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é g Proteins are an eminently important class of ubiquitous biomacromolecules with diverse biological
;' s functions, and numerous techniques for their detection, quantification, and localisation have been
E E developed. Many of these methods exploit the selectivity arising from molecular recognition of proteins/
§ E antigens by immunoglobulins. The combination of surface-enhanced Raman scattering (SERS) with such
%‘ é “immuno”-techniques to immuno-SERS (iISERS) is the central topic of this review, which is focused on
3 g colloidal SERS nanotags, ie., molecularly functionalised noble metal nanoparticles conjugated to
-§ § antibodies, for their use in protein assays and ex vivo imaging. After contrasting the fundamental
% 0 differences between label-free SERS and iSERS, including a balanced description of the advantages and
[l rawbacks of the latter, we describe the usual workflow of i experiments. Milestones in the

drawbacks of the | d be th l kfl f iSERS Mil h

§ 2 development of the iSERS technology are summarised from a historical perspective. By highlighting
S) o Received 30th November 2023 selected examples from the literature, we illustrate the conceptual progress that has been achieved in

e}
25 DOI: 10.1039/d3cs01060k the fields of iSERS-based protein assays and ex vivo imaging. Finally, we attempt to predict what is
% _ﬁ necessary to fully exploit the transformative potential of the iSERS technology by stimulating the
) § rsc.li/chem-soc-rev transition from research in academic labs into applications for the benefit of our society.
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£ 1. Introduction
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g - Undoubtedly, the field of surface-enhanced Raman scattering
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The deeper one delves into the fundamentals of SERS," the
more one recognises that it touches quite a number of different
areas in chemistry and physics: plasmonics, colloidal chemistry,
surface science, molecular spectroscopy, quantum chemistry and
molecular dynamics, charge transfer processes, etc.

In parallel, tremendous achievements in the field of physical
and chemical nanotechnology have been made in the past
decades. Examples of this progress are control over top-down
nanofabrication of sophisticated nanoantennas as well as over
the synthesis of complex colloids, including anisotropic nano-
particles and assemblies of particles. Experimental techniques
for characterisation at the single-particle or single-antenna
level, as well as computations of their optical properties by
electromagnetic modelling, are nowadays routinely performed.
Theory can certainly not only explain existing experimental
findings but also a priori predict properties of structures that
have not even yet been synthesised. Quantum chemical model-
ling of SERS spectra slowly catches up with what we observe
experimentally. Applications of SERS in bioassays detect target
molecules at ultra-low concentrations. Nanoparticles are used
for SERS in vitro and in vivo, including animal studies. Overall,
these are truly amazing developments with an impact on many
other scientific fields.*?

One of these fields is protein science. Proteins are an
eminently important class of ubiquitous biomacromolecules
with diverse biological functions; the latter range, for example,
from their defence role in the immune system over control of
gene expression to the conversion of chemicals into mechanical
energy.* Due to the outstanding role of proteins, numerous
methods for their detection, quantification, and localisation
have been developed. Many of these techniques rely on mole-
cular recognition of proteins/antigens by immunoglobulins/
antibodies via non-covalent forces; examples are immunoassays
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for protein detection in solution, immunocytology and immuno-
histochemistry for protein localisation in cells and on tissue,
respectively. The combination of SERS with such “immuno”-
techniques to immuno-SERS (iSERS) is the central topic of this
review.

Our intention as authors is to put the subfield of iSERS into
the bigger picture of the entire SERS field. We restrict the
content of this review to colloidal SERS nanotags in combi-
nation with antibodies for protein detection in vitro and loca-
lisation ex vivo. Since applications in vivo require additional
disjunct considerations, they are not covered here.

For the novice, this contribution may serve as a starting
point for further reading prior to experimental work in this
exciting field. For the iSERS expert, it may serve as a useful
resource in research and/or teaching.

Our selection of highlighted examples from the literature is
naturally subjective. We apologise in advance to all respected
colleagues in the iSERS field whose work is not mentioned or
cited here. The body of literature is simply overwhelming and
forces us to focus on conceptual advances that, in our opinion,
were important.

The outline of this review on iSERS is briefly summarised in
this paragraph. Fundamental differences between conventional
label-free SERS and iSERS are contrasted in Section 2. The
workflow of iSERS experiments is described in Section 3.
Selected examples from the literature that, in our opinion,
represent conceptual milestones in the development of the
iSERS field are highlighted in Section 4. Then, Section 5
introduces different technology platforms employed in iSERS
assays, followed by a discussion of selected examples that, in
our opinion, were important to the advancement of the field.
The same concept also applies to Section 6, which is focused
on iSERS bioimaging and, after introducing general areas of
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application, highlights the continuous progress with respect to
the multiplexing capacity of iSERS. Finally, in Section 7, we
attempt to predict what is necessary to fully exploit the trans-
formative potential of the iSERS technology by stimulating the
transition from research in academic labs into applications for
the benefit of our society.

2. Two concepts: conventional label-
free SERS vs. iSERS

SERS substrates, i.e., plasmonic nanostructures supporting a
localised surface plasmon resonance (LSPR), can be broadly
classified as colloidal or solid SERS substrates. The majority of
current iSERS applications are based on colloidal SERS parti-
cles that are usually prepared by wet nanochemistry with a high
degree of control over size and shape. Most conventional SERS
applications in analytical chemistry exploit the molecular fin-
gerprinting capabilities of vibrational Raman spectroscopy for
the direct label-free, i.e., non-targeted detection of analytes that
adsorb onto the metal surface (Fig. 1a left). Albeit seemingly
simple from an initial, superficial perspective, the large num-
ber of degrees of freedom makes standardisation in SERS
anything but a trivial task.’

The concept of iSERS is fundamentally different from that of
label-free SERS. iSERS is inherently an indirect scheme for
protein detection that exploits the target specificity of recogni-
tion elements, in particular antibodies, that are chemically
bound to SERS labels/nanotags for optical identification; the
latter comprise Raman labels/reporter molecules that are per-
manently chemi- or at least physisorbed on the metal surface
and determine the characteristic Raman spectroscopic finger-
print of the labelling agent (Fig. 1a right).

iSERS nanotags are relatively large nanoparticle-based
labels, typically 20 to 100 nm in size, for the selective and
sensitive optical detection of protein target molecules. Integral
components of an iSERS nanotag are (Fig. 1b):

(i) The plasmonic core for providing high sensitivity via
efficient LSPR excitation. To achieve this, the laser excitation
wavelength must be matched to a LSPR peak of the metal
colloid. Red to near-infrared laser excitation is often preferred
in a biological context, for example, to avoid interference with
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autofluorescence or to provide large penetration depths
through biological tissues. Gold is often the preferred metal
in bio-applications due to its high chemical inertness.
In contrast, silver provides larger plasmonic enhancements;
however, it is chemically less inert and prone to oxidation.

(ii) Raman reporters for identification and spectral multi-
plexing. The characteristic Raman spectrum of the Raman
reporter molecules that are permanently adsorbed onto the
surface of the plasmonic core, for example, via a strong gold-
sulfur bond, is used for the unambiguous spectral identifi-
cation of the entire iSERS nanotag - similar to the characteristic
colour of fluorescence emitted by a fluorescent dye or a
quantum dot. The spectral multiplexing capacity of SERS is
enormous: due to the small linewidth of vibrational Raman
bands, typically 2-20 cm ™", a large number of Raman reporter
molecules can be spectrally distinguished,® either by simple
univariate analysis or more sophisticated multivariate
approaches from chemometrics or machine learning algo-
rithms. In contrast to fluorophores, either molecular or
nanocrystal-based, for which the excitation must be tuned to
the corresponding absorption maximum, only a single laser
excitation wavelength is necessary to excite the Raman spectra
of all SERS labels. The high photostability of SERS nanotags is
another key advantage compared to fluorescence-based
approaches that suffer from photobleaching. The fact that
iSERS is a spectroscopic technique relying on spectra rather
than just a single intensity value, together with the fact that the
SERS signal is directly proportional to the number of SERS
labels, makes it an inherently quantitative technique - an
aspect that is routine in the physical sciences but becomes
increasingly important in the life sciences.

