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Surface enhanced Raman scattering (SERS) from biomolecules in living cells enables the sensitive, but
also very selective, probing of their biochemical composition. This minireview discusses the developments
of SERS probing in cells over the past years from the proof-of-principle to observe a biochemical status
to the characterization of molecule—nanostructure and molecule—molecule interactions and cellular pro-
cesses that involve a wide variety of biomolecules and cellular compartments. Progress in applying SERS
as a bioanalytical tool in living cells, to gain a better understanding of cellular physiology and to harness
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the selectivity of SERS, has been achieved by a combination of live cell SERS with several different
approaches. They range from organelle targeting, spectroscopy of relevant molecular models, and the
optimization of plasmonic nanostructures to the application of machine learning and help us to unify the
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1. Introduction: intrinsic SERS from
animal cells

The excitation of localized surface plasmons of nanostructures
can provide very high sensitivity to a Raman experiment
through the high local optical fields that are the main reason
for surface-enhanced Raman scattering (SERS). Although the
discussion of SERS spectra from living eukaryotic cells dates
back much shorter than the discussion of those from bacteria,
about two decades"” have passed during which their potential
and applicability have been assessed. Without the use of any
additional labels, tags or reporter molecules, biomolecules
and their functional groups identify themselves by their own
SERS signal when plasmonic SERS substrates are positioned
inside or around cells. The structural information that is con-
veyed by the SERS spectra is selective, it relies on the proximity
of the molecules or part of a molecule to the plasmonic nano-
structure. The molecule-nanostructure interactions, and
thereby the selectivity in SERS, are determined by the mole-
cules at the surface of the pristine nanostructure. They can be
modified intentionally, e.g., by selecting specific stabilizing
agents during synthesis or functionalization, or they are deter-
mined by the complex bio-environment, which itself is part of
the analyte. The necessity to use plasmonic nanoparticles so
that the enhanced vibrational signal from molecules in the cell
is obtained, would justify classification of the nanoparticles as
‘labels’ as well in a strict sense. Nevertheless, often the term
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information from defined biomolecules and from the cell as an extremely complex system.

‘label-free SERS’ is used, as opposed to so-called SERS tags
that have become frequently used to highlight parts of cells
based on the spectra of extrinsic reporter molecules that can
even be quantified.’

Many initial concerns regarding its actual applicability have
been resolved since the first reports on live cell SERS. The
main credit for this can be given to numerous applications
that explicitly utilize the selectivity of a SERS experiment with
respect to a cellular compartment, a particular molecular
species, or molecular interaction. In contrast, aiming for a
comprehensive description of the molecular composition of
cells, without addressing a (literal) target, usually fails. Many
challenges related to having a plasmonic substrate available at
a specific location or compartment of a cell have been tackled
with the help of biotechnology and drug delivery, such as the
long-known concept of attaching localization sequences to
nanostructures® or by applying specific incubation conditions.
In turn, SERS has revealed itself as a useful tool to evaluate
theranostic approaches that involve nanostructures.” The pro-
cessing of SERS active nanostructures by the living cell and the
success of a particular targeting approach can be validated
thanks to improved ultrastructural imaging and tomography,
e.g. by electron and X-ray microscopy that can be carried out
on the intact cells.® In addition to observing plasmonic nano-
particles in relation to the subcellular ultrastructure,” high-
resolution imaging can also provide a basis for predicting the
enhancement provided by plasmonic nanoaggregates®® in the
complex environments. Important advances have been made
in the development of suitable nanomaterials and immobi-
lized plasmonic nanostructures that provide high enhance-
ment, biocompatibility, and/or multifunctionality for cellular
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probing. Lastly, the omnipresence of machine learning in bio-
diagnostic Raman spectroscopy has not left out the field of
bio-SERS, and over the years the specific requirements of SERS
data from complex samples in an automated analysis became
more obvious.'”"! By combining all these and more aspects, a
range of results have been obtained on molecule-nano-
structure and molecule-molecule interactions in cells by SERS.
In this minireview we would like to discuss the important
new developments in SERS of animal cells of the past few
years and emphasize the transition this research has made
from proof-of-principle to the observation of physiological pro-
cesses in cells. We will show examples that illustrate the type
of qualitative information that is gained from the spectra
measured in different organelles and the outer cell membrane
and the knowledge on SERS of pure biomolecules and cellular
components that is required for a better understanding of the
intracellular SERS. As an important conclusion, we see that,
while understanding cellular processes remains a challenge
due to the complexity of the biological machinery and the
intrinsic difficulties of tracking processes in real time, SERS
has become a unique option that brings us closer to this goal.

2. State of the art: physiological
processes and probes
2.1 Understanding physiological processes with SERS

A wide range of biological and biochemical methods allow for
the characterization of the physiological processes that consti-
tute, e.g., the cellular response to stimuli, metabolism, pro-
liferation, motility, or cell death. Amongst them, SERS has the
advantage of being non-destructive, allowing for the study of
individual living cells in real time, and the possibility of
obtaining information from different molecules simul-
taneously using label-free probes of different physicochemical
properties. The range of physiological processes that can be
followed using SERS has significantly expanded in the last
years, specifically with respect to the simultaneous probing of
several intracellular or extracellular species and a more com-
prehensive understanding of cellular responses.

The interaction between specific proteins and other mole-
cules, either their substrates or inhibitors of activity can be
probed using SERS. The dopamine receptors in living cells
trigger the formation of cAMP when interacting with signaling
molecules such as dopamine or amphetamine. Although not
directly revealing the interaction itself, the intracellular
increase or decrease of cAMP can be probed by SERS using
silica coated silver nanoparticles and the 780 cm™' and
1503 cm™' bands of the molecule as indicators, and therefore
whether the different dopamine receptors trigger the same
signal cascade in the presence of the signaling molecules.'?
Tricyclic antidepressants inhibit acid sphingomyelinase
activity and block lipid degradation pathways, inducing lipid
accumulation (Fig. 1A and B). This process can be identified
by SERS when cells are incubated with gold nanoparticles and
these inhibitors.”® Bands at 1018 cm™ and 818 cm™" related
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to sphingomyelin vibrations are observed in the spectra
(Fig. 1C), which are relevant for identifying antidepressant
treated from non-treated cells, and the presence of cholesterol
bands indicate its accumulation due to inhibition of the
enzyme.'® When selectively probing lysosomes (Fig. 1C), bands
related to the tricyclic antidepressant drug desipramine indi-
cated the intercalation of the molecule’s aromatic rings
between lipid acyl chains.’® The toxicity of different nano-
particles that have no inherent Raman enhancing properties,
such as zinc dioxide, titanium dioxide and single walled
carbon nanotubes, can be followed by SERS in cells incubated
with gold nanoparticles.'® After incubation with these nano-
materials, major changes are observed in SERS bands related
to proteins, particularly for disulfide bonds, the 1000 cm™
phenylalanine band and in the amide III region, suggesting
protein denaturation.™

The apoptotic process in cells is amongst the most studied,
due to its relevance in a vast range of theranostic applications.
The lack of regulation of programmed cell death in cancerous
cells is one of the targets of many bionanotechnological appli-
cations, and SERS spectroscopy has been used to follow the
changes in treated cells and the effectiveness of induced cell
death in different cellular compartments. After treatment of
HepG2 cells with arbin, a cytotoxic, ribosome inactivating
protein, bands related to important protein structural
elements such as disulfide bridges or amide bonds decrease in
intensity with time, while the phenylalanine signal at
1000 cm ™" increases.'® Both changes were discussed as indi-
cators of cell death."”” When studying the apoptotic effect of
cordycepin, an analog of adenosine, in HeLa cells, RNA related
signals decreased with time, suggesting that this drug mole-
cule interferes with RNA production.® Treatment of cells with
doxorubicin, a known chemotherapy agent, can be followed by
SERS both in terms of the cellular response'® and the
efficiency of drug delivery when the carrier is also a SERS
probe.?® Another well-studied chemotherapy agent, cisplatin,
could enhance the activation of a hemeoxygenase and the con-
sequent degradation of heme groups in carbon monoxide.*!
The triple bond Raman signal of carbon monoxide appears in
the ‘Raman silent’ window in the spectra of biological
samples, and CO generation was monitored in real time by
SERS.?*! When cancerous cells are subjected to electrical stimu-
lation to induce cell death, DNA damage was shown to be
evident from the decrease in intensity of adenine related
bands, together with a variation of the methyl/methylene band
at 1459 cm™" and the phosphodiester band at 815 cm™".>*> In
contrast non-cancerous cells show a decrease and further
increase in intensity over treatment time of bands related to
phosphate backbone and nucleobases that suggest successful
DNA repair.”?

The analysis of biomolecules excreted by single cells is a
similar challenge as probing intracellular biomolecules. SERS
can be applied to detect different nutrients and metabolites
simultaneously in the extracellular medium around individual
cells,*** with the possibility of probing the intracellular space
at the same time. Using SERS probes that can be positioned in
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(A, B) Accumulation of lipids in the endolysosomal system upon inhibition of the enzyme acid sphingomyelinase as imaged by transmission

electron microscopy in a cultured cells of fibroblast cell line 3T3. The gold nanoparticles reside between the myelin figures. Scale bars: 100 nm (C)
representative SERS spectra obtained in lysosomes of cells, where lipid accumulation was induced by the three drugs amitriptyline (Ami), desipra-
mine (Des), and imipramine (Imi) and in control cells. Excitation wavelength: 785 nm, acquisition time for the single spectra: 1 s, excitation intensity:
2 x 10° W cm™2. All scale bars: 20 cps. Reproduced with permission from ref. 13, Copyright 2019 American Chemical Society.

the close proximity of individual cells, metabolites can be
detected simultaneously with a previously determined
pattern that consists of the most intense SERS bands for
each species.”>?®
target for understanding cellular communication, and have

Extracellular vesicles are an important

become relevant systems of study for detecting markers for
cancer diagnosis. Although their biomolecular components
probed  using  different  types  of
nanostructures,”””*® SERS characterization is mainly used for

have been

differentiation between exosomes from normal or cancerous

cells.>™32

2.2 Probe properties and applications

Exploring SERS with the aim to follow, directly or indirectly,
the processes or molecules involved in cellular response has
benefited from the advancements made by research on nano-
particle properties and their interaction with cells. Gold
nanoparticles are very efficient SERS substrates for label-free
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cellular probing due to tunable size and shape, which influ-
ence both their enhancement, aggregate formation, and
transport inside cells. The shape of the particles in known to
have an effect on the cellular uptake and retention,****
mediated by the protein corona composition and
structure®?® together with conformational changes of
proteins,®”*® but less is known regarding the selectivity of
nanoparticles of different shapes to probe physiological
process other than particle uptake and transport.>>*® When
gold nanoparticles are generated directly inside cells, the bio-
molecular corona will vary strongly in comparison to endo-
cyted particles. In situ formation of gold nanoparticles was
shown in cell cultures of several animal cell lines and in
their supernatant after incubation with tetrachloroauric acid
in buffer," ™ and the SERS activity of the in situ generated
nanoparticles was reported.*”™*> Interestingly, also hybrid
structures with graphene oxide could be obtained in this
way.”® As was shown, SERS probes the biomolecular species
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involved in the formation of the nanoparticles in situ in the
cell cultures.*

Similar to a multifunctionality that is brought about by a
combined drug-carrier-SERS probe, metallic nanostructures
that provide SERS enhancement can be used for therapy, as
they generate heat when irradiated with light, particularly with
wavelengths close to their plasmon resonance. This is useful
for photothermal treatments, since the heating is highly loca-
lized. Particles used for these treatments can also be used as
SERS probes, and the cellular condition after irradiation can
be assessed based on the vibrational spectra of the bio-
molecules in the environment surrounding the particles.®™®
Recently, materials with SERS properties that do not rely on
the plasmonic properties of gold or silver, such as molyb-
denum oxide,* or 2-D nanomaterials such as black phospho-
rous® or graphene®** have been discussed as well for these
applications.

The relatively facile synthesis of gold and silver nano-
structures by wet-chemistry approaches in aqueous media
enables different possibilities to combine both metals with
other nanomaterials and to provide additional physical and
chemical properties to them that can be beneficial both in
SERS and theranostic applications. As a very popular example,
the combination of silver or gold nanostructures with nano-
particles that provide magnetic properties should be men-
tioned, as the magnetic component can enable manipulation
of cells and tissues in magnetic fields,”>>* especially powerful
in microfluidic structures, where different cell types can be
sorted and exposed to specific environmental conditions. The
composition of the nanoparticle surface of composite nano-
structures of gold with magnetite and silver with magnetite
was characterized by SERS.** Different from a magnetic
moiety, a silica shell can also add additional functions to
unlabeled intracellular SERS probes. As example, core-shell
structures with a plasmonic core that mimic the surface of
silica nanoparticles, termed BrightSilica, have different mole-
cules interacting with their surface depending on the cell type
and the associated route of uptake.’>® At the same time, poro-
sity of the silica shell can be tuned and influenced, therefore,
use of such structures in drug delivery has been discussed as
well.>°

In addition to altered chemical and surface properties,
SERS nanoprobes can also become multifunctional with
respect to the optical properties that can enable much more
versatile detection by a variety of optical signals in addition to
the SERS. While the plasmonic moiety itself can be used for
SERS imaging and also provides large scattering signals that
can be observed in dark field microscopy,’® some inorganic
crystals provide very advantageous non-linear optical pro-
perties®” that make a combined imaging and pre-screening of
probes possible. As shown recently, it is possible to extend the
capabilities of plasmonic nanoprobes that deliver chemical
information through a SERS signature with the requirements
of fast nonlinear imaging.>® There, barium titanate with well-
established use as harmonic probe in second-harmonic gene-
ration (SHG) biomicroscopy was chosen as the core material
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and functionalized with gold or silver nanoparticles. While the
barium titanate core material delivers a strong coherent SHG
signal, the plasmonic nanoparticles on the surface can
enhance Raman scattering, as well as the non-linear incoher-
ent signal of hyper Raman scattering in macrophage cells.>®

3. Probing different cellular
compartments

3.1. Processes at the cellular membrane

While SERS of intracellular compartments requires the incor-
poration, either actively or passively, of SERS substrates into
the cells, the plasma membrane can be brought easily into the
proximity of plasmonic nanostructures.’®®> The selective
probing of membrane proteins and ligand-receptor binding
events at the plasma membrane level is usually assessed by
fluorescence microscopy or other related techniques, but
several recent examples show that SERS probing can provide a
lot of additional chemical information without the addition of
label molecules.

Adherent cells represent an advantage for studying the
plasma membrane, since they can be grown directly on 2D
plasmonic substrates. On gold nanoisland decorated cover
glasses, relevant features from the lipid bilayer structure can
be studied in spite of the inherently low Raman cross section
of lipids.®®"®* By probing the polar heads and the acyl chains
of the lipids in the membrane outer leaflet, specific lipid/lipid
interactions and membrane properties can be distinguished.
As examples, regions of higher or lower degrees of order of the
lipid acyl chains are evidenced by the presence of specific C-C
stretching frequencies in the spectra from different membrane
regions (see Fig. 2), in agreement with known differences in
the fluidity of the plasma membrane at different positions.®*
Moreover, bands related to vibrations of phosphatidylethanola-
mine, a lipid mainly found in the inner leaflet of the mem-
brane and that increases disorder in lipid bilayers are found in
the regions with less order of the lipid tails, while cholesterol
signals co-occur mainly with vibrations of ordered acyl
chains.®* When mesenchymal stromal cells are grown on such
gold nanoisland substrates, the formation of collagen and
hydroxyapatite, characteristic of the stromal cells differen-
tiation into osteoblasts, can be followed by SERS, and the role
of the extracellular matrix in the differentiation can be better
understood,®” in addition to a characterization of lipids, pro-
teins and carbohydrates and their co-localization in the
membrane.®®

Probing specific constituents of the plasma membrane can
provide information about the general physiological condition
of the cells. Phosphatidylserine, a plasma membrane lipid, is
usually located in the inner leaflet of the plasma membrane,
but is translocated to the exterior leaflet during apoptosis.
Cells subjected to electrical stimulation show this transloca-
tion, which was probed using zinc based metal organic frame-
works decorated with gold nanoparticles, where zinc is able to
interact with the phosphate head groups of the lipid mem-
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Fig. 2 Distribution of characteristic SERS signals related to the components of the cellular membrane in a cell grown on a gold nanoisland sub-
strate, where the cell membrane can be probed selectively, overlaid with a bright field image of the cell. Chemical images are generated by mapping

the intensity of the bands at 420 cm™ and 700 cm™ assigned to cholesterol, 720 cm™ and 870 cm™ to C—N stretching of choline group, 760 cm

-1

to the ethanolamine group in phosphatidylethanolamine, 820 cm™ to phosphate group in phospholipids, 1070 cm™, 1090 cm™, and 1130 cm™ to
C-C stretching of lipid tails, 1435 cm™ to CH,, CHsz deformations of alkyl chains, 650 cm™ to C—S stretching in proteins, 1000 cm™ to phenyl-
alanine. All scale bars: 5 um. Reproduced with permission from ref. 61, Copyright 2021 American Chemical Society.

brane.®® Following the increasing 1152 cm™" band related to
phosphatidylserine and the decrease of a phosphate signal
with increasing applied voltages, the effect is greater for can-
cerous cells when compared to non-cancerous cells.”® The
phosphatidylserine in the outer membrane leaflet can also
interact strongly with silver cations, and an in situ reduction by
hydroxylamine generates a highly localized SERS probe that
allows the characterization of the membrane composition
during the apoptotic process.®*

Gold nanostars functionalized with a known peptide
sequence that targets o,f; integrins, transmembrane proteins
involved in activating intracellular pathways and common
drug target, restrict the formation of a protein corona around
the particles and can therefore probe the binding interaction
and other biomolecules in the immediate surroundings.®®
This specific system can also be exploited to track the protein-
particle tandem movement at the cell surface.®

3.2 Exploring endolysosomal pathways

The most common active route for incorporating metallic
nanostructures into living cells is endocytosis, where particles
remain enclosed in vesicles and transit the intracellular space
through the endolysosomal pathway. Usually, the diversity of
biomolecules in the endolysosomal compartments can be
probed by SERS spectroscopy, even in real time,®”®® as the
molecules access the nanoparticle surface, known to happen
to different extent for different nanoparticle materials.”*>>°°
With a so-called ‘pulse-chase’ strategy, where cells are incu-
bated with nanoparticles for a certain period of time (‘pulse’),
and then are incubated in fresh medium until further
measurements (‘chase’), it is possible to probe selectively the
biomolecular environment of particles in vesicles of a specific
age, along the endolysosomal pathway.”””> The composition
of endolysosomes varies for the different stages, cell lines, and
incubation conditions.>***7%7>7® The actual intraendosomal
probing, rather than probing of the cytosol, is indicated by the
higher abundance of signals related to hydrophobic protein

5318 | Nanoscale, 2022, 14, 5314-5328

residues and lack of bands due to protein backbone vibrations,
as was found by collecting the spectra of isolated cytoplasm.”*
Specific biomolecules can be monitored in endolysosomal
vesicles, depending on the function of particular endosomes
and because of the dynamic composition, e.g., due to inter-
action and fusion with other vesicles. Particularly lysosomes,
where biomolecules are degraded, have been studied. In
addition to protein fragmentation that was observed in vivo in
the cells,”* endolysosomal lipid metabolism was characterized
in diseased cells, e.g., by fusion of endolysosomes with vacu-
oles that contain parasites,” or the inhibition of enzymes in
lipid breakdown.™

The dependence of the endolysosomal spectra were very
obvious in experiments with cells from different cell lines
incubated with gold nanostars, due to the cell line specific pro-
cessing of these nanoparticles.>**® In HCT-116 colorectal
cancer cells, we found a higher abundance of amide III and
lipids related bands, while 3T3 fibroblasts presented more
signals from aromatic amino acid side chains, together with
disulfide and carbon sulfide bands (Fig. 3A and B).*° Such
differences in particle processing are already observed for
short incubation times, as was studied for the non-macro-
phage cell lines 3T3 and HCT-116, and J774 macrophages.®®
One common trend in the SERS spectra of these cells incu-
bated with nanostars is that depending on nanostar mor-
phology, specifically the tip length, interaction with the sur-
rounding intracellular biomolecules is quite different: for
increasing tip length, SERS spectra show a higher abundance
of lipid related bands and fewer protein related bands
(Fig. 3C).>>*° Possible different active uptake processes in cells
give rise to different SERS spectra not only from the different
proteins and lipids of the vesicles, but also from differences in
the culture medium and the protein corona that is formed.”*”®

Autophagy is a self-regulated process in cells, where specific
vesicles engulf damaged organelles or other biomolecules and
direct them to the lysosome for degradation. This process is
amplified in response to unfavorable conditions such as star-

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Relative band occurrence in SERS spectra from (A) HCT-116 cells
incubated for 24 h with gold nanostars synthesized with 25 mM HEPES;
(B) 3T3 cells incubated for 24 h with gold nanostars synthesized with
25 mM HEPES; (C) 3T3 cells incubated for 24 h with gold nanostars syn-
thesized with 75 mM HEPES. Insets: TEM micrographs of gold nanostars
synthesized with 25 mM HEPES (A) and 75 mM HEPES (C) that were
shown to have different tip length. Adapted from ref. 40 with permission
from the Royal Society of Chemistry. Copyright 2020 RSC.

vation, and may lead to cellular death. Fucoidan, a natural
occurring polysaccharide, is a promoter of autophagy and can
be used as a reducing agent to synthesize gold nanoparticles.””
Using the particles as SERS probes, the transit from uptake to
autolysosome formation and cellular death can be followed by
the different bands observed in the spectra over time.””
Autophagy associated vesicles can be selectively probed via
SERS, with Ag@Au core-shell nanoparticles that induce auto-
phagy and inhibitors of the formation of different fusion vesi-
cles along the process.”® Lysosomes can be extracted from cells
and the activity of the degradation proteins induced by

This journal is © The Royal Society of Chemistry 2022
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depletion of glucose, emulating a digestive step in an autopha-
gic process.”” SERS spectra obtained from the interaction of
the outer region of these vesicles with gold nanorods show
protein and lipid structural bands that suggest an active degra-
dation of these biomolecules.”®

SERS of living cells benefits greatly from using nano-
structures whose surface is accessible for the surrounding
molecules. The composition of the particular cell culture
medium plays an important role in the formation of the bio-
molecular corona, with different composition and stability of
the adsorbed species on different nanoparticle materials.®
Changes in the composition alter the uptake efficiency.”®*°
The success in probing the intracellular environment in this
case depends greatly on whether and which molecules are
used for potential functionalization, how they change the
uptake dynamics and how accessible the particle surface
remains.”®®"®? Cells incubated with gold nanoparticles func-
tionalized with polyadenine show different interactions within
the same incubation period as non-functionalized particles.®*
While the bare gold nanoparticles interact mainly with lipids
after 4 h, and for longer incubation times lipid bands decrease
and protein and nucleic acid related bands increase,
functionalization with polyadenine results in a decreased
interaction with lipids at shorter times and faster appearance
of protein related bands in the spectra, suggesting that this
functionalization facilitates cellular uptake of nanoparticles
and induces a faster formation of endosomes.®’ Composite
Au@BaTiO; nanoparticles that are synthesized in the presence
of polyvinylpyrrolidone (PVP) benefit from lipid coating before
delivery into cells for SERS probing,>® since it increases their
biocompatibility and uptake by the cells.

3.3 Challenges in targeting the nuclei

In order to probe organelles other than endolysosomal vesicles
or the outer cell membrane, particles have to be functionalized
with targeting molecules that the cell can recognize for
trafficking the particles to a specific location. The basic
concept of targeting has been known for four decades, and
was also proven by using gold nanoparticles that at that time
were visualized by electron microscopy.® Localization
sequences are small peptides of cellular or viral origin that the
cell identifies as directors for trafficking proteins to the tar-
geted organelle. For delivery of nanostructures to the nucleus,
nuclear localization sequences (NLS) can be used.*®*”%>7%* In
recent work we found that, when gold nanoparticles were func-
tionalized with adenoviral and simianviral NLS, their actual
entry into the nucleus occurs only for specific time sequences
in a ‘pulse-chase’ experiment, but not for any incubation con-
dition.** Combined SERS and electron microscopy data indi-
cated that the nanoparticles are processed differently in the
endolysosomal system when they carry an NLS, even when they
do not undergo endosomal escape.’” In the situation where
endosomal escape does not take place, the endosomal mole-
cular composition and interaction of the modified gold nano-
particles resembles that of unmodified nanoparticles. At the
same time, the SERS spectra indicated special molecular pro-
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perties of the intracellular agglomerates, which was related to
their ‘attempt’ to engage in endosomal escape. For nano-
particles that made it into the nucleus, bands related to
nucleic acid vibrations, such as thymine at 753 ecm™" or cyto-
sine and adenine at 1246 cm ™" appeared more often.® These
combined SERS and electron microscopy experiments show
that optimum incubation conditions for nuclear localization
must be identified in order to utilize SERS signals from the
nucleus. Experiments that can reveal the interaction of SERS
nanoprobes with the cells at the level of the cellular ultrastruc-
ture, particularly electron microscopy and nanotomography
based on X-ray microscopy have proven indispensable for
understanding and controlling the targeting of organelles.”’*?

SERS spectra from the nucleus can probe changes that
occur when cells undergo specific treatments or programmed
cell death. The effect of hyperoxia in mouse lung fibroblasts
cells,* and cell damage upon UV irradiation®* were followed
by SERS in the nucleus, using gold nanocubes with NLS.
Interestingly, cancerous cells exposed to UV-C irradiation show
an increase of a band assigned to C-S vibrations of glutha-
tione, indicating that the cells counteract reactive oxygen
species, while control cells undergo apoptosis and cannot
recover.®

Gold nanostructures, particularly nanorods have also been
tagged with localization sequences for transport to the
nucleus, with special interest in their further application for
photothermal treatment.””®>%¢ At the same time, their SERS
can be used as reporters on the apoptotic processes that are
induced during such treatment. As examples, murine mela-
noma cells underwent photothermal treatment using gold
nanorods functionalized with both NLS and a cancer-cell
specific peptide, and SERS data taken over time showed dena-
turation of proteins, oxidation of phenylalanine and DNA
degradation in the constituting nucleic acids.*® Moreover,
decrease in intensity of protein related bands, as well as bands
also associated with lipids and lipid head groups were
reported, all suggesting apoptosis-related protein denaturation
and lipid degradation.’” The photothermal properties of the
theranostic nanostructures can be further optimized by using
combined plasmonic and other nanomaterials, such as porous
Ag/Au bimetal nanoshells decorated with carbon dots.*?

SERS signals from the nuclear region of cells, albeit not by
intranuclear probes, have also been reported to be possible by
membrane penetration, without the use of localization
sequences. A multielectrode array of gold pillars was used to
perform in situ electroporation of cells in contact with the sub-
strate, and posterior SERS measurements indicated many
changes in intensity for lipid and protein related bands, but
also for DNA and RNA related bands, both from the nucleo-
bases and from the backbone phosphate bonds of the chains,
suggesting that intact nucleic acids were probed.*® Similarly,
gold nanostars adsorbed on a PVP film were found to report
on composition of the intracellular space.®® For positions close
to the nucleus, bands related mainly to DNA and RNA were
observed, while when far from the nucleus signals from pro-
teins and lipids became more prominent.®’
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3.4 SERS from mitochondria

Nanorods functionalized with a mitochondria localization
sequence were also used for SERS probing, showing spectra
with contributions of bands related to proteins, lipids, and
some nucleobases.”” Moreover, functionalization with tri-
phenylphosphine also allows the targeting of mitochondria,
since this lipophilic cation has been shown to accumulate in
the mitochondrial membrane.’”®" Gold particles functiona-
lized with this cation were used to study the biomolecular
changes in mitochondria during photothermal or chemical
treatments that induce apoptosis, following bands related to
cytochrome c, proteins and lipids.”> The main changes during
photothermal treatment or incubation with chemical inhibi-
tors of different dehydrogenase kinases were observed for the
cytochrome ¢ and disulfide bond bands.”> The response to
photothermal treatment using mitochondria targeted particles
was found to vary for different cell lines.®> HeLa cells showed
damage mainly at the protein level, with the main changes
found in amino acid related bands, while 1.929 and HS8 cells
changes in signals assigned to nucleobases,
suggesting DNA damage.®*

The verification that targeting of specific cellular organelles
by SERS nanoprobes has been one of the main challenges
faced by sub-cellular applications of SERS. Often, the plasmo-
nic properties of the nanostructures are visualized by dark
field microscopy, as they provide strong scattering signals,
nevertheless, inspection of their cellular surroundings is
difficult.®®> % Therefore, sufficient co-localization of the scatter-
ing signals with the organelles is often not clear, even when
large compartments of the cell, such as the nucleus are tar-
geted. Ultrastructural imaging, such as electron microscopy
and X-ray tomography must be used to attain precise co-local-
ization of nanoparticles with respect to the membranes of cel-
lular compartments.”>

showed

4. SERS of molecular models
improves our understanding of
intracellular SERS

While the spectra from pure molecules carry detailed infor-
mation about their structure and interaction with plasmonic
nanostructures, different signal strengths observed for
different molecular species can complicate the extraction of
clear spectral signatures from the SERS data of the cells.
Therefore, appropriate models must be identified for both, the
experiments and the data analysis. Variations in SERS
enhancement necessitate -very similar to other single cell
experiments- the collection of statistically significant amounts
of data in order to address cell-to-cell variation and/or vari-
ation between samples. The variation of non-resonant Raman
cross sections for different types of molecules by orders of
magnitude, and of selective molecule-metal interactions with
a particular SERS substrate render some molecules undetected
in the cellular multicomponent systems. As was shown,
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spectra of suitable molecular models including proteins,
lipids, nucleic acids, and drugs ameliorate this SERS-specific
problem and can be used to better understand and interpret
the data of complex biomaterials where different molecular
species co-occur and interact. The variety of SERS signals
that are probed in cells and their organelles presents a broad
picture of the biomolecules and important biomolecule func-
tional groups that interact with the surface of the enhancing
nanostructures. However, the assignment of specific bands
and their presence or absence under different incubation
conditions for the cells is not enough to properly interpret
and understand the cellular molecular processes that may be
taking place. Reducing the complexity of the biological
system to focus on particular biomolecules or functional
groups and their different possibilities of interactions with
the metallic nanostructures was shown to be extremely
helpful to obtain a more detailed picture of intracellular pro-
cesses. As will be discussed, this can help to understand, for
example, the composition and structure of the protein
corona of nanoparticles in living cells’>”* and the impact of
incubation time and cell line in the processing of nano-
structures in the case of proteins,®”* the inhibition of lipid
degradation and accumulation in vesicles,"**® and DNA
degradation in cancer cells upon electrical stimulation
induced apoptosis.>*
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4.1 SERS of proteins

Protein models can be used for investigating the biomolecule-
nanoparticle interaction and the properties of the protein
corona. Although the SERS spectra of a protein—nanoparticle
mixture might still show a great variety of signals, and there-
fore point at a variety of interactions that can be probed, using
well studied proteins reduces the difficulty of band assignment
and helps to understand at a molecular level the main func-
tional groups involved in the interactions. Proteins such as
bovine serum albumin (BSA) and human serum albumin, of
similar properties, show quite distinct SERS spectra, which
indicates that the functional groups involved in the interaction
with the gold particle surface are quite different.”” It was
shown that the relative concentrations of proteins and nano-
particles strongly affects their interaction with gold nano-
particles. Decreasing the protein-to-nanoparticle ratio results
in increased presence of SERS signals related to aromatic
amino acid side chains and sulfur containing groups, both
usually buried in the protein structure, suggesting that the
interaction results in protein unfolding.’® Therefore, in order
to apply spectra from molecular models, a broad range of
experimental conditions, ideally adapted to those found in the
actual biological environment in the cell must be investigated.
Experiments were reported for conditions that enable the dis-
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(A) Average spectra and (B) relative band occurrences in the SERS spectra of BSA (gray), trypsin (red) and trypsinized BSA (blue) in the pres-

ence of gold nanoparticles. Both averages and band occurrences were based on ~100 SERS spectra per sample. Reprinted with permission from ref.
74. Copyright 2020 American Chemical Society. (C) Representative SERS spectra of citrate-stabilized gold nanoparticles and liposomes of different
composition: 10 mol% phosphatidic acid, 10 mol% sphingomyelin, 20 mol% cholesterol, 60 mol% phosphatidylcholine (blue), and 20 mol% phospha-
tidic acid, 10 mol% sphingomyelin, 20 mol% cholesterol, 50 mol% phosphatidylcholine (black). Scale bars: 20 cps. Reprinted with permission from
ref. 144. Copyright 2019 SPIE. (D) Representative SERS spectra of citrate-stabilized gold nanoparticles and liposomes of defined composition
(10 mol% sphingomyelin, 20 mol% cholesterol, 70 mol% phosphatidylcholine) prepared using thin layer hydration and mixed under different con-
ditions: liposomes hydrated with nanoparticles solution (black), liposomes mixed after hydration with nanoparticle solution (blue) and liposomes
hydrated with nanoparticle solution after removal of excess citrate ions (red). Scale bars: 20 cps. Reprinted with permission from ref. 96. Copyright
2018 American Chemical Society.
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tinction of different situations occurring in a real cell, e.g., the
presence and absence of enzymes that may digest proteins.”*
The interaction of nanoparticles with proteins or protein frag-
ments shows important distinctions in the SERS spectra,
where co-occurrence of bands related to vibrations of specific
functional groups gives information about the protein integrity
in situ (Fig. 4A and B).”* The presence of bands related to di-
sulfide bonds can be seen as an indicator of a stable secondary
structure of the interacting protein, but they must be analyzed
in concomitance with the presence or absence of bands
related to hydrophobic groups, whose exposure suggests dena-
turation, and of bands related to amide bonds, all of which
denote the integrity of the protein structure (Fig. 4B).”* Such
model data also formed the basis for an interpretation of the
SERS spectra of the protein corona on gold nanostructures in
the endolysosomal system of different cell lines.”

An analysis of the protein BSA at the single molecule level
by SERS shows that a change in pH leads to changes in protein
secondary structure, from a predominantly o-helical structure
at pH 7 to an increase in the contribution by f-sheet and
random coil at pH 3.°° Together with the analysis of the co-
occurrence of bands related to specific amino acids, a more
complete view on their distribution and environment both
related to the protein structure and their interaction with the
gold surface can be achieved.””'’° Bands related to specific
amino acids and protein functional groups were also found in
lysozyme SERS spectra obtained from the protein interacting
with a gold nanostructured surface, where the protein-metal
interaction was indicated to occur mainly through carboxylate
and amine functional groups of aspartic acid and arginine,
respectively, together with histidine and phenylalanine.'**
Vibrations of disulfide bonds also appear in the SERS spectra,
and their relative positions give information about the confor-
mation of the bond related to the respective neighboring
amino acids.*!

Similar to the example of trypsin shown in Fig. 4A and B,
also other proteins may have an enzymatic role that can result
in chemical or conformational changes of themselves or their
substrates. These changes, directly or indirectly, will reflect in
the SERS spectra. As an example, extracellular protein kinase A
(PKA) activity could be followed using BSA covered gold nano-
stars functionalized with a PKA-specific recognition peptide
substrate.'” In the spectra, the bands at 725 cm ™", assigned to
a C-S stretching vibration, and at 1395 cm™", assigned to NH
in-plane deformation, changed with the phosphorylation of
the recognition peptide, and their ratio was used as indicator
of PKA activity."”> Although the bands are not assigned to the
phosphate group itself, the authors suggested that a changed
charge of the phosphorylated group of the recognition peptide
enables new interactions with BSA that translate to changes in
its SERS spectra.’®® In a similar way, conformational changes
of a (prokaryotic) endonuclease that occur when this enzyme
binds to Mg>*, resulting in promiscuous activity, or to Ca*",
enabling highly specific cleavage of DNA can be observed in
SERS spectra of the enzyme.'”® The interaction with silver
nanoparticles that are used as SERS substrate does not result

5322 | Nanoscale, 2022, 14, 5314-5328

View Article Online

Nanoscale

in a loss of enzyme activity.'® The authors report appearance
of an amide I band associated to random coil secondary struc-
tural elements in the presence of Ca’*, that they do not
observe under other conditions, and corroborated the result
with molecular dynamics simulations.'

The potential of SERS spectra to reveal changes in protein
secondary structure based on specific components of the
amide I band and also the amide III region is illustrated in
in vitro studies of BSA and myoglobin'®* and of amyloid B
fibrils under different conditions, respectively.'*>'%® Although
these particular proteins may not be representative as
common intracellular components, the sensitivity of gold-
nanostructure based SERS spectra with respect to changes in
the intramolecular interaction illustrates the potential of
intrinsic protein SERS to characterize protein structure in
living cells.

4.2 Local spectroscopic probing of membranes and lipids

Understanding lipid interactions and membrane structure is
paramount for a complete characterization of live cells. Lipids
and an affected lipid metabolism play an important role in a
vast range of pathologies, and lipids are a major constituent of
the molecular environment of animal cells. There are several
pathologies that are characterized by a high local abundance
of lipids, including metabolic disorders'®” as well as parasite
infections”> and certain models of neurodegenerative
disease.'”® The Raman characterization of lipid molecules
carries an inherent difficulty due to the low Raman cross-
section of this type of molecules'® and specifically for SERS
the low affinity of lipid molecules for the surface of gold nano-
particles in an aqueous environment.''® Using plasmonic
nanoparticles to enhance Raman signals allows to probe these
biologically relevant molecules, and even to achieve single
molecule resolution."™ Lipids can organize in bilayer mem-
branes or liposomes, and these organizational interactions can
also be probed via SERS. When gold nanoparticles are used,
ionic strength and pH of the colloid becomes a major determi-
nant of the lipid-lipid and lipid nanoparticle interaction, and
‘scrambled’ lipids or intact liposomes offer different SERS
spectral signatures (Fig. 4C and D).°® SERS spectra of intact
phosphatidylcholine liposomes interacting with the gold
surface show not only a strong interaction via the choline head
groups, but also that the head group has a specific confor-
mation geometry in the interaction.’® Moreover, when studying
the interaction with cholesterol containing liposomes, differ-
ences in the acyl chain related bands indicate a more dis-
ordered lipid conformation (transition from trans to gauche),
as opposed to liposomes without cholesterol.”® A similar be-
havior was observed when using gold nanoislands SERS sub-
strates to probe the interactions in liposomes of different com-
position with and without cholesterol.®! Another strategy relies
on the formation of lipid layers surrounding each particle,
aided by a functionalization with hydrophobic molecules such
as octanethiol.'"*""® As expected from the plasmonic coupling
that occurs upon nanoparticle aggregation, aggregated par-
ticles with a phospholipid layer show a higher enhancement
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than individual particles, and changes in lipid order as a func-
tion of membrane composition and temperature can be fol-
lowed by SERS.'® When the gold nanoparticles are small
enough to fit the intralamellar space of liposomes, an octa-
nethiol functionalization can direct them there, and they selec-
tively enhance signals due to vibrations of the acyl chains."*?
Cetyltrimethylammonium bromide (CTAB), a typical surfactant
used in the synthesis of gold nanorods, can be displaced from
the nanostructures’ surface by lipids, and a lipid bilayer can
form around such particles without the need of further
functionalization."'* SERS spectra reveal the dynamics of these
membrane structures and indicate that lipid exchange occurs
between the bilayer around the nanoparticles and vesicles con-
tained in the same solution.''* A similar result was observed
for lipid bilayers that had been formed on silver films-over-
nanospheres (AgFON) where the lipid exchange was proven by
the appearance of bands related to deuterated molecular

groups.'"®

4.3 DNA/RNA

It is widely known that DNA adopts a double helix structure,
aided by the complementary pairing of nucleobases. However,
when DNA is single stranded, for example during replication
or transcription, depending on the sequence the biomolecule
can fold onto itself forming different structures that have
implications in biological processes and diseases. Such struc-
tural behavior of DNA can be accessed via SERS,''®'' in
addition to detecting DNA pairing mismatch at the single
nucleotide level,''®'*° and quantifying nucleobases in a
specific sequence. Surface chemistry and charge of the
colloids takes an important role in the adsorption of DNA and,
consequently, in the quality and features of the SERS spