonic nanostructures with sophis-
ticated optical properties were functionalized with these mate-
rials showing well-studied electronic properties to combine the
tailored SERS applications with reproducibility and stability.
Metal-organic frameworks (MOFs), hybrids of organic-inor-
ganic materials, offer precise control over porosity, periodicity
of metallic nodes, and functionalization, making them promis-
ing substrates.*® These new types of substrates have the ability
to overcome the challenges of SERS such as reproducibility,
reusability, longer shelf life, cost-effective fabrication, and
increased adsorption of the analyte. They can excel in achiev-
ing both maximum charge transfer and maximum plasmonic
enhancement.

To summarize, there is no one-size-fits-all SERS substrate for
all envisioned applications in biomedicine and other detection
schemes, but the SERS substrate must be designed, adapted,
and modified to meet the needs of the user for the designated
application field. Furthermore, material choices are largely
dependent on the given application. To achieve maximum
sensitivity and reliability in biomedical applications, it is recom-
mended that a substrate has intra- and inter-batch reproducibility
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with a standard deviation of less than 10%, and that it is free of
impurities that cause an interfering signal overlap with the target
analyte. Ideally, SERS substrates should fulfill all the above-
mentioned requirements, but in reality, one often needs to
compromise on some features in accordance with their desired
application. For example, quantitative assays in biomedical appli-
cations and therapeutic drug monitoring require a robust, uni-
form, and reproducible detection rather than the most sensitive
detection that is required in forensic applications.

When evaluating the use of SERS in biomedical applications,
various molecules such as drugs, nucleic acids, proteins, viruses,
and bacteria are potential analytes of interest. The selection of
SERS substrates and excitation wavelength should be determined
based on the type of target analyte. For instance, a substrate with a
nanogap is better suited to detect smaller molecules like metabo-
lites or drugs, but cannot be used for the analysis of larger
macromolecules or cells due to restricted access to the nanogap.
For larger macro-molecules or cells and when using imaging-
based methods such as tissue and cell imaging, colloidal SERS
substrates are more desirable. However, colloidal substrates also
present some drawbacks, including in the possibility of a non-
uniform hot spot distribution, uncontrolled aggregation, and the
generation of a signal with limited intensity reproducibility. On
the other hand, hybrid methods incorporating plasmonic materi-
als functionalized with inorganic substrates such as MXene and
2D materials have also shown some promise as viable options. In
the future, multidisciplinary strategies will drive the design of
substrates, focusing on careful design for precise and minimally
invasive biomedical analysis.

4. Detection strategies of SERS in
bioanalytics

The detection and quantification of analytes with SERS can be
achieved through two approaches: direct and indirect. In direct
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detection, analyte-specific bands are directly sought, while
in indirect detection, the focus is on observing bands of a
different, well-characterized molecule connected to the analyte,
often referred to as a “reporter” or “label.” These bands of
these reporters can either appear/disappear or shift when the
analyte interacts with them. Direct detection is known as
“label-free”” as it doesn’t rely on additional labels. However,
since an interaction between the analyte and metal nanostruc-
tures is still needed, some authors prefer the term ““direct” over
“label-free” to avoid ambiguity. Both detection strategies have
pros and cons. The indirect approach helps address the inher-
ent complexity of SERS by using well-known reporters with
predictable and strong SERS spectra, providing researchers
with better control over the system. However, this control
comes with a trade-off: typically, the reporter must be linked
to the analyte, either through a direct covalent bond or by using
a recognition element like an antibody or aptamer. An overview
of direct/indirect and targeted/untargeted approaches is sche-
matically depicted in Fig. 4. We will first consider relevant
aspects of direct approaches (both targeted and untargeted),
and then continue to those involving an indirect targeted
strategy.

Direct SERS detection relies on a favorable analyte-substrate
interaction, typically influenced by the analyte’s structural
characteristics. Predicting whether a molecule will yield a
strong SERS spectrum upon binding to metals like Ag and
Au, the common SERS substrates, lacks precise rules. Certain
molecule classes, such as thiols (e.g., mercaptopurines, glu-
tathione, cysteine, ergothioneine), N-containing heterocyclic
aromatic compounds (e.g., adenine, uric acid, xanthine, hypox-
anthine), and substances with amine or carboxylate groups,
especially when linked to an aromatic structure, usually yield
intense SERS spectra. These molecules possess functional
groups allowing chemisorption onto Ag and Au surfaces, resulting
in a stable interaction and prolonged presence in “hot spots”.
Conversely, carbohydrates and lipids tend to lack strong affinity

INDIRECT
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Fig. 4 Conceptual differences between the detection strategies used in bioanalytical SERS.
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for SERS metals, making them challenging to detect directly.
Polypeptides, proteins, and nucleic acids generally have better
chances of observation with a direct SERS detection.’*>? Overall,
a direct detection strategy works well with a limited range of
biomolecules on usual Ag and Au SERS substrates. For analytes
with low metal affinity, the key challenge lies in promoting an
efficient analyte-surface interaction by functionalizing the metal
surface. Despite these limits, a direct SERS detection has been
successfully applied to detect clinically relevant biomolecules and
drugs in biofluids, exosomes, bacterial and eukaryotic cells, and
tissues.

SERS applications typically aim to detect or quantify, both
directly and indirectly, specific targets, such as metabolites,
drugs, proteins, nucleic acid sequences, or specific cell types
like circulating tumor cells (CTCs). This type of application is
referred to as “targeted” analysis. In a targeted diagnostic SERS
method, the goal may be to identify the presence of a specific
biomarker, classifying the sample as either “disease” or
“non-disease” (classification task). Alternatively, it may involve
quantifying the concentration of a marker (regression task)
and relating it to the likelihood of a pathological condition.
Targeted direct SERS methods are often used for the quantifi-
cation of particular drugs in biofluids, particularly for thera-
peutic drug monitoring (see Section 6.3). Direct, targeted SERS
detection applied to tissue sections is uncommon, but a
method for SERS visualization of polysulfides on tissue sections
of ovarian carcinoma was reported, which could predict the
prognosis of cisplatin-based chemotherapy.>

In many applications, specific and reliable markers are still
unavailable, rendering targeted analysis unsuitable. In such
cases, alternative approaches are necessary to discover poten-
tial markers. An ‘“untargeted” detection strategy leverages on
all available biochemical information in a sample, as conveyed
by a SERS spectrum, for diagnostic or prognostic purposes.
In untargeted approaches, the biochemical complexity of bio-
logical specimens becomes valuable rather than problematic.
Untargeted approaches typically employ a direct SERS detec-
tion strategy, which can spontaneously detect multiple bio-
molecules simultaneously, depending on their affinity for the
metal substrate. Since the spectral contribution of a biomole-
cule is driven more by its substrate affinity than its concen-
tration, SERS spectra are often dominated by a few species,
simplifying the representation of a biological sample. When
certain SERS bands are identified as characteristic of a parti-
cular condition or cell type, further spectral analysis may reveal
whether these bands originate from one or more molecular
species, potentially leading to the discovery of new markers.
Untargeted, direct SERS approaches have primarily been used
for diagnostic purposes in biofluids,”* but applications extend
to exosomes,”” tissue extracts,’® cell lysates,’” and even bacteria
detection and identification.*®

In SERS diagnostics, an untargeted direct detection strategy
relies on the assumption that biochemical differences among
sample groups, as revealed by SERS, may correlate with distinct
medical conditions. If such a correlation is established
and validated, spectral differences need to be translated into
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biochemical differences by associating each spectral feature
with a specific metabolite. This interpretation of SERS spectra
obtained through an untargeted direct detection strategy is
critical and should involve a direct comparison of the specimen
spectrum with SERS spectra of reference biomolecules obtained
under the same experimental conditions (i.e., using the same
substrate and excitation wavelength). It is important to avoid
using normal Raman spectra as references because normal
Raman and SERS spectra of the same species often exhibit
significant differences.

Indirect detection, conversely, has seen a surge in interest in
the context of SERS liquid biopsy, owing to the possibility to
detect CTCs, cancer-related proteins, and nucleic acids such as
DNA and microRNAs (miRNA). In such complex heterogeneous
mixtures as biofluids, the SERS signal of the target analyte is
most often overwhelmed in the strong background or has no
chance to reach the “hot spots” region due to the competitive
interference from the remaining components of the matrix.
A typical way to overcome this issue is to combine specific
recognition elements (MIPs, antibodies, enzymes, and apta-
mers) with SERS reporters, together with a pretreatment step in
which interfering molecules are filtered out (see Section 2).
SERS lateral flow assays (LFA) and immunoassay (LFIA) are two
examples of popular POCT approaches based on an indirect
detection because of their simplicity, affordability, cost-
effectiveness, and versatility, as they can be used for different
matrices and can be carried out by non-specialized personnel.”®
Their combination with nanostructures providing SERS
features has improved their sensitivity, rendering LFA-SERS
and LFIA-SERS promising technologies.

Besides being used in LFA- and LFIA-SERS methods, SERS
reporters have also proven to be excellent labels for cellular and
tissue bioimaging and SERS mapping has also become a useful
imaging technique for isolated living tumor cells, excised
tumor tissues, and in vivo tumors. Indirect detection strategies
coupled with the integration with endoscopes also enabled the
identification of the presence and location of tumors, visualiza-
tion of lesion sites and surgical navigation.®®

5. Data analysis and modelling through
artificial intelligence (Al)-based
approaches

The standard way of applying Raman spectroscopy and a
common way of applying SERS is to apply the techniques in a
direct manner, as opposed to the use of fluorescent labels,
SERS labels or Raman tags. The direct Raman and SERS
measurements provide a characteristic molecular fingerprint
of the sample. This fingerprint can be exploited by artificial
intelligence (AI) methods such as chemometrics and machine
learning and translated into high-level information such as
disease markers. To exploit the full potential of SERS and
Raman data, Al-based data analysis pipelines are being con-
structed to correct, standardize and cleanse the Raman data
before it is translated into high-level information. As the same
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data analysis pipeline for direct Raman spectral data and direct
SERS data is used, in the following this combined data pipeline
is described.

5.1. Al based data pipelines Raman spectroscopic data
including SERS spectra

An Al-based data analysis pipeline for SERS and Raman spectra
comprises a series of algorithms for correcting, standardizing,
and refining measured Raman data;*" however, it is crucial
to avoid errors. Fig. 5 illustrates the data pipeline for Raman-
effect-based spectra such as SERS spectra. An appropriate
experimental plan, including sample size planning,®* should
be implemented prior to commencing the data pipeline. The
sample size planning (SSP) technique calculates the quantity of
measurements required to derive significant outcomes. Upon
completion of planning and data collecting for SERS, the
analysis process starts with the elimination of cosmic spikes
arising from high-intensity cosmic particles or their secondary
particles. Occasionally, additional artefacts like fixed pattern
noise are also eliminated. The next stage is to perform calibra-
tion for wavelength, wavenumber, and intensity.** ®° The initial
two calibration procedures endeavour to create a steady wave-
number axis in relation to the excitation wavelength. This is
essential as relative measurement with respect to the excitation
wavelength is carried out in SERS and Raman spectroscopy. The
aim of intensity calibration is to produce setup-independent
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Raman spectra by correcting the spectral transfer function of
optical components, including lenses, filters, dispersive ele-
ments, and the quantum efficiency of the detector. However,
these procedures still require further research and refinement
as a notable variation in Raman and SERS spectra has been
observed among different laboratories and Raman devices.”®°

After this stage, several preprocessing techniques are uti-
lized to enhance data standardization. The preprocessing
phase generally encompasses baseline correction due to the
Raman effects energetic overlap with fluorescence. A denoising
and normalization procedure is then performed to ensure that
spectra from different measurement periods can be compared.
Although a denoising may not always be executed, the algor-
ithm’s selection needs to factor in the mixed Poisson-Gaussian
noise. Finally, feature extraction or dimension reduction
techniques, such as principal component analysis (PCA), are
employed.®® The identified features are then subjected to
analysis using simple machine learning or chemometric
models. These final two stages may be integrated with deep
learning methods. Finally, the evaluation of machine learning
or deep learning models included in the entire data analysis
pipeline determines the models’ generalization performance,
such as their performance on a novel dataset.®® This evaluation
step - if carried out correctly - reduces overfitting and the
estimated performance of the model is a good estimate of the
performance of the model on unseen (test) data. It should be

spikes wavenumber . ”
removal calibration intensity
calibration
normalization
baseline
correction
: smoothing
W‘ dimension
W reduction
model
interpretation transfer

modelling

evaluation

Fig. 5 The data pipeline for Raman and SERS data. It contains sequential applied steps to allow a meaningful modelling of the spectral data and to
extracting information and knowledge from it. The main steps are design of experiments (DoE) including SSP, pre-processing, data modelling, model

evaluation and model interpretation. Adapted from ref. 67.
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mentioned here that overfitting is more severe in small sample
size scenarios, especially when the independent data packages
is limited to 3-5. Due the technical variability resulting from
the measurement, SERS substrate generation, and intrinsic
variability, including biological variability, another effect over-
laying overfitting is overestimation, which occurs if informa-
tion leakage between trainings and test data is happening.
Finally, the interpretation of the models is undertaken using
visualization methods.”®

5.2. Al driven applications to analyze biomedical SERS spectra

The Al-driven data analysis pipelines for Raman and SERS data
mentioned above have exciting potential applications, which
we will review below. While this list is not comprehensive, the
selected studies provide insight into how Al-based analysis
techniques can be used for SERS spectra.

A quantitative analysis of DNA methylations utilizing an
Al-assisted label-free SERS biosensor known as iMeSERS was
reported.”” In this research, the plasmonic pickering emulsions
were used as a biosensing platform for direct SERS detection,
enabling simultaneous quantification of both C5-methylcytosine
(5mC) level and methylation ratio in DNA samples. Additionally,
a deep learning algorithm was trained using SERS signatures
to enable quantitative global DNA methylation analysis. This
demonstrates the potential for utilizing direct SERS techniques
combined with deep learning algorithms to accurately quantify
epigenetic DNA modifications. SERS spectra of plasma exosomes
were utilized and integrated with data modelling based on
convolution neural network (CNN) to develop a new and accurate
diagnostic approach for major depressive disorder (MDD).”> The
authors applied a CNN architecture comprising of 5 convolu-
tional layers, 1 flatten layer and 2 fully connected layers. This
resulted in an area under the receiving operator curve (AUC) of
0.939, a sensitivity of 91.4%, and a specificity of 88.6% in the
evaluation of a test set of 70 samples.

Similarly, SERS spectra of serum exosomes were investi-
gated.”® This study aimed at a breast cancer subtype classifica-
tion and the authors claimed that a 100% -classification of
breast cancer subtypes was possible. In addition, even the sur-
gical outcome could be predicted. SERS spectra were employed
to develop a diagnostic algorithm.”* The objective was to
diagnose oral cancer (OC) using SERS spectra of exhaled breath,
which was achieved through implementing an Al-based tech-
nology with plasmonic-metal organic framework (MOF) nano-
particles. The authors demonstrated that an artificial neural
network (ANN) model could accurately classify both healthy
and OC subjects with a 99% accuracy rate. Moreover, a tool for
non-invasive secretome screening to utilise secretome compo-
sition as predictive biomarkers was developed.” In this study,
it was demonstrated that SERS spectra and cell secretome
variations can trace relevant metabolites while extracting stan-
dard features for cell death classification. The microfluidic-
based measurement of the SERS spectra was also demon-
strated. Finally, a simultaneous detection system for six types
of early-stage cancers (lung, breast, colon, liver, pancreas, and
stomach) utilizing SERS spectra was developed.”® An Al-based
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analysis was applied to this dataset, resulting in an AUC of
0.945 for classifying the tumor organ type.

6. Application of SERS-based
detection schemes in biomedicine

Within the previous chapters, information is provided on
sampling and sample treatment of biomedical relevant objects,
SERS substrates, SERS-based detection schemes as well as Al
tools for data analysis. Thus, the interested reader is able to
design a suited SERS workflow for the envisioned application
scenario. In order to compare own ideas with state-of-the-art
examples from literature, we briefly discuss recent develop-
ments in biomedicine, whereas most examples can be found in
oncology and infectious disease related research work.

6.1. Infectious diseases

Infectious diseases are a group of diseases caused by various
pathogens, such as viruses, bacteria, parasites and fungi,
transmitted between humans and animals. The identification
of pathogens is becoming increasingly important in clinical
diagnosis and customized treatment.”” Therefore, numerous
detection assays have been developed. Among these, SERS is
widely used in clinical analysis and bioanalysis.”® Using this
method, various pathogenic microorganisms were directly
detected and their type and number were determined. In
addition, pathogens can be also detected indirectly by analyz-
ing the metabolites or viral lysate and serological investigation
from clinical samples. In order to translate the SERS-based
detection related with infectious diseases into clinical practice,
point-of-care systems were developed, which was summarized
in a review article.”®

Due to bacterial cell structure, which is rich in proteins and
amino acid residues and peptidoglycan, providing vibrational
fingerprinting information, bacteria were considered as a com-
mon pathogenic microorganism suitable for SERS detection.®®
The progress on SERS-based detection of bacteria in relation
with food safety and public health was summarized emphasiz-
ing the necessity of point-of-care systems pursuing the identifi-
cation bacterial infections.?' A classic SERS substrate, a silver
nanorod array, was used to classify 22 different bacterial
strains, including four types of biological warfare agent patho-
gens, one type of pathogen related to strong infectious diseases,
and seven types of pathogens associated with food safety.®?
By applying mathematical analysis methods, they revealed the
unique spectral characteristics of each bacterial strain, allowing
20 of them to be clearly differentiated in a highly sensitive and
specific manner.

Antibiotic susceptibility testing (AST) is another important
direction of SERS-based bacterial analysis (AST-SERS) used to
identify bacterial species with antimicrobial resistance (including
multidrug resistant pathogens).** AST-SERS involves addition of
certain antibiotic to a target bacterial culture with further study
of the cellular stress by measuring SERS spectra. SERS analysis
before and after the addition of antibiotics enables to monitor
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(i) changes in the structure and composition of bacterial cell
walls® and (ii) changes in the concentration of stress biomarkers
in the cell lysate® or expressed in the extracellular space.®
Importantly, AST-SERS is usually performed using a direct SERS
strategy. However, the metabolic response to the addition of
antibiotics usually results in the expression of multiple signaling
metabolites, which often have quite similar SERS spectra (e.g,
purine bases). Thus, chemometric analysis of AST-SERS spectral
data has been proposed to get accurate AST results.®” Finally,
although SERS enables the analysis of micro amounts of samples,
additional sample manipulations have been proposed to speed
up SERS-AST analysis. For example, the use of bacteria cultivating
in a microfluidic microwell device®” and electrokinetic extraction®
of bacterial cells enables to perform AST-SERS in less than 2 h,
including bacteria incubation step.

Viruses as pathogenic microorganisms such as influenza A
virus (H1N1), severe acute respiratory syndrome coronavirus
type 2 (SARS-CoV-2), and respiratory syncytial virus (RSV), are
widely known for triggering pandemics. The capsid proteins of
these viruses can be directly detected by SERS-based methods.*
To produce SERS-active hotspots, calcium ions were utilized as
aggregating agents due to the generation of complexes with citrate
molecules and moreover, to reduce citrate interference on the
surface of silver nanoparticles for the detection of these capsid
proteins. Acetonitrile was used to enhance the calcium-induced
hot-spot effect and this developed method significantly improved
the LOD of direct detection of SARS-CoV-2 as low as 2 x 10° copies
per test in saliva. Alternatively, SERS sensors can be constructed to
capture viruses and assess their concentration, in combination
with techniques such as enzyme-linked immunosorbent assay
(ELISA) and lateral flow assays (LFA), which are also applied in
colorimetry detection of viruses. In preparation of ELISA-SERS or
LFA-SERS sensors, the classical antigen-antibody-secondary anti-
body sandwich immunoassay, or antibody-antigen-antibody
sandwich immunoassay are employed. Differently to classical
tests, the enzyme-coupled protein or the colorimetric test marker
are replaced by so-called SERS tags. A SERS-based LFA is provided
for rapid and accurate detection of the HIV-1 dsDNA, which can
be detected in serum with LOD as low as 0.3 fM.°° Moreover, a
SERS-based LFA was developed for the detection of West Nile
virus (WNV) non-structural protein 1 (NS1) and actual WNV
samples with the portable system.”® The LOD of the developed
method was 0.2 x 10> copies per L, respectively, which was equal
to that of the routinely diagnosis standard of virus clinic detec-
tion, ie. quantitative fluorescence RT-PCR.°* Different to the
above-mentioned methods, DNA-based sensors are also used to
develop a more sensitive SERS method, such as sandwich-like
assay or aptasensor locking amplifier to detect the targeted virus
material.”>** The amplification principle of the locking mecha-
nism relies on the continuous growth through the complementary
chain pairing of the DNA bases. This process effectively captures
and amplifies the DNA sequences of the analyte, thereby further
enhancing the signal. Here, instead of antibodies, DNA sequences
are applied and dependent on the concentration of the target
analyte, such as virus DNA sequences, the SERS signal varies
due to the change of distance between the applied dye label and
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the SERS active sensing surface. Moreover, a homogeneous,
i.e. reagent-less, SERS sensing mechanism was investigated,
which is different from classical catalyzed hairpin assembly
and other DNA self-assembly processes, to detect Plasmodium
falciparum and SARS-CoV-2 B.1.1.529 in clinic samples.”® The
optimized LOD of the sensor was observed to be down to the
sub-pM level.

Viral lysates can also be used to trace respiratory viral
infections, which is illustrated by the investigation of the
lysates of SARS-CoV-2 lysate, influenza A subtype H1N1 lysate
and respiratory syncytial virus lysate in human saliva as the real
sample matrix.’® A SERS detection scheme combined with
electrochemistry (EC-SERS) was utilized and the three viruses
were classified based on their different proportions of DNA
bases in the lysates. In addition to viral lysates, respiratory
metabolites are targeted by indirect assays; here, breath volatile
organic compounds (BVOCs) serve as COVID-19-specific bio-
markers. Coronavirus-induced immune responses and meta-
bolic changes can alter the concentration of BVOCs such as
aldehydes, ketones and alcohols in breath.>® Based on this
observation, the authors developed a method based on the
functionalization of Ag nanocubes with 4-mercaptobenzoate
(MBA), 4-mercaptopyridine (MPY) and 4-aminothiophenol
(ATP), the schematics diagram of detection workflow was
shown in the Fig. 6. The interaction between the metabolite
of interest and the functionalization molecules leads to the
incorporation of a hydrogen bonding structure, resulting in
structural changes and causing a shift in the peak position of
the complex compound molecule. Moreover, combined with
machine learning, this metabolite detection is much suitable
for rapid large-scale screening. Finally, serological investigation
plays an important clinical characterization and further studies
of changes of molecular composition of body fluids, such as
serum, before and after a viral infection. The change in
concentration of amino acids, carbohydrates, lipids and pro-
teins, or its ratios, can be indicated as the result of viral
infection in order to be able to categorize diseased patients
from healthy controls.”” Within this study, SARS-CoV-2 was
used as an example to perform statistical investigation utilizing
direct SERS and incorporating machine learning to study serum
metabolic signature differences between patients 4- and 16-weeks
post infection in non-hospitalized adults.

6.2. Cancer diagnosis and treatment monitored by means
of SERS

During and post-pandemic, cancer has remained one of the
leading causes of death worldwide. Delay in cancer screenings
and treatments due to the COVID-19 pandemic has had signi-
ficant repercussions on patients’ health outcomes. Early detec-
tion of cancer plays a crucial role in improving survival rates
and reducing the need for aggressive treatments. With post-
poned screenings, there is a higher likelihood of cancers being
diagnosed at later stages when they are more advanced and
difficult to treat. Moreover, SARS-CoV-2, given its endemic
future, may lead to increasing the risk of developing several
types of cancer as the infection targets certain proteins involved

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cs00090k

Open Access Article. Published on 07 August 2024. Downloaded on 10/29/2025 9:37:09 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chem Soc Rev

(A) Custom SERS Breathalyzer
COVID +ve

A l

l i Ponable COVID -ve
' Spectrometer ‘

J o o JJ‘

(B) SERS super-profiles

View Article Online

Tutorial Review

(C) Classification
W COVID +ve (symptomatic ©® COVID -ve

& asymptomatic) .
Predicted COVID +ve
- i

(| J |

w, A\ flv M

1 I

| L [ -
| . "
" ) Ml ]

\

A VWA J\L__ WISV U

Specific
Probe-Analyte
Interactions
S

SERS-based
sensor chip

Raman shift (cm” )

vd

Score

oP'

' - »
i W o
) e 1. ,-.

g Ag g Predicted COVID -ve
Samples

Fig. 6 Workflow of SERS-based detection to identify COVID-positive individuals via using BVOCs. Reprinted with permission from ref. 25. Copyright

2023 American Chemical Society.

in diseases, i.e. non-small cell lung cancer, breast carcinoma
and multiple human cancers. On the other side, people who
have been weakened by tumor and/or its treatments could show
altered immune functions, resulting susceptible to serious
illness if they get COVID-19. Based on these aforementioned
issues, as announced by American Cancer Society’s National
Consortium for Cancer Screening and Care (ACS National
Consortium), enhancing cancer test to pre-pandemic levels is
strongly needed.’®*°

In this section, we consider critical to understanding and
summarizing how could be improved the diagnosis and treat-
ment of cancer by means of SERS, scanning which samples may
be taken in account for the screening. It is considered as cancer
biomarker any gene, protein, cell-derived small vesicle or other
substance, produces by cancer or non-cancer cells, that can be
tested for cancer diagnostics. The discovery of the relationship
between malignant tumors and genetic changes has led the
scientific community to consider cancer as genetic disease.
Genomic biomarkers, originated from alterations in nucleic
acids, include for example DNA sequence point mutations,
increased expression levels of miRNAs and altered levels of
DNA methylation. Tumor-related nucleic acids are present not
only in tissues but also in human body-fluids, i.e. blood, saliva
and urine, opening the route to using liquid biopsy to detect
genomic biomarkers with high sensitivity."> Gaining attention
for sensing in cancer theranostics in the last years, indirect
SERS, i.e. the application of SERS tags, allows ultrasensitive
detection of cancer-derived nucleic acids for cancer diagnostics
and staging. The possible strategies for SERS-based nucleic
acids sensors design and both challenges and limitations for a
future clinical translation were compared and critically dis-
cussed, underlining the importance in increasing accuracy and
reproducibility of SERS detection in physiological conditions.™®
Furthermore, SERS-based methods in genomic biomarkers
detection evaluating their limit of detection and possible
testing in liquid biopsy were reported.'® Five main groups of
experimental protocols, i.e. capture-based, displacement-based,
sandwich-based, enzyme-assisted and specialized protocols,
have been identified and deeply described. Cancer-derived

This journal is © The Royal Society of Chemistry 2024

extracellular vesicles (EVs) and cancer-derived exosome, are
particular subgroups of lipid bilayer vesicles secreted in the
extracellular environment from malignancy cells. Circulating in
the body-fluids and carrying own bio-components (DNA, RNA,
proteins), they have recently garnered scientific interest as
cancer biomarkers in liquid biopsy. Descriptive examples of
integrated SERS-microfluidics platforms to isolate and charac-
terize EVs have been reported, also providing their insight
for the integrated setups application and discussing their
limitations in clinical trials."”" An overview about the direct
as well as labelled SERS-based detection of EVs is provided
in Fig. 7. The above-described approaches, once the obstacles
have been overcome, will be valuable in cancer diagnosis and
precision medicine. Regarding exosomes, their detection and
analysis by mean of SERS approaches has been summarized,
pointing out limitations and advantages for cancer diagnostics,
highlighting how the exploration of new high-performance
SERS substrates and combination with microfluid chips would
be the right direction for the future exosome-based cancer
research.’®® CTC in body fluids has been recently discovered
as the most important stimuli of metastasis. A summary on the
state-of-art of SERS microfluidic sensors for isolating and
analyzing them, plus a future perspective in biosensing, has
been provided.'® In particular, using e.g. carbon nanotubes
and paper for microfluidic biosensors, will make them more
user-friendly and low cost for the future commercialization.
Finally, the advances and challenges of direct SERS in cancer
screening, detection of cancer-related biomarkers, cancer prog-
nosis and treatment monitoring, testing body-fluids (blood,
urine, saliva, sweat) and breath is introduced.’® Here, given
the fundamental role played by chemometrics in the development
of SERS point-of-care sensors in clinical trials, an overview regard-
ing the most performing machine learning algorithms for SERS
data analysis has been also provided.

SERS is largely applied for imaging (also in vivo) cancer cells
and tissues especially aiming to identify tumor margins for
improving decision-making processes during surgery and more
it is receiving great attention in cancer therapy as therapeutic/
drug delivery platform and for anti-cancer drugs monitoring.
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For in vivo tumor targeting, antibody-modified SERS nano-
probes are equipped with a variety of Raman reporters allowing
for multiplexing in combination with hierarchical clustering
for data analysis,'® and the potential of the multiplexed SERS
immuno-imaging of tumor sites was demonstrated in mouse
models."®*'?” Recently optimistic outlooks for a soon to hap-
pen translation of SERS in clinical trial for in vivo imaging in
cancer screening were reported, i.e. recent developments in
using SERS nanoparticles as nanoprobes for multiplexed and
multimodal in vivo imaging applications in oncology were
summarized."'*® Showing good extravasation and uptake in cancer
sites, nanoparticles allow multiple targets, i.e. in organs, detection
with promising specificity and spatial resolution. Moreover, SERS
plays a role in in vivo imaging and biosensing applications related
with in vivo intraoperative guidance, especially the SERS role in
the identification and resection of microtumors and its possible
use as therapeutic platform. Furthermore, paving again a possible
future in oncology trials, the challenges associated with SERS
active interfaces, setups and clinical translation were discussed
and are currently explored by many research groups worldwide.*®
Additionally, high cytotoxicity of anticancer drugs and appearance
of severe side effects during the therapy lead to development of
diverse assays (including SERS-based ones) for monitoring of
blood circulating drugs and precise controlling treatment process.
The use of SERS analysis for monitoring of therapeutic drugs
(including anticancer) is overviewed in detail in the next section.
More specific information about advances in the SERS-based
assays and SERS-assisted drug-delivery systems for widely used
anticancer drugs can be found in recent reviews.'****°

6.3. Therapeutic drug monitoring employing SERS detection
schemes

Therapeutic drug monitoring (TDM) is one of the tools of
personalized medicine aimed at improving medical treatment

8970 | Chem. Soc. Rev, 2024, 53, 8957-8979

by monitoring changes in drug concentration in body fluids
(blood serum and plasma, urine, saliva). TDM is particularly
important for monitoring drugs with a narrow therapeutic
window, such as anticancer (doxorubicin,'™! methotrexate,"*>™**>
5-fluorouracil,*® etc.), antibacterial (cephalosporins,"’” fluoro-
quinolones,"® etc.), and psychotropic drugs (stimulants,'*
opioids,**° etc.), and the literature has traditionally been domi-
nated by reports of SERS assays for TDM of these drugs. In this
section we will focus only on discussing the most general and
important aspects of the use of SERS in TDM, referring to the
interesting reports published since 2020. More detailed informa-
tion with a comprehensive analysis of the results achieved over
the last 10 years can be found in the recent reviews.'*'*?*

The SERS-based TDM is mainly performed using SERS
assays with direct detection strategy utilizing common colloidal
gold or silver nanoparticles as SERS substrates. As discussed in
previous sections, SERS signal has a multiband nature that is a
great advantage for TDM because it allows increasing the
accuracy of the analysis by eliminating false-positive results.
However, as already stated in section 2, SERS is not a universal
method because direct SERS has a very limited selectivity that is
a critical limitation for the analysis of such complex objects as
body fluids. Therefore, combination of the SERS detection with
sample pretreatment and separation techniques is usually a
mandatory practice for solving TDM tasks.*” Usually the
analysis involves sample dilution with further separation of
target analyte molecules from the matrix using, e.g., advanced
filtration techniques,"**'* solid phase''*'"* or liquid-liquid
extraction.'*®1912° The extraction also significantly improves
the analysis sensitivity (up to one order) that is especially
critical for TDM of drugs in saliva samples.’*® In the case of
plasma and serum, the proteins have to be removed by
filtration,"™® centrifugation™® or precipitation with an organic
solvent.""® The modification of the SERS-active surface also
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enables to maximize the interaction of the surface with the
analyte molecules and to minimize one for the molecules of
admixtures. For example, modification with an anti-fouling
(t-cysteine™") or supramolecular compound (B-cyclodectrin®'?)
enabled to simplify sample pretreatment by limiting it to only
the dilution step.

Regarding Raman spectrometers we are pleased to report
that modern SERS-based TDM is very often performed using
portable and easy-to-use spectrometers, proving the applic-
ability of the proposed assays to hospital laboratories. Indeed,
all original studies cited in this section were performed using
such spectrometers. In addition, stationary Raman spectro-
meters coupled with confocal optical microscopes typically
used in scientific laboratories are not a good choice for the
SERS-based TDM not only due to complexity of such equip-
ment, but also because their sensitivity to spatial inhomogene-
ities in the analyzed samples is too high, which leads to a
deterioration in the analysis precision.

Despite the difficulties with selectivity, the availability of
information about consumed drugs drastically simplifies the
use of SERS in TDM, making identification step unnecessary.
Moreover, the purpose of TDM is to determine whether the
concentration of a drug in a body fluid is within a certain range
(therapeutic window of concentrations) or not."** Therefore,
the extreme sensitivity of SERS assays (e.g., fM or aM levels) is
often not necessary since drug concentrations within therapeu-
tic ranges are usually quite high (usually nM to uM levels).
In addition, normal concentration ranges of the intrinsic
body fluid components (i.e., potential interferences) are also
usually well-known and can be effectively used in preliminary
studies of the assay selectivity and optimization of detection
conditions.''® Abnormal concentrations of the metabolites in
the case of some diseases (e.g., glucose, creatinine, electrolytes,
etc.) can also be taken into account to make SERS-based TDM
even more universal and accurate. For example, the accuracy of
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the SERS assay was evaluated for antibiotic determination
using real urine samples with artificially increased (2- and
4-fold) concentrations of the main urine metabolites.'”**8
Importantly, the composition of urine and saliva significantly
changes over daytime and it has to be taken into account
because it influences background signal and, consequently,
accuracy of SERS analysis."'*"*® Therefore, the development
of SERS assay for TDM should always include thorough analysis
of all available information about the sample composition to
minimize the effect of interferences on the analytical signal.
Schematic representation of the SERS-based TDM with
summing-up information is shown in Fig. 8.

In the following paragraphs we suggest several directions,
which, in our opinion, will be the most promising for the SERS-
based TDM.

Most of the published SERS assays (not just for TDM) have
been currently proposed for the determination of only one
analyte. However, any drug usually belongs to a certain class
of drugs whose representatives have quite similar chemical
structure and properties. Consequently, it is expected that
drugs of the same class should have comparable conditions for
(i) their separation from body fluids during sample pretreatment
and (ii) collection of an intense SERS signal. From an analytical
point of view, this fact should facilitate the development of more
universal SERS assays. SERS assays with improved versatility have
been recently proposed for determination of anticancer drug and
its metabolite™"® as well as representatives of psychotropic''® and
antibacterial"”"*® drugs. Moreover, if the representatives have
similar molecular parts, which provide an intense SERS signal
(e.g., fluoroquinolone antibiotics), these drugs will have com-
parable spectral profiles, additionally facilitating analysis of the
results.’'® Therefore, we believe that the development of a more
universal analysis protocols suitable for the analysis of a specific
class of drugs is a practically demanding direction due to the
significant simplification of the TDM process.
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The key difference between sensors and single-shot assays is
the ability to monitor changes in analyte concentration over
time (like digital pH electrodes). Unfortunately, strong analyte
adsorption onto the SERS-active sites causes appearance of
memory effects which significantly complicate development
of SERS sensors. Therefore, most of the SERS assays are
disposable ones. Despite significant progress in the develop-
ment of continuous-flow analytical SERS systems based on
microfluidics, there is still a lack of reports describing the
application of SERS sensors in TDM. In this regard, we suggest
the application of (i) EC-SERS analytical systems''®* and
(ii) planar SERS substrates modified with anti-fouling and
molecular recognition compounds™"** as two most promis-
ing directions because both approaches allow achieving rever-
sible analyte adsorption, preserving SERS-active sites from
degradation.

Another important aspect of pharmaceutical treatment is
that it often involves administration of multiple drugs during,
e.g., anticancer therapy or treatment of bacterial infections with
antimicrobial resistance. Consequently, it would be useful to
develop the assays suitable for simultaneous determination
of two or more analytes, i.e. multiplex analysis. For example,
Chen et al."*® combined SERS with liquid-liquid extraction to
determine psychoactive compounds (methcathinone and 4-methyl-
methcathinone) in urine. However, although the authors were
able to detect both analytes simultaneously, they showed that
the signal intensities in the mixture were weaker compared to
those of individual analytes. Therefore, to achieve the success
in quantitative multiplex SERS analysis, it is necessary to take
into account competitive adsorption on SERS-active sites that is
a quite challenging task.

We believe that any progress in the listed directions will
facilitate the penetration of SERS analysis into clinical labora-
tories due to improvement of cost efficiency and performance
of the SERS-based TDM that consequently improves efficiency
of the medical treatment. In addition, we also should note
that the SERS assays suitable for TDM have strict requirements
for high precision, accuracy, and selectivity. As a result, the
approaches used in the development of such assays can also be
successfully used to develop assays for other exogenous com-
pounds (e.g., illicit drugs, anticoagulants, neuroleptics, etc.)
and various low molecular weight metabolites.

6.4. SERS as detection scheme in further diseases - from
neurological dysfunction to organ function assessment

The neurotransmitter dopamine was detected by a DNA-based
approach including the detachment of the SERS probe in
presence of dopamine with a sensitivity in the aM range.'**
An array of SERS-active nanoparticles is modified with a
specific DNA sequence, capturing a SERS probe equipped with
a Raman reporter and an aptamer sequence specific for dopa-
mine. Thus, nanogaps between the nanoparticles are gener-
ated, enhancing the Raman signal of the reporter molecule.
Upon the release of dopamine, the target is bound specifically
by the aptamer of the SERS probe resulting in its detachment
which is accompanied with a decrease in SERS signal intensity.
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It is illustrated that within a complex serum matrix, the SERS
approach shows a linear dynamic range between 1 pM and
10 nM. In the case of Alzheimer disease, the assessment of
the secondary structure of 42-residue-long amyloid-B (AB42)
proteins is of high importance, which is achieved by employing
chiral plasmonic triangular nanorings."> The direct SERS
approach is employed to discriminate enantiomers based on
a selective resonance coupling between the dipole modes which
are related to the enantiomers and the chiral nanostructures,
i.e. SERS-chiral anisotropy. As limit of detection, the values of
45 and 4 fM were estimated for the AP42 monomer and its
fibrils, respectively. Finally, the developed test protocol was
applied to cerebrospinal fluid of Alzheimer patients and being
compared with results of control assay kits. The intensity of the
Raman mode at 1245 cm ™" associated with the formation of the
B-sheet increases as function of the estimated concentration of
AB42 fibers, illustrating the potential of chiral-assisted direct
SERS in the identification of diseases based on protein-
misfolding. Magnetic SERS-active nanostructures were applied
to allow the adsorption of periodontal pathogens and its
separation from matrix components of human saliva matrices
within a microfluidic environment.'*® By investigating the
SERS data with principal component analysis, Porphyromonas
gingivalis can be identified and differentiate from other relevant
bacterial strains such as Aggregatibacter actinomycetemcomitans
and ubiquitous oral Streptococcus spp. The importance of this
detection scheme is due to the development of periodontitis by
P. gingivalis which are recently found also in the brain of
Alzheimer disease patients, which might be a related co-
morbidity with increasing importance in the future. Employing
a SERS-based immunoassay approach, the biomarkers matrix
metalloproteinase (MMP-9), soluble platelet-derived growth
factor receptor, and major facilitator superfamily domain con-
taining Mfsd2a were detected within blood achieving a detec-
tion limit of 1 fg mL~"."*” By employing 3 different SERS tags
equipped with different Raman marker molecules as well as
specific antibodies, barcoding was achieved as each binding
event between antibody and its biomarker was recognized by
unique SERS fingerprint information. The investigated biomar-
kers are described as markers to predict the progression of
white matter lesions and its early detection in blood is impor-
tant for fast treatment decisions.

Addressing cardiovascular diseases, Raman and SERS-based
techniques are discussed being a powerful alternative to the
clinical gold standard methods with showing the great
potential of SERS-based techniques in biomarker detection.*®
Today, for the detection of cardiac troponin I (c¢TnlI), a biomar-
ker related with acute myocardial infarction, direct and label-
based approaches are available heading towards the point-of-
care diagnosis employing for example microfluidics or paper-
based assays.'?® As an example, cTnl was captured towards the
surface of aptamer-modified magnetic beads equipped with
silver nanoparticles.’*® Thus, c¢Tnl could be separated from
matrix components and other proteins. Within the next step,
bicinchoninic acid (BCA) and Cu®" (BCA assay) are added to the
solution and after the reduction to Cu’ by the protein under
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alkaline conditions, 2 BCA molecules forms a complex with
Cu". The estimated LOD employing the combined BCA-SERS
assay was 0.23 pg mL ', and the specificity of the assay was
confirmed by investigating other proteins such as BSA or HSA.
Multiplexing for the detection of two or more cardiac biomar-
ker, which is relevant for an improved accuracy of the diag-
nosis, is achieved for example by applying SERS tags modified
with different Raman reporter molecules and recognition ele-
ments being specific for different biomarkers."*"

To determine the activity of N-acetyl-B-p-glucosaminidase
(NAG) as tissue damage indicator in body fluid such as urine or
serum, a SERS-based detection was developed which is based
on the azo coupling of NAG-enzymatic products with diazo-
nium dye in alkaline conditions."** As function of the NAG
concentration, the intensity of the SERS fingerprint of the
reaction product increases proportional. By employing silver
nanostructures as SERS sensing platform, LOD values for 3
matrices, i.e. urine, milk and plasma, were estimated with 0.07,
0.47 and 0.50 mU mL ", respectively. Finally, the NAG activity
level was analyzed in a sheep model, validated with a conven-
tional assay. To predict the concentration of al-acid glyco-
protein (AGP), which is associated with inflammation and
immunomodulation, in human serum, a SERS based approach
was combined with CNN transfer learning.'** First, a SERS-
active gold surface was modified with phenylboronic acid
(-PhB(OH),) chemical moieties to capture AGP from complex
body fluids. A spectral data base was recorded to establish a
CNN-based model for quantification of AGP within the medical
relevant concentration range, i.e. 2-8 ug mL~" with a detection
limit around 1 pg mL~". The authors were able to detect an
increase of AGP in serum which is assigned as alarming.

As an example of identification of diseases in humans by
targeting related biomarkers employing a portable SERS
approach, a POCT detection scheme for jaundice in complex
tear fluids is introduced."** Here, bilirubin is the target mole-
cule as its total amount is increased in patients with jaundice.
To separate the target analyte from its complex matrix, i.e. tear
fluid, and to allow for its specific and sensitive detection, a
SERS-active surface with pores was developed. Thus, during the
drying process of the tear fluid, un-bound matrix molecules
such as proteins diffuse through pores below the SERS-active
sensing surface and thus, the number of molecules contribut-
ing to the overall SERS spectrum is reduced. Employing this
approach, patients with jaundice were successfully identified
within a clinical setting. Moreover, a non-invasive detection
scheme of non-alcoholic steatohepatitis was developed based
on the acquiring SERS spectral data after mixing serum samples
from more than 200 individuals with silver nanoparticles."** Here,
no specific modification of the nanostructure surface is applied
allowing all present molecules in the matrix to interact with the
SERS-active substrate. The SERS data were analyzed employing
neural network approaches in relation with a liver biopsy dataset
for development and validation of the routine to predict the
disease under investigation. The potential of a CNN-assisted SERS
detection scheme for the assessment of an organ function was
illustrated employing the kidney function-related biomarkers
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serum creatinine and blood urea nitrogen.'*® Various conditions
were simulated by mixing both biomarkers in varying concen-
tration in fetal bovine serum. A prediction of the concentration of
both target analytes was achieved in spiked serum samples.

Fructose was detected in artificial urine by means of a
deboronization reaction of 4-mercaptophenylboronic acid
directly on the surface of silver nanoparticles initiated by the
target analyte fructose.®” By doing so, thiophenol is generated
on the SERS sensing surface and its SERS signal intensity
increases as function of the concentration of fructose. As detection
limit, the values of 0.084 umol L™ * in water and 0.535 pmol L™ *
in artificial urine were found. The potential for a sensitive and
specific detection of fructose in human urine is illustrated which
is of importance in screening of fructokinase deficiency as well
as hereditary fructose intolerance.

7. Challenges and perspectives

Although SERS holds an enormous potential for biomedical
analysis, it is also a complex technique, presenting several
challenges to the non-expert. A careful choice of the detection
strategy, sample pre-treatment, the right nanostructured sub-
strate and adequate experimental parameters relies on a sound
understanding of SERS basic principles. The main difficulties
in biomedical direct SERS analysis are associated with the
chemical complexity of biological samples. In the case of direct
analysis, the SERS substrate will enhance the Raman signal of
any molecule (analyte or interference) adsorbed onto its sur-
face. Consequently, the most critical limitation of SERS-based
analysis of complex mixtures is intrinsically low selectivity of
SERS, i.e., the ability to enhance the Raman signal of only those
analytes having a high affinity for the SERS substrates used.
An excessive concentration of intrinsic body fluids components
having a strong interaction with the SERS substrate surface can
lead to competition with the analyte molecules for SERS-active
sites. As a result, this competition can cause the appearance
of a strong background signal or suppression of the analyte
signal. For cells and tissues, a direct detection strategy also
implies that the SERS substrate must penetrate through bio-
logical membranes and the compounds of interest diffuse to
and adsorb onto the substrate surface. Finally, if the experi-
mental conditions (e.g., pH, solvent properties, ionic strength,
etc.) are not favorable for the analyte adsorption onto the SERS
substrate, even an increase in the analyte concentration may
not lead to the appearance of the practically useful SERS signal.
For analytes with structures featuring lone electron pairs
(e.g. -NH,, -COO ", heterocycles and -SH), intense SERS spectra
are expected, as a consequence of a strong interaction with the
SERS-active sites of metallic nanostructures. Less so for other
classes of biological molecules, for which a direct detection
strategy will be more challenging. In order to simplify the SERS
response and to increase the specificity towards these mole-
cules and other samples such as proteins, viruses or bacteria,
an indirect detection strategy can be used. Thus, a specific
recognition is achieved and the marker modes associated with
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the SERS label, i.e. Raman reporter, is dominating the SERS
response or allows detection even in a complex biological
matrix. Although SERS methods based on indirect detection
strategies are more reliable for managing issues with selectivity,
however, direct information about the Raman spectrum of
the object is lost. As in other bioanalytical techniques, sample
pre-treatment is also a key step when applying SERS to bio-
logical samples, and it usually aims at minimizing the inter-
ference from the matrix (e.g. by totally or partially separating
the analyte from other components) and/or at enriching the
analyte to make its detection easier. In the best case, separation
and/or enrichment can also be performed directly on the
SERS substrate surface upon functionalization with recognition
compounds such as molecularly imprinted polymers, apta-
mers, or antibodies. Additionally, surface modification can
improve the interaction of SERS substrates with hydrophobic
analytes. The development of multifunctional surface-modified
SERS substrates has been one of the main goals in SERS for
decades, and significant progress in this field has been
reached. In order to analyze the complex SERS spectra, data
analysis approaches and/or multivariate data analysis gained
an increasing importance within the last years. However, multi-
variate methods need to be applied to SERS data with care and
expertise, as an unskilled use can easily lead to artifacts
or biases. Particular attention should be paid to methods
evaluation (e.g. validation) and interpretation of the results.
If SERS is applied correctly and all the parameters are ade-
quately selected, complex bioanalytical tasks can be achieved.
Concentration profiles in body fluids or local distributions
in cells or tissues of the targeted analytes can be visualized,
so that conclusions for treatment and improvement of
decision-making processes in clinics can be drawn.

7.1. SERS substrates in biomedical research

The plasmonic characteristics, i.e., the surface plasmon reso-
nance, need to be matched by the excitation wavelength. For
practical use, laser excitations can be selected in the visible and
NIR range, depending on the plasmonic material, aggregation
state, size and shape of the nanostructures as well as surround-
ing medium. Silver and gold nanostructures are mostly applied
for SERS substrates for biomedical tasks. Here, gold nano-
structures are more stable and longer storable after fabrication.
Although silver nanostructures are associated with more
intense SERS spectra, it is very susceptible to oxidative degrada-
tion of the signal intensity. For silver nanostructures, excitation
wavelengths from the visible to NIR spectral region are applic-
able depending on the shape and size of the nanostructures.
In the case of Au nanostructures, typical excitation wavelengths
are in the red and NIR spectral range. Ease of fabrication,
stability, signal uniformity, and potential interaction with the
analyte molecule are some of the most important criteria to
consider for SERS substrates.

Classical spherical silver and gold nanoparticles, as well as
those with different shapes and sizes, are easy to synthesize, the
LSPR can be precisely tuned over a wide excitation range by
its shape, and comparable high laser power can be applied in
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aqueous solution. However, they are susceptible to degradation
by aggregation and tend to form a more stable structure with-
out a protective agent, so their batch-to-batch reproducibility
can be low when measured over a period of a few days to weeks.
When dried on the solid substrates, they can be very unevenly
distributed from point to point and from sample to sample
resulting in randomly distributed hotspots. Moreover, the sur-
face of classical colloidal nanostructres is occupied by capping
agents applied in their synthesis.

Well-defined plasmonic structures with nano-sized gaps give a
uniform signal, and their hotspots can be tuned according to
the size of the analyte. These substrates are manufactured in a
very defined and sophisticated manner. They can, therefore,
have large wafer sizes, a clean surface with no capping agents to
interfere with the SERS signal, and a high reproducibility from
batch to batch and sample to sample, making them easier to
standardize and commercialize. However, they are more expen-
sive and time-consuming in production due to the need for
specialized facilities and expensive laboratory equipment.

Semiconducting and dielectric materials offer high stability
and can be fabricated once and stored for months to years, but
they mostly favor chemical enhancement and weaker SERS
than plasmonic metals. Functionalized and composite materials
have the potential to offer the best of both worlds with high
sensitivity, hotspot tunability, reproducibility, and uniformity.
However, they are not widely studied and still have more to
discover regarding enhancement mechanism and versatility of
use; for example, most semiconductors contain hydroxyl groups
that can bind to proteins without destroying the secondary
structure. However, more research is needed in this area.

Before selecting SERS substrates for biomedical application,
it is advisable to analyze the size and chemical structure of the
analyte and the complexity of the matrix and then select
the most suitable substrates accordingly, considering which
properties of the substrates are more critical for the given
analytical task.

7.2. Targeted bio objects and its complex composition

In direct SERS, the Raman signal of any molecule (analyte or
interference) adsorbed onto the SERS-active surface will get
enhanced. Consequently, the application of SERS in biomedical
research is limited by the intrinsically low selectivity of SERS,
i.e., the ability to enhance the Raman signal of only target
molecules (analyte molecules). In the case of excessive concen-
trations of the admixtures (e.g., intrinsic components of body
fluids) a competition with the analyte molecules for free SERS-
active sites is observed. As a result, this competition can cause
the appearance of a strong background signal or suppression of
the analyte signal. For cells and tissue samples, their internal
composition can be studied only if the SERS substrate pene-
trates into the object and the compounds of interest diffuse
to and adsorb onto the substrate surface. To summarize, if the
experimental conditions (e.g., pH, solvent properties, ionic
strength, etc.) are not favorable for the analyte adsorption onto
the SERS substrate, even an increase in the analyte concen-
tration may not lead to the appearance of the practically useful
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SERS signal. Analyte molecules with moieties with lone electron
pairs (-NH,, -COO™, and -SH) provide strong interaction with
the SERS-active sites of metallic nanostructures and can be
enriched on the SERS active surface even in complex matrices.
By applying SERS labels or tags, the selectivity is increased
by employing recognition elements such as antibodies or
aptamers and the SERS response is simplified as mostly the
fingerprint modes of the Raman reporter molecule is dominat-
ing the SERS spectrum. Although indirect SERS is a more
reliable tool for managing issues with selectivity, direct infor-
mation about the Raman spectrum of the target analyte is lost.

7.3. How to minimize the competition for free binding sites
in biomedical SERS, i.e. sample preparation strategies

By adjusting pH, ionic strength, dielectric constant (changing
the solvent) and/or dilution with pure water or buffer, the
interference between target analyte and matrix molecules in
the SERS response can be lowered and in the case of a high
affinity of the target analyte towards the metallic surface, the
SERS signal intensity can be even increased although its
concentration is lowered by e.g. dilution. Simple treatment
protocols are very attractive for POCT; however, they are not
universal enough and its effectiveness decreases when the
analyte concentration is too low compared to concentrations
of interferences. In this case, it is necessary to separate the
analyte molecules from the interferences before SERS analysis,
and this can be done using extraction (solid phase or liquid-
liquid), chromatography or protein precipitation from body
fluids. The separation can also be performed directly on the
SERS substrate surface after its modification with recognition
compounds such as molecularly imprinted polymers, apta-
mers, or antibodies. Additionally, surface modification can
improve the interaction of SERS substrates with hydrophobic
analytes. To summarize, a detailed preliminary study of the
effect of experimental conditions on the signal of the target
analyte and the analyte-free object allows better control of the
selectivity and, consequently, accuracy of the analysis.

7.4. Analytical performance of biomedical SERS

From the point of view of analytical chemistry, the most reliable
practice during a SERS study of a bio object/sample or devel-
opment of a SERS assay for bioanalysis is to collect as many
control SERS spectra as possible and under various registration
conditions. This includes the signal of the analyte(s), pure SERS
substrate, and pure bio object/sample without the analyte
molecules. This practice facilitates spectral interpretation and
identification of spurious/anomalous bands, e.g., signal of
stabilizer of the SERS substrate; signal of elemental carbon
appeared due to photothermal degradation of organic com-
pounds onto SERS substrate surface; etc. Ideally, the signals of
most important interferences should also be collected at
experimental conditions intended for use during analyte detec-
tion. In quantification assays by using SERS, the accuracy
(apparent recovery rate), root mean square error of prediction
(RMSEP), limit of detection (LOD) as well as limit of quantifica-
tion (LOQ) needs to be estimated and the validation should be
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done employing the gold standard technique. In cases with
complex spectral profile, data analysis approaches/multivariate
data analysis is required and should be implemented in the
analysis chain.

7.5. Typical interferences in biomedical SERS spectra

In SERS investigations, the main priority has to be given to the
interferences with large concentration in the sample, strong/
moderate affinity to the SERS substrate surface, and/or strong
SERS signal. Creatinine, uric acid, and bilirubin can serve as an
example of such interferences in serum and other body fluids
and they can form quite strong background signal complicating
the analysis. In contrast, the effect of common inorganic ions is
usually less important because their SERS signal is very weak
(complex anions) or absent (metal ions), and they mainly
influence intensity of analytical signal through ionic strength
by causing aggregation of colloidal SERS substrates. The effect
of potential interferences should be studied at the concen-
tration levels corresponding to those in the real objects, i.e., at
realistic «analyte — interfering compound» ratios. As an exam-
ple, the effect of serum albumins on the analyte signal has to be
studied at 50-80 mg mL ™" of albumin, which is a huge, but
realistic concentration. In the case of proteins, it is known that
a corona is formed around the SERS-active nanoparticles,
which impede the interaction of the target analytes with the
sensing surface and illustrating the necessity of sample
pretreatment.
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