(iii) A protective shell is optional but strongly recommended
since it guarantees colloidal stability. The shell should prevent
desorption of the Raman reporter molecules from the surface
of the plasmonic core that is in chemical equilibrium with its
environment, normally water or buffers as suspension medium.
This guarantees constant SERS signal levels as the number of
adsorbed Raman reporters remains constant. The shell also
provides colloidal stability to the SERS nanotags, usually either
by electrostatic or steric stabilisation. Raman reporter mole-
cules and molecular components of the shell may be co-
adsorbed on the metal surface of the plasmonic core, or they

iSERS nanotag
< SERS signal
Quantification

! \_| Target-specific binding molecule
Selectivity

Linker
Functionalisation

Raman reporters / \_{ Protective shell
Multiplexing Stability

(a) Conventional label-free SERS detection of analytes vs. targeted research with SERS labels. (b) Components of an iSERS nanotag: colloidal

plasmonic core, chemisorbed Raman reporter molecules, and protective shell with linker for bioconjugation to the target-specific binding molecule.
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are preferably spatially separated from each other. Specifically,
a full monolayer of Raman reporters, which is disjunct from the
shell and avoids co-adsorption, represents maximum surface
coverage and, therefore, maximal SERS intensities.” Finally, the
shell is also the chemical bridge for binding the actual SERS
nanotag to the target-specific ligand for yielding the iSERS
nanotag.

(iv) A linker may, for example, be a functional group on the
surface of the shell or also a separate, often bifunctional
molecule that at one side binds to the shell and at its other
terminus binds to the target-specific ligand. Generally, covalent
or non-covalent bioconjugation chemistry is employed.
Covalent bioconjugation is usually recommended due to its
higher robustness, for example, in situations involving harsh
conditions such as high ionic strength of the suspension
medium or multiple washing steps in assays or microscopy.
Direct conjugation of the target-specific ligand to either the
Raman reporter or the plasmonic core is not recommended
since conjugation to the Raman reporters increases the
likelihood of its desorption, while direct conjugation to the
plasmonic core via co-adsorption, reduces the number of
chemisorbed Raman reporters.

(v) The target-specific binding molecule, usually an antibody
that selectively recognises its antigen, is key for selectivity in
iSERS: it is the binding specificity of the antibody that deter-
mines the selective detection of proteins using iSERS nanotags.
The term iSERS nanotag refers to SERS nanotag conjugated to
the antibody or vice versa, a SERS nanotag-labelled antibody.

Overall, the rational design of SERS nanotags with defined
physical and chemical properties is essential for successful
iSERS applications. At all stages of their synthesis, analytical
techniques must be employed to characterise their perfor-
mance and uniformity.

Specificity is the central advantage of iSERS over conven-
tional label-free Raman/SERS, and it is directly related to the
quality of the target-specific ligand through its selective recog-
nition capabilities and high binding strength. Generally, anti-
bodies are outstanding ligands, famous for their high binding
specificities and association constants. A disadvantage of SERS
nanotags is certainly their relatively large size and weight
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compared with molecular fluorophores. This might be critical
for live cell imaging, especially in intracellular studies, but is
typically not critical for cell surface antigens, tissue sections
and assays. Drawbacks of each targeted strategy, either with
SERS nanotags or fluorophores as optical labelling agents, are
that you need to know a priori which target you want to detect,
that a target-specific ligand must be available and that the latter
might be costly. Other aspects that should be considered are
whether the intrinsic binding properties of the ligand are modified
or even compromised upon bioconjugation to the SERS nanotag
and whether cross-reactions to other targets occur. In any case,
negative control experiments must be performed in every reliable
iSERS study. One important negative control is the use of isotype
antibodies that do not bind to the target.

3. The workflow of iISERS experiments

The workflow of iSERS experiments is shown in Fig. 2. It starts
with the choice and chemical synthesis of the plasmonic core of
the SERS nanotag, usually via the reduction chemistry of noble
metal salts. A variety of plasmonic nanoparticles with different
sizes, shapes and compositions is available. Standard quasi-
spherical gold nanoparticles generally suffer from modest
signal enhancements at the monomer level; their LSPR peak,
in combination with green laser excitation, is unfavourable for
various biological and biomedical applications due to intense
autofluorescence; this can be circumnavigated, for example,
by hollow gold/silver spheres that exhibit tuneable resonances
across the visible spectrum.® Anisotropic particles such as rods
also exhibit a tuneable longitudinal LSPR depending on the
aspect ratio. Plasmonic coupling in superstructures such as
core/satellite particles is a second efficient strategy to control
the LSPR energy and additionally generates very high enhance-
ment factors (EFs) in the narrow gap between the central large
core and the smaller satellites. Their detection at the single-
particle level was demonstrated in correlative optical/electron-
microscopic experiments.’

The second step is encoding the plasmonic core with Raman
reporter molecules. Each type of reporter has a characteristic

Bioconjugation Applications

. <iSERS assay>
Conjugation chemistry

Sensitivity

Concentration
NH,  TCEP/
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s DTSSP
3 EDC/sNHS

+ \ )
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wonl,
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EDC/sNHS

Functionalised shell
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Fig. 2 Overview of the workflow in iSERS experiments: from core synthesis to encoding, shelling and bioconjugation to applications in assays and

microscopy.
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“molecular fingerprint”’; its corresponding Raman barcode is a
simplified and intuitive representation, with peak positions
and intensities encoded in the horizontal positions and widths
of the bars, respectively. While the plasmonic core must sup-
port a LSPR for optically resonant excitation that leads to the
generation of plasmon-assisted Raman scattering, the laser
excitation may also overlap with the electronic absorption
spectrum of the Raman reporter. The choice of either electro-
nically resonant or non-resonant Raman reporters has both
specific pros and cons. A key advantage of resonant Raman
dyes is their additional signal enhancement via surface-
enhanced resonance Raman scattering (SERRS). Key disadvan-
tages are, however, photobleaching and a reduced spectral
multiplexing capacity compared to the smaller non-resonant
Raman reporters that, due to the smaller number of atoms N,
exhibit fewer vibrational degrees of freedom (3N — 6 for a non-
linear molecule).”

Encapsulation of the plasmonic core with a shell is an
optional but highly recommended step, as colloidal stability
is key to successful iSERS experiments. Numerous shell materi-
als, in particular inorganic polymers such as silica, organic
polymers such as poly(ethylene glycol), and biopolymers such
as proteins, are available. The shell does not only provide
stability to the SERS nanotags by electrostatic or sterical
stabilisation but is also central to subsequent bioconjugation;
the shell either already contains suitable functional groups or
needs to be functionalised in an additional step. Once the shell
is functionalised, one has to decide on either covalent or non-
covalent bioconjugation; the latter is, for example, routinely
done in the preparation of immunogold conjugates in conven-
tional lateral flow assays via electrostatic binding of antibodies
to citrate-capped gold nanoparticles. However, for iSERS -
based on many years of our own experience — we strongly

Table 1 Milestones in the development of iSERS
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recommend employing covalent conjugation chemistry because
of the significantly higher strength and robustness of covalent
chemical bonds compared to non-covalent interactions.

Multiple functional groups can be addressed in covalent
bioconjugation, for example, carboxyl (COOH), amino (NH,)
and thiol (SH)/disulfide (S-S) groups. In many cases, the func-
tional group must first be activated for bioconjugation, for
example, in the case of unreactive carboxyl groups via the
activated esters by using carbodiimides. The quality of the
iSERS nanotags, i.e., SERS nanotag-labelled antibodies, is key
for successful iSERS applications. Central properties that must
be checked are the target-specific binding capabilities of the
antibody as well as the colloidal stability and the brightness of
the iSERS nanotags. Once the integrity of the iSERS nanotags is
confirmed, the stage is set for either iSERS assays or micro-
scopy. Again, we stress the importance of negative control
experiments using isotype antibodies to unambiguously demon-
strate binding specificity.

4. Historical perspective: milestones in
the development of iSERS

This section highlights milestones in the development of iSERS
from a historical perspective (Table 1). We selected concep-
tually innovative and original work that, in our opinion, stimu-
lated the field and, therefore, is an important contribution to
the development of the iSERS field. This selection can be
broadly classified into iSERS assay development with a focus
on different technology platforms, the rational design and
synthesis of SERS nanotags, and multiplexed iSERS microscopy
on cells and tissues. (Fig. 3).

Year Development Ref.
1989 First SERS-based sandwich immunoassay on Ag substrate 10
1997 ELISA-SERS sandwich with azo-compounds as Raman label (Ra) 11
1999 First conception of iSERS nanotag: gold nanoparticles bioconjugated to antibodies 12
2003 Synthesis of iSERS nanotags using direct conjugation of antibodies to Ra 13
2003 Conception of iSERS multiplex assay and improvement of sensitivity by silver deposition 14
2003 Syntheses of silica-encapsulated SERS nanotags 15,16
2006 Bi-silica iSERS nanotags: silica-encapsulated silver-embedded silica particle 17
2006 Proof-of-concept for iSERS microscopy on tissue section 18
2007 Multiplexed immunoassay with SERS-encoded beads 19
2008 Magnetic bead-based iSERS assay 20
2009 Silica-encapsulated iSERS nanotags with a full monolayer of Ra for red laser excitation 7
2009 Introduction of the SERS barcode concept 21
2010 First conception of on-chip iSERS assay 22
2011 iSERS ex vivo on fresh tissue 23
2011 Gap-enhanced SERS nanotags 24
2012 2-colour iSERS microscopy 25
2014 First SERS-LFA/ICA 26
2015 3-colour iSERS microscopy 27
2016 Quantitative 6-plex with SERS nanotags 28
2018 Correlative SERS/SEM/LSPR of single SERS nanotags 9
2019 First compact and fast iSERS-LFA reader 29
2020 6-colour iSERS microscopy on single cells 30
2022 Demonstration of 26-plex iSERS microscopy 31
2023 10-plex iSERS tissue sectioning 32
This journal is © The Royal Society of Chemistry 2024 Chem. Soc. Rev., 2024, 53, 6675-6693 | 6679
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Fig. 3 Timeline of milestones in the development of iSERS: the sandwich and ELISA assay (grey, a), rational design of SERS nanotags (blue, b—e),
technology platforms for iSERS assays (green, f—j), and multiplexed iSERS microscopy on cells and tissues (red, k—p).

A sandwich immunoassay based on SERS was pioneered by
Rohr, Cotton, and co-workers in 1989 (Fig. 3a-i).'® A roughened
silver film, coated with the capture antibody and blocked with
bovine serum albumin, served as SERS substrate. After the
capture of the antigen, in this case, thyroid-stimulating hormone,
sandwich complexes were formed upon the addition of the
Raman-active immunoconjugate. In this pioneering study, the
authors already explicitly stated that the SERRS signal genera-
tion from the Raman reporter molecule p-dimethylamino azo-
benzene was not limited to silver films and electrodes, but
could be extended to silver (or other metal) colloids, too. The
enzyme-linked immunosorbent assay (ELISA), utilising enzyme-
labelled detection antibodies, is very popular in clinical diag-
nostics due to its high-throughput capabilities. In conventional
ELISA, the enzyme catalyses the conversion of a colourless
substrate into a coloured product that can be quantitatively
determined by UV/Vis absorption spectroscopy. ELISA based on
SERS was introduced by Dou, Ozaki, and co-workers in 1997
(Fig. 3a-ii)."" A peroxidase that was covalently bound to the
detection antibody oxidised o-phenylenediamine to azo-aniline,
which then served as Raman reporter dye for SERRS signal
generation after adsorption to the surface of silver nano-
particles. The limit of detection was ca. one order of magnitude
better compared to that of the first SERRS study."’

4.1. Design of SERS nanotags

Porter and co-workers published a SERS nanotag-based iSERS
immunoassay in 1999."> An obvious advantage of this strategy
was that in these iSERS nanotags, the capabilities for SERS signal
generation (SERS nanotag) and specific binding (antibody) were

6680 | Chem. Soc. Rev., 2024, 53, 6675-6693

both incorporated into an iSERS nanotag as a single bifunctional
unit (Fig. 3b-i). In contrast to the preceding configurations,
aromatic thiols as Raman reporter molecules were directly
attached to the surface of 30 nm colloidal gold via strong Au-S
bonds. The sensitivity was in the pM regime. Drawbacks of this
configuration were co-adsorption of (i) antibodies and Raman
reporters, which avoided the formation of a complete self-
assembled monolayer (SAM) of Raman reporter molecule (Ra)
and thus reduced sensitivity and of (ii) other (bio)molecules onto
the gold surface, increasing the risk of unspecific binding and the
appearance of unwanted additional SERS signals. In 2003, they
presented a significant improvement in sensitivity down to the fM
regime (1 pg mL™") for the detection of prostate-specific antigen
(PSA)."® In their modified iSERS nanotag design shown in Fig. 3b-
ii, the detection antibody was covalently bound to the Raman
reporter molecule rather than to the gold surface as in their earlier
approach, ensuring a high surface coverage with the Raman
reporter 4-nitro-2-mercaptobenzoic acid.

Silica encapsulation for stabilisation of SERS nanotags was
introduced independently by the groups of Natan and Nie in
2003, respectively (Fig. 3c-i). Mulvaney, Natan, and co-workers
introduced the concept of glass encapsulation to single, Raman
reporter-labelled silver or gold nanoparticle cores to provide
both mechanical and chemical stability to the core while
essentially maintaining its optical properties.’> Co-adsorption
of an amino silane and the Raman reporter results in a
vitreophilic SERS label onto which a silica shell is grown by
the addition of active silica, followed by silica growth with the
famous Stober method known from sol-gel chemistry. The
resulting glass shell also allows further functionalisation,
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employing a variety of established conjugation protocols. In the
same year, Doering and Nie presented a very similar approach
to glass-coated nanoparticles, in which they exploited Raman
reporter molecules carrying an isothiocyanate group or multi-
ple sulfur atoms."® The synthesis protocol comprised the addi-
tion of Raman reporter onto gold nanoparticle surface, the
addition of a mercaptosilane, silica deposition by using sodium
silicate and finally, condensation of remaining silicate onto the
existing shell. In addition to the encapsulation of single noble
metal nanoparticles, also core/satellite assemblies of nano-
particles, which are attractive due to their high SERS signal
levels arising from plasmonic coupling between the satellites,
were encapsulated by silica (Fig. 3c-ii)."” The multi-step synth-
esis comprises the preparation of spherical silica nanoparticles
as core particles that were functionalised with a mercaptosilane
for binding of silver nanoparticles onto the thiolated core,
followed by co-adsorption of Raman reporter for SERS and
mercaptosilane for silica encapsulation of the entire assembly.
In both approaches (Fig. 3c-i and ii), only submonolayer cover-
age with Raman reporter molecules was achieved due to the
co-adsorption of silanes as precursors for subsequent sol-gel
chemistry.

Schliicker and co-workers resolved this drawback by separ-
ating the formation of a full monolayer of Raman reporters
from the formation of a silica shell around it in a layer-by-layer
approach followed by a modified Stéber synthesis (Fig. 3d).”
The complete SAM yielded 22 times higher SERS compared to
sub-monolayer coverage; together with the use of Au/Ag nano-
shells optimised for red laser excitation rather than conven-
tional quasi-spherical Au nanoparticles, 180 times stronger
SERS was detected. In addition to this 2-step procedure invol-
ving the addition of two polyelectrolytes, the same group also
developed a direct route to silica encapsulation by integrating
the Raman reporter and a silane anchor into a single molecular
entity via covalent chemistry®’ or, in a non-covalent approach,
by using noncovalently bound silane precursors.**

In addition to maximising the surface coverage with Raman
reporters, maximising the plasmonic enhancement is a second
important aspect in the rational design of SERS nanotags. The
key to obtaining a maximal enhancement factor in SERS is to
use either the tips of gold nanostars®® as SERS nanotags or by
employing coupled plasmonic nanostructures with very small
gaps (<2 nm). Nam, Suh, and co-workers employed a DNA-
modified gold core as a seed for obtaining gold nano-bridged
nanogap particles with a well-defined, hollow, ca. 1 nm interior
gap (Fig. 3e).”* The use of DNA not only facilitated the for-
mation of the nano-bridged nanogap but also enabled the
precise positioning of Raman dyes inside the gap, providing
strong and highly stable SERS.

A fair direct comparison of different SERS nanotag designs
is challenging for several reasons. For example, cuvette experi-
ments at the ensemble level are difficult to interpret since
usually not only monomers, but also a small fraction of clusters
and even larger aggregates may be present; the latter yield
significantly higher SERS intensities than the monomers due to
hot spots resulting from plasmonic coupling.*® In other words,

This journal is © The Royal Society of Chemistry 2024

View Article Online

Review Article

the overall SERS signal of the mixture is largely dominated by
contributions from minority species and, therefore, this is not
representative for the entire colloid. Single-particle studies
circumnavigate this problem. To this end, the presence and
identity of single nanoparticles must be checked. Correlative
optical and electron-microscopic studies are best suited to
provide this type of information. Schliicker and co-workers,
for example, identified in correlative LSPR/SERS/SEM experi-
ments on four different types of isotropic and anisotropic
nanoparticles that Au/Au/core/satellite nanoparticles and Au
nanostars can be detected at the single-particle level, while
hollow Au/Ag nanoshells and normal quasi-spherical Ag nano-
particles cannot.’

4.2. iSERS assays

Mirkin and co-workers introduced Raman dye-labelled nano-
particles for protein detection by modifying probes that were
originally designed for DNA and RNA detection.’® Seeded
growth of silver on small 13 nm gold nanoparticles was
performed via electroless silver deposition for producing
SERS-active nanostructures (Fig. 3f left). Nanoparticle probes
were based on either protein-small molecule (type I) or protein-
protein (type II) interactions and employed the dyes Cy3, Cy3.5
and Cy5 as Ra for SERS detection in the corresponding 3-plex
assays (Fig. 3f right).

In real-world samples, proteins are usually abundant in
complex mixtures involving disturbing matrices, necessitating
the use of purification steps for isolating a particular target
protein. Micron-sized magnetic beads coated with suitable
capture antibodies are an elegant approach for extraction and
enrichment since they can be mixed with the corresponding
complex sample in solution for target binding and then rapidly
pulled down using an external magnet. The supernatant can be
removed, and the conjugate comprising magnetic bead, cap-
ture antibody and target antigen can be redispersed and
washed several times. Smith, Graham and co-workers demon-
strated the first combination of a magnetic bead-based pull-
down assay and iSERRS (Fig. 3g).”° Specifically, they employed a
dye-labelled secondary antibody for recognising the primary
detection antibody. Silver nanoparticles and aggregating agents
were added for SERRS-based detection of the dye in silver
colloids aggregated on the surface of the magnetic bead. Note
that in this example, the SERRS signal is generated iz situ and is
not provided by an extrinsic SERS nanotag.

A second important technology platform is microfluidics as
a key component for realising the idea of the “lab on a chip”.
The underlying central idea is to perform all chemical reactions
in small volumes on a chip as a mini-lab in an automated
fashion, ideally without the need for manual handling by users.
Choo and co-workers pioneered the combination of microflui-
dic sample handling and processing with iSERS.** Specifically,
they developed a gradient optofluidic sensor comprising three
compartments for (i) serial dilution of the target protein in a
gradient channel, (ii) injection and mixing of the sample with
both capture antibody-coated magnetic beads and SERS nano-
tags comprising Raman dye-labelled antibodies adsorbed on
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the surface of hollow gold nanoparticles, and finally (iii) the
trapping area for capture of the immunocomplexes (Fig. 3h).

A third important technology platform is a rapid test that is
user-friendly and easy to perform anytime and anywhere.
Lateral flow immunoassays (LFAs or LFIAs), also called immu-
nochromatographic assays (ICAs), are widely used portable
strips for point-of-care testing (POCT). While the term LFA
highlights the flow aspect along the membrane, typically nitro-
cellulose with defined pore sizes, the term ICA stresses the role
of both liquid and membrane acting as the mobile and sta-
tionary phase, respectively. Deng and co-workers demonstrated
the first SERS-based ICA/LFA (Fig. 3i).”® Conventional gold
conjugates used in standard LFAs were replaced by iSERS
nanotags comprising detection antibodies labelled with gold/
silver core/shell particles with Raman reporters adsorbed on
the gold core as SERS nanotags. The corresponding limit of
detection was improved by 1-3 orders of magnitude to conven-
tional LFA based on naked-eye detection, depending on the
choice of a particular target.

A major drawback of all initial SERS-based LFAs was the very
long readout time until the test result was available for the user.
Often, research-grade confocal Raman microscopes were used
for point-mapping of either the entire TL, with typical dimen-
sions of 3-7 mm in width and 1-2 mm in length, or at least a
large portion of it. This is obviously a time-consuming proce-
dure due to the larger number of scanning steps along both
x- and y-dimensions employing point illumination with a laser
spot of usually one to few microns. Schliicker and co-workers
circumnavigated this long acquisition time and the use of
expensive research-grade Raman instrumentation by designing
and building a compact SERS reader for rapid scanning of the
test strip (Fig. 3j).%° Line illumination along the entire width of
the TL was achieved by a custom-designed fibre optical probe
with line focus illumination in combination with a powerful yet
compact 785 nm diode laser for providing a sufficiently high
laser power density. The test strip is scanned along the flow
direction, i.e., orthogonal to the line focus, using a motorised
stage, reducing the overall acquisition time by several orders of
magnitude from many hours down to a few seconds. Overall,
this proof-of-concept study demonstrated the feasibility (fast
and easy-to-use) and affordability (compact reader vs. expensive
confocal Raman microscopes) of the SERS-LFA technology for
end users of Raman-based POCT in and especially outside
academic laboratories.

4.3. iSERS microscopy

Early multiplexing studies on protein assays by iSERS employed
a colour legend as a simplified representation of the Raman
spectrum.™ While this is an obvious analogy to fluorescence,
this representation marginalises the complexity of a vibrational
spectrum with its 3N — 6 vibrational modes/peaks for a non-
linear molecule, peak intensities and widths, and even peak
shapes/line profiles. Additionally, only single-color cases and
no mixtures were presented. Schliicker and co-workers intro-
duced the barcode concept as an alternative simplified repre-
sentation that reduces the complexity of a vibrational Raman

6682 | Chem. Soc. Rev., 2024, 53, 6675-6693

View Article Online

Chem Soc Rev

spectrum to a 1D barcode in which peak positions/wavenum-
bers are encoded in the horizontal positions of the bars and
peak intensities in their corresponding widths (Fig. 3k).>" Later,
the same group demonstrated a quantitative 6-plex in colloidal
suspension employing silica-encapsulated SERS nanotags and
a conventional least-square algorithm for signal decomposition
into the six spectrally distinct contributions of each tag.>®

Sequential analysis and spatial multiplexing are common
strategies when sufficient sample material is available, and
multiple samples must be analysed in a high-throughput for-
mat. Prominent examples include microarrays and 96-well
plates. Spectral multiplexing is a powerful extension of the
capabilities of spatial multiplexing that employs only one or few
“colours”, e.g., in colourimetry (ELISA) or fluorescence. The
spectral multiplexing capacity of iSERS is especially attractive
and advantageous in situations where the sample itself is a
limiting factor. In assays, for example, this is the case when the
sample volume is limited - e.g., the lysate from a single cell.
In microscopy, for example, this is the case when the sample
number is limited - e.g., analysis of the same single cell or
tissue section. Formalin-fixed and paraffin-embedded (FFPE)
tissue is the workhorse in conventional pathology for subse-
quent haematoxylin & eosin (H&E) and immunohistochemical
staining after antigen retrieval. Schliicker and co-workers pre-
sented the proof of concept for iSERS microscopy on tissue
ex vivo in early 2006."® Hollow gold/silver nanoshells optimised
for red laser excitation, conjugated to an anti-PSA antibody,
were employed as iSERS nanotags for localising PSA in the
epithelium of prostate tissue section (Fig. 31).” In 2011, Gham-
bir and co-workers demonstrated the application of iSERS
microscopy to fresh tissue.>® Since 2006, the number of differ-
ent spectral barcodes (‘“colours”) employed in iSERS micro-
scopy on cells and tissue specimens has constantly been raised
and has now reached a level that is multiple times higher than
that of conventional fluorescence. Two- and three-colour iSERS
microscopy with different target proteins was demonstrated by
the group of Choo in 2012>° and the groups of Pérez-Juste and
Liz-Marzan in 2015, respectively (Fig. 3m). Four-color iSERS
microscopy on tissue was demonstrated by Liu and co-workers
in 2018.%” Yet, four “colours” (N = 4) were still in the range of
what conventional fluorescence microscopy with fluorescent
dyes can achieve.

As mentioned above, spectral multiplexing is particularly
advantageous in situations where the sample itself is a limiting
factor, for example, in single-cell studies. To this end, and in
order to also highlight the superior multiplexing capacity of
iSERS compared to conventional fluorescence (N > 4),
Schliicker and co-workers demonstrated 6-colour iSERS micro-
scopy on a single cancer cell (Fig. 3n).*° Single cancer cells from
the human breast cancer line SkBr-3 that overexpress human
epidermal growth factor receptor 2 (HER2), the most prominent
breast cancer marker that is localised on the cell membrane,
were analysed. Each type of six spectrally distinct SERS nano-
tags was conjugated to anti-HER2 antibodies for localising
HER2 on the cell membrane of the same single cancer cell.
This work paved the way for future multi-colour/multi-target
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imaging for characterising heterogeneous protein expression at
the single-cell level.

In 2022, Zavaleta and co-workers presented an impressive
expanded library of 26 spectrally distinct, silica-encapsulated
SERS nanotags (Fig. 30).>' Raman reporters were selected in a
theory-guided approach using vibrational Raman spectra com-
puted by density functional theory (DFT) in order to ensure a
high degree of spectral uniqueness. Highly multiplexed optical
imaging was demonstrated in the context of targeting cultured
cells and profiling cancerous human tissue sections.

In 2023, Ye and co-workers presented 32 spectrally distinct
SERS nanotags with characteristic peaks from stretching vibra-
tions of C=C and C=N triple bonds in the so-called Raman-
silent region (1900-2300 cm ') (Fig. 3p).*> Ten-colour iSERS
imaging with high spectral resolution in clinical biopsies of
breast cancer tissues was demonstrated. Both numbers (N = 32
and N = 10) represent the highest values reported for multi-
plexing in iSERS to date, i.e., at the end of 2023.

5. iSERS assays

Besides iSERS, various immunoassay platforms based on
colourimetry®® and fluorescence®® as well as electrochemical*’
and field-effect transistor (FET)*""*> sensors have been devel-
oped. These have been effectively deployed in the diagnostic
field. Colourimetric methods are cost-effective, simple, and
intuitive without the need for readout devices, but limited
sensitivity poses a challenge. In contrast, fluorescence is based
on direct reading of emission signals, enabling highly sensitive
quantification, and limited multiplexing is possible using a
variety of fluorophores. However, signal degradation caused by
photobleaching of the fluorophore and background noise
resulting from autofluorescence interference are critical since
they ultimately diminish the sensitivity of the assay. Electro-
chemical assays have gained significant attention for their
ability to facilitate highly sensitive real-time monitoring. How-
ever, their sensitivity is critically impacted by electrode fouling
and the composition of the sample matrix. The presence of
contaminants on the electrode leads not only to a decrease in
sensitivity but also to inaccuracies due to reduced selectivity, while
the matrix composition of the sample also creates interferences;
both negatively affect the overall assay performance. FET has
recently emerged as a label-free assay platform with significant
potential for miniaturisation, for example, enabling the integra-
tion into wearable sensors. However, it has been observed that the
sensitivity of FET-based sensors is susceptible to environmental
factors. Moreover, multiplexed detection with FET is limited.
Overall, it is noteworthy that FET is being considered as the next
generation of sensors, owing to their unique properties and
potential applications in in vitro diagnostics (IVD). Nonetheless,
it is essential to be aware of the potential limitations of such FET
sensors, including their susceptibility to environmental factors
and limited capabilities for multiplexing.

The distinctive features of iSERS - highly sensitive detection,
multiplexing capabilities, and stable as well as reproducible
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outcomes - present a promising solution to the challenges
encountered by other assay platforms. iSERS can detect low
concentrations of analytes, particularly in samples containing
trace amounts of targets, which makes it an advantageous
technique for comprehensive immunoassays. The second most
significant benefit of iSERS is its capability to detect multiple
analytes in a single readout due to the use of Raman reporter
molecules with spectrally narrow and well-defined peaks.
In addition, the spectral specificity of iSERS is particularly
crucial for distinguishing closely related analytes and minimis-
ing interference from background signals, which improves the
signal-to-noise ratio and detection accuracy for complex sample
matrices. iSERS is intrinsically capable to generate reliable and
reproducible signals in immunoassays. This reliability is criti-
cal for obtaining accurate and consistent results when real-life
samples (e.g., blood) are employed. Furthermore, iSERS can be
customised for specific applications by adjusting the nanotag’s
size, shape, and configuration. Therefore, the flexibility of
iSERS allows it to be optimised to meet the needs of a variety
of assays. Overall, iSERS strongly benefits from the unique
combination of superior sensitivity with multiplexing, spectral
specificity, reliability, and flexibility, making it an excellent
choice for immunoassays. The integration of iSERS into exist-
ing platforms is straightforward: substitution of (i) the label by
a SERS nanotag and (ii) the readout by a SERS reader.

Fig. 4 depicts the most widely used formats of iSERS assays
(from top to bottom). The workflow is schematically shown
(from left to right) and begins with the sample (left column).
Real-world samples are usually complex mixtures that, among
many other molecular components, may also contain the target
protein. A matched pair of antibodies directed against two
different epitopes of this antigen (= target protein) is employed:
capture and detection antibody. The role of the capture antibody
is to immobilise the target protein onto a substrate to separate it
from all other components of the mixture. All four depicted iSERS
assay types essentially differ only in the type of substrate that is
used in a particular assay platform (middle column). The capture
antibody is immobilised to this substrate (from top to bottom): a
glass or gold substrate, a magnetic immuno-bead, a blotting
membrane, or a lateral flow assay strip.

The role of the detection antibody is to enable the detection
of the immobilised target proteins. In iSERS nanotag-based
immunoassays (right column), the detection antibody is con-
jugated to a SERS nanotag (= iSERS nanotag). Molecular recog-
nition of the target protein by the iSERS nanotags leads to the
formation of a sandwich immuno-complex: the target protein
is sandwiched between capture and detection antibodies.
Unbound iSERS nanotags must be washed away since they give
rise to false-positive results. The SERS signal of the SERS
nanotag in the sandwich immuno-complexes is directly propor-
tional to their number and thereby enables quantitative detec-
tion of proteins. Since iSERS nanotags can be detected even at
the single-particle level (see Section 1 and 3), iSERS assays are
exquisitely sensitive.

Validity and reliability are two key parameters of each test.
Validity means that you actually measure what is specified and
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intended to be measured. Reliability means that you measure
something in a reproducible way with both accuracy and
precision. Both of these central aspects, validity and reliability,
certainly also apply to iSERS assays.

Validity in the context of iSERS assays is synonymous with
specificity. Since iSERS - as every ‘“immuno’-technique - relies
on molecular recognition of proteins by antibodies, the validity
of an iSERS assay critically depends on the functional integrity
of the corresponding capture and target antibodies. Cross-
reactions with proteins other than the target antigen should
be minimal and tested in control experiments. Non-specific
binding due to electrostatic or non-covalent interactions is a
limitation to specificity. Attempts to increase binding affinity
and to reduce non-specific binding are therefore important.
Porter and co-workers, for example, presented a strategy
employing a rotating disk for increasing binding affinity
(Fig. 5a-i).** Shiddiky, Trau, and co-workers developed molecular
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nano shearing for reducing non-specific adsorption of non-target
protein molecules from solid/liquid interfaces by applying an
alternating electric field to the electrode surface (Fig. 5a-ii).**
Reliability in the context of iSERS assay means that the
standard deviation of the measured values is small (precision),
and their mean value is close to the true value (accuracy). The
addition of a defined amount (= spiking) of an isotope-edited
specimen as an internal standard to a sample is an elegant and
commonly employed approach in analytical chemistry, for
example, in mass spectrometry, for improving accuracy. Zhang,
Ben-Amotz, and co-workers introduced the isotope-edited inter-
nal standard method to the SERS field.*> Sampling errors are a
common error source in SERS measurements since the dia-
meter of the laser spot, typically on the order of only a few
microns, is much smaller than the large dimensions of the
macroscopic sample that is typically in the mm to cm range.
In order to reduce the sampling error and to increase the
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precision of iSERS assays, Wang, Schliicker, and co-workers
employed a point-mapping strategy in which the solid substrate
was raster-scanned in both x- and y-direction; the inhomogeneous

This journal is © The Royal Society of Chemistry 2024

spatial distribution of the immunocomplexes at low target con-
centrations was visualised in the corresponding SERS false-colour
images (Fig. 5b-i).">* Porter and co-workers employed a different
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strategy to address the sampling error: they increased the laser
spot size and thereby covered larger areas of the sample within an
individual measurement (Fig. 5b-ii).*® On LFA strips (¢f Fig. 4
bottom), the immunocomplexes are immobilised on a test line
with dimensions on the order of a few mm, typically 3-4 mm in
width and 1-2 in length. Also in this case, the sampling problem
does apply when research-grade confocal Raman microscopes
with diffraction-limited laser spots are employed for raster scan-
ning with point illumination. Long acquisition times of several
hours prevented applications in point-of-care testing (POCT).
Additionally, the large price of research-grade Raman instrumen-
tation was an obvious hurdle to applying this powerful technology
outside academic laboratories. Schliicker and co-workers
addressed both issues - the drastic reduction of both time and
prize by 2-3 orders of magnitude, respectively — by developing a
home-built compact SERS reader (Fig. 5¢) comprising a powerful
small laser, a custom-made fibre optic probe with line focus
illumination, a motor-driven linear stage for moving the LFA strip
along the flow direction, and a portable spectrometer with
CCD.*?* Portable instrumentation has additional technical
requirements, such as battery-driven devices that make the user
independent from power grid connections. Towards this end,
Wang and co-workers, as well as Kang, Lee, Chen, Choo and co-
workers, presented portable SERS readers (Fig. 5d-i and ii).”">"
Faulds, Keegan, Graham and co-workers demonstrated even a
handheld approach: instead of using a conventional benchtop
Raman instrument, a handheld Raman spectrometer was
employed for optical excitation and readout (Fig. 5€).>* Finally,
some applications demand the detection of many samples in a
high-throughput format. Microwell plates, often with 96 or even
384 wells, are an ideal platform for analysing multiple samples.
Kang, Chen, Yoon, Choo and co-workers integrated ELISA (not
shown in Fig. 4, ¢f Section 3) using a 384-well plate (glass
substrate) with an iSERS assay (Fig. 5f).>* A 10-fold improvement
compared to conventional ELISA and a 100-fold improvement
compared to LFA detection was shown.

6. iISERS microscopy

Fluorescence imaging is an extensively utilised optical technol-
ogy that employs fluorophores as labels to gather diverse
information on biomolecules, cell organelles, etc. One of the
unique facets of this technology is that various colours can be
employed to track different biomolecules. Multicolour fluores-
cence microscopy enables researchers to observe colocalisation
and, in turn, to elucidate potential interactions between differ-
ent types of biomolecules. Notwithstanding the benefits, there
are critical inherent limitations associated with this technology.
For instance, photobleaching is a ubiquitous phenomenon where
exposure to continuous excitation light can alter the molecular
structure, causing non-fluorescent behavior. Consequently, this
technology is not ideally suited for continuous imaging obser-
vations. In addition, organic fluorophores usually exhibit poor
solubility in aqueous solutions, which causes the compounds
themselves to aggregate or cause protein aggregation.’*
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Although multiple detection channels are possible, the number
of available colours is restricted by the relatively broad spectral
emission profiles of molecular fluorophores that are prone to
spectral overlap. Additionally, the technology is vulnerable to
autofluorescence, leading to image distortion and blurring.>”

The ideal labels/tags for bioimaging possess specific char-
acteristics such as photostability, high contrast, capability of
spectral multiplexing, and can be applied in aqueous environ-
ment. iSERS microscopy is a suitable candidate as it meets all
of these requirements. The utilisation of iSERS nanotags for
bioimaging has emerged as a powerful multi-colour technique,
e.g., for identifying colocalised targets. Additionally, the spec-
tral intensity directly provides quantitative information about
the tagged protein.>® Furthermore, the optical stability of iSERS
offers advantages for continuous imaging. The flexibility of
choosing the laser excitation wavelength matching the nano-
tag’s plasmonic properties enables distortion-free and blur-free
observations through bioimaging in the ‘biological window’,””
which is immune to influences such as autofluorescence.
However, one notable drawback of iSERS is the relatively large
size of the nanotag, which should be considered in the experi-
mental design for bioimaging. Overall, iSERS microscopy is a
powerful method for multi-colour quantitative bioimaging
in situations where the target proteins are readily accessible.

Fig. 6 depicts the concept of multi-colour cell- and tissue-
based iSERS microscopy (Fig. 6a) together with selected appli-
cations in cell (Fig. 6b) and tissue (Fig. 6¢) research. The
different Raman reporter molecules on the surface of the
plasmonic core are colour-encoded in (Fig. 6a): each colour
represents the spectral barcode of the iSERS nanotag. Hyper-
spectral data sets in iSERS microscopy are usually obtained by
raster scanning the sample in two dimensions. At each pixel, a
Raman spectrum is detected and subsequently spectrally
decomposed into the contributions from each iSERS nanotag
by using their known individual spectral signatures. Finally, a
set of false-colour Raman images is obtained, where each image
shows the localisation of the corresponding antigen (Fig. 6a
right).

Common to all applications of multiplexed iSERS micro-
scopy in cell - (Fig. 6b) and tissue-based (Fig. 6¢) research is the
ability to simultaneously probe a set of protein biomarkers in a
quantitative approach. This includes the localisation of each
target protein (spatial information) as well as the degree of its
over- or underexpression (quantitative information). For exam-
ple, cancer cells usually differ from normal cells in the expres-
sion of so-called cancer biomarkers (Fig. 6b-i). Even cells from
the same cell line, ie., with the “same” genetic information,
may be quite heterogeneous in terms of their phenotype.
Quantification of the expression levels of each biomarker,
therefore, allows phenotyping (Fig. 6b-ii). Also, the response
to therapy can be monitored at the molecular level, for example,
the reduction in the expression of a particular cancer biomar-
ker after drug treatment (Fig. 6b-iii). The latter is of importance,
for example, in the context of personalised medicine. Tissue-
based applications of multiplexed iSERS microscopy also ben-
efit from the simultaneous, quantitative localisation of a set of
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protein biomarkers (Fig. 6¢). Multiplexed immunohistochem-
istry by iSERS microscopy, for example, offers more detailed
insights compared to conventional immunohistochemistry,
addressing only single biomarkers. This type of “molecular
profiling” can also be exploited in or near the operating room
when decisions on tumour margins must be made by differ-
entiating between tissue material that is kept (healthy) vs what
needs to be removed (cancerous).

Fig. 7 highlights selected examples of iSERS microscopy on
single cells. HER2 is an important biomarker in breast cancer.
Jeong, Cho, and Lee were the first to demonstrate the selec-
tive localisation of HER2 and CD10 on cellular membranes by
iSERS microscopy in late 2006 by using relatively large
(>100 nm) SERS nanotags (“SERS dots”): a comparison of
the bright-field image and the signals recorded in the corres-
ponding Raman mapping is shown in Fig. 7a."”

Biris, Zharov, and co-workers demonstrated the identifi-
cation of circulating tumour cells (CTC) by four-colour iSERS
microscopy (Fig. 7b). Results from the transmission and multi-
plex iSERS imaging of a single MCF-7 cell among 90000
fibroblast cells have demonstrated that iSERS nanotags, due
to their high sensitivity and high multiplexing capacity, are
extremely attractive to be modified with recognition molecules
against different biomarkers for CTC profiling.”®

This journal is © The Royal Society of Chemistry 2024

In order to further promote multiplexed imaging applica-
tions of single-cell iISERS microscopy, Schliicker, Kasimir-Bauer
and co-workers demonstrated 6-color iSERS imaging of HER2
on the same single SkBr-3 cell (Fig. 7c). The six false-colour
Raman images show the spectral intensities I; to I for each
individual iSERS nanotag. Their overlap I is the sum of
contributions from all iSERS nanotags; the selective localisa-
tion of HER2 on the cell membrane is clearly visible and is
additionally confirmed by comparison with the corresponding
white light image on the right.*

Quantification of important marker proteins is essential for
the clinical classification of tumour stages and the evaluation
of therapeutic effects. For example, quantitative analysis of
programmed cell death receptor ligand 1 (PD-L1), which is an
important immune checkpoint molecule, may guide PD-L1-
based personalised therapy. Tian, Zheng and co-workers loca-
lised PD-L1 on single triple-negative breast cancer cells and also
monitored its expression variation during drug treatment
(Fig. 7d). The Raman intensity of the peak at 1530 cm '
reflected that the PD-L1 expression levels of HCC38, MDA-
MB-231, and MCF-7 cells progressively increased after stimu-
lation with different concentrations of IFN-y.>° Tsao and co-
workers monitored cellular phenotypic changes of melanoma
cell lines harbouring BRAF mutations in response to BRAF

Chem. Soc. Rev., 2024, 53, 6675-6693 | 6687
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SKBR3 cell. Reprinted with permission from ref. 30. Copyright 2020 American Chemical Society. (d) Localisation of PD-L1 on single triple-negative breast
cancer cells and monitoring of its expression variation during drug treatment. Reprinted with permission from ref. 59. Copyright 2018 American

Association for the Advancement of Science.

inhibitor (PLX4720), showing that distinct subpopulations were
formed upon PLX4720 treatment. They further collected blood
samples serially from 10 stage-IV melanoma patients at differ-
ent time points during the treatment course and monitored the
phenotypic changes of the CTC. CTC populations were found
to shift after treatment with dabrafenib and trametinib for
40 days, demonstrating the capability of iSERS imaging in
characterising CTC evolution in clinical applications.®

Fig. 8 highlights selected applications of tissue-based iSERS
microscopy. Schliicker and co-workers demonstrated the proof
of concept for tissue-based iSERS microscopy in early 2006
(Fig. 8a) by using SERS-labeled primary antibodies to localise
PSA on FFPE prostate tissue sections.'® The numbers (1) to (5)
in the white light image (i) indicate different regions: (1)-(3)
epithelium, (4) stroma, and (5) lumen. The corresponding
spectra recorded at these locations demonstrate the specific
presence of PSA in the epithelium.

In the context of personalised medicine, a cocktail of immune
checkpoint (ICP) inhibitors is expected to maximise the immune
response rates of patients compared to the conventional single-
drug treatment strategy in cancer immunotherapy. The prediction
of such optimal combinations requires multiplexed imaging
techniques such as iSERS microscopy and suitable data analysis.

6688 | Chem. Soc. Rev., 2024, 53, 6675-6693

Ye and co-workers applied 10-colour iSERS microscopy for probing
a panel of 10 ICP inhibitors (Fig. 8b) on breast cancer biopsies; the
results obtained from three patients are shown together with the
corresponding bright-field image on the left.*>

FFPE tissue sections, the workhorse in traditional pathology,
require antigen retrieval before immunostaining. Zhang,
Schliicker, and co-workers studied the role of antigen retrieval
on the quality of the resulting Raman false-colour images
obtained in iSERS microscopy for localising PSA on FFPE
prostate tissue (Fig. 8¢c).®" Specifically, they compared heat-
induced epitope retrieval (HIER) (Fig. 8c-i) and protease-
induced epitope retrieval (PIER) (Fig. 8c-ii). PIER clearly pro-
duced better results than HIER, as evidenced by the staining
quality, including negative controls with isotype antibodies.

Surgery is one of the most effective and widely used proce-
dures in treating human cancers, but the major problem is that
the surgeon often fails to remove the entire tumour, leaving
behind tumour-positive margins, metastatic lymph nodes, and/
or satellite tumour nodules. If postoperative pathology identi-
fies residual tumours at the surgical margins, re-excision
surgeries are often necessary, which comes along with additional
expenses and risks for the patient. Therefore, intraoperative
methods that can identify residual tumours and guide their

This journal is © The Royal Society of Chemistry 2024
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complete removal during tumour-resection procedures are highly
desired in the clinic. In 2011, Gambhir and coworkers demon-
strated the feasibility of iSERS microscopy for detecting the
tumour marker epidermal growth factor receptor (EGFR) ex vivo
in explanted xenograft tumours from mice (Fig. 8d).>® Fig. 8d-i
shows bright-field (top) and SERS false-colour (bottom) images of
tissue incubated with iSERS nanotags directed against EGFR by
using an EGFR affibody (Affibody) as well as two negative controls:
tissue pre-incubated with free EGFR affibody for competitive
inhibition (Inhibit) and untargeted SERS nanotags (Blank); the
corresponding Raman spectra are shown in Fig. 8d-ii.
Non-specific binding limits the reliability of iSERS imaging and
it is difficult to eliminate completely. Based on the assumption
that nontargeted SERS nanotags reflect the non-specific binding of
iSERS nanotags, Liu et al. developed a ratiometric approach: an
equimolar mixture of targeted NPs (iSERS nanotags) and nontar-
geted NP (SERS nanotags) are topically applied (Fig. 8e-i) ex vivo to
fresh tissue specimens resected during surgery for intraoperative
guidance (Fig. 8e-ii). Ratiometric SERS images, constructed using
the ratio of the Raman signals from both NP types, should more
reliably reflect the molecular expression of tumour markers.
Fig. 8e-iii depicts results on EGFR expression in tumour xenografts
(SkBr3, U251, and A431) that express various levels of EGFR, while

This journal is © The Royal Society of Chemistry 2024

Fig. 8e-iv depicts results on HER2 expression in human breast
cancer specimens.®” In a subsequent clinical study, multiplexed
iSERS imaging of four biomarkers (HER2, ER, EGFR, and CD44) in
57 freshly excised breast specimens enabled highly sensitive and
specific discrimination of carcinoma, demonstrating the poten-
tial of iSERS for intraoperative guidance to reduce the rate of
re-excision in cancer patients.®®

7. Outlook and perspectives

iSERS nanotags are an attractive and powerful optical labelling
technique for use in both protein bioassays and ex vivo imaging
because they offer a unique combination of features such as
quantification, sensitivity, photostability, and dense multiplex-
ing for simultaneous target detection/localisation. iSERS has
also already shown enormous potential in biomedical applica-
tions, in particular for the development of clinical diagnostic
assays and imaging tools. Since both iSERS bioassays and
imaging rely on iSERS nanotags, substantial efforts should be
undertaken to control the monodispersity and homogeneity of
iSERS nanotags to achieve more reliable qualitative and, in
particular, quantitative results.
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To this end, significant advances in the rational design and
synthesis of bright noble metal nanoparticles as the core of
SERS nanotags have been accomplished, including the control
over size and shape as well as over nano assemblies with
multiple hot spots.®® We feel that more concerted efforts from
both material scientists and colloidal/physical chemists are still
necessary to increase reproducibility by producing highly uni-
form and bright SERS nanotags that can be detected at the
single-particle level. Such SERS nanotags with uniform bright-
ness across many single particles require both uniform plas-
monic enhancement and Raman reporters with uniform
Raman signal contributions; the latter is the result of two
effects: surface coverage and Raman scattering cross-section.
Accurate quantification, especially at low or even ultra-low
concentrations, requires uniform SERS nanotags. Uniform
iSERS nanotags, in addition to uniform brightness, require
uniform binding properties. Important aspects in this respect
are the number of antibodies as well as their orientation and
accessibility. Therefore, optimal bio-conjugation strategies
need to be applied to ensure maximum binding of the iSERS
nanotags to the target protein. Overall, the workflow of produ-
cing iSERS nanotags is complicated since it requires multiple,
time- and labour-consuming steps. In the future, the produc-
tion of uniform iSERS nanotags or at least uniform SERS
nanotags might be achieved by automated synthesis using a
robot.®” If the synthesis yields are not close to 100%, then
purification strategies for obtaining purified colloids with a
well-defined composition (no mixtures) are recommended.®®
Currently, iSERS nanotags are usually freshly prepared prior to
iSERS experiments. To reduce the workload for sample pre-
paration, large batches of particles should be produced and
stored. Storage of iSERS nanotags requires improvement of
their stability by a protective coating (e.g., polymer, silica). For
example, for POCT in tropical and subtropical locations, iSERS
nanotags in LFA strips must tolerate high temperatures.®’ Also,
other applications may involve harsh conditions such as high
ionic strength or cryogenic temperatures.

Most publications of iSERS assays employed purified sys-
tems, such as proteins in water or buffer, and obtained very low
limits of detection (LOD). In contrast, clinical specimens are
much more complex mixtures involving unknown matrix
effects. A few studies have shown that the LOD is much higher
when using patient samples compared to pure proteins in the
buffer.* A substantial effort should be invested in sample
preparation, not only to purify or isolate the target proteins
from the complex matrix but also for the design and optimisa-
tion of the entire iSERS workflow. Only then, in our opinion, we
will be able to fully exploit the so far unexplored area of
biologically highly active species that are abundant at very
low concentrations in complex clinical specimens.

The field of immunoassays continues to face challenges,
such as specificity, that require further improvements.*®*°
This applies to all receptor-ligand interactions, including
that between antigens and antibodies.”” A major obstacle is
non-specific binding including cross-reactivity. Obviously,
improving the specificity of iSERS assays also faces these

6690 | Chem. Soc. Rev., 2024, 53, 6675-6693

View Article Online

Chem Soc Rev

challenges. The advent of SERS readout has paved the way for
highly sensitive detection, enabling studies in the low concen-
tration regime that were hitherto unexplored. However, this
development also poses a new challenge in the form of assay
errors caused by non-specific binding, which so far has been
overlooked but became observable by highly sensitive SERS.>?
An illustrative example”" that highlights this aspect in a quan-
titative fashion is the discrepancy between the detection limits
of protein targets in buffer vs. serum: at high concentrations,
there is almost no difference in the detection limits, while they
differ by three orders of magnitude at low concentrations in
that particular case. This observation suggests an association
with non-specific binding to components of the complex sam-
ple matrix and/or platform materials such as assay substrates.”

Various solutions to this debate have been proposed in the
clinical assay field for a long time, and researchers have
implemented designs and strategies that take them into
account. Representative solutions for minimising interference
with non-specific binding and cross-reactions include separation
or chemical destruction of non-specific reactants such as
ligands,”* selection and optimisation of assay methods,”* optimi-
sation of incubation time based on thermodynamics and reaction
kinetics,”> selection of the most specific antibodies’>”” and the
most effective blocking.”® The extended surface area of the
colloidal nanoparticles within the iSERS platform requires careful
considerations to impede non-specific binding. In addition to
BSA, which is commonly used as a blocking reagent, other types of
blocking strategies can be applied.” Alternative strategies may be
inspired from colocalization in two-colour single-molecule
fluorescence microscopy for identifying accurately formed sand-
wich immuno-complexes.®* Another approach to minimise non-
specific binding, in addition to those mentioned in Section 5, is to
improve the specificity of iSERS nanotags by optimising the
bioconjugation of the antibodies with the nanotags including
their orientation on the particle surface.?"*

Quantification of target proteins is still a challenge of
practical iSERS applications on real-world samples. There are
two potential ways to improve quantification by iSERS. One way
is to adopt the method of the internal Raman standard and
integrate it into the workflow of iSERS assays with iSERS
nanotags.®® The second way is based on digital reading where,
in contrast to a single intensity detected in ensemble measure-
ments, the distribution function of the molecules is measured
by counting the signal.®* Validation is a further important
aspect of obtaining accurate quantification. We strongly recom-
mend that results from iSERS assays should be validated with a
gold standard (e.g., ELISA, ECL) or, if not possible, at least
cross-validated with other methods.®>®® This is especially
important in the context of clinical samples.

Compact and affordable instrumentation for iSERS assays is
necessary for applications outside academic laboratories, espe-
cially for POCT. Ideally, portable or handheld readers are
available. This suggests the engagement of industry, especially
Raman instrument manufacturers. In this respect, the requirements
of iSERS microscopy differ from those of iSERS assays. Since the
first demonstration of iSERS microscopy by combining Raman

This journal is © The Royal Society of Chemistry 2024
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microscopy with iSERS nanotags for tissue imaging,'® significant
advances have been made. Future developments should aim to
further develop iSERS imaging to make it an important diagnostic
tool that complements other imaging modalities such as magnetic
resonance imaging (MRI), fluorescence imaging, and computed
tomography. Developing multi-modal approaches is quite promising
since multiple independent imaging techniques provide more com-
prehensive data (morphology, location, biodistribution) than
a single technique and open a new window for more accurate
diagnosis.

The imaging speed in iSERS is still a major concern,
especially in scenarios that require fast decision-making. The
challenge here is still the development of rapid confocal Raman
microscopes that could be used for large-area tissue imaging.
Although wide-field Raman imaging for a few colours has been
developed, more effort is necessary to develop imaging tools for
multiplexed imaging in combination with fast data acquisition
(e.g., using line-focus imaging rather than point-by-point
mapping).®”*® For improving image contrast for accurate diag-
nosis, minimisation of autofluorescence using time-gated Raman
techniques® might be considered for use in iSERS imaging.

Translation to a clinical environment and POCT not only
requires suitable instrumentation but also has additional con-
straints. For example, end users typically do not have expertise in
nanotechnology, molecular spectroscopy, or data analysis.
In other words, sample handling, instrumentation, and software
must be intuitive, user-friendly, and easily integrated into the
clinical workflow. The latter includes not only the actual test but
also sample preparation, including pre-processing. For example,
current whole blood testing in traditional clinical laboratories
necessitates sample pre-processing by centrifugation, which is
time-consuming and requires a centrifuge as an instrument. This
can be circumnavigated by elegant pre-processing directly on the
LFA strip using separation pads, which is important for the
implementation of POCT for reducing assay time and cost.’® Only
in collaboration with clinicians, comprehensive clinical studies
involving many patient samples will be feasible. This will then
require standardisation efforts and finally certification according
to medical device and IVD regulations.

Overall, we already have most of the technology in our
hands; it is now the time to show the added value of iSERS to
users outside our iSERS community for really generating a
much broader impact! In the future, multiplexed ultrasensitive
iSERS may even contribute to identify panels of biologically
highly active biomarkers for next-generation molecular profiling.
The future of iSERS, indeed, is bright and colourful!
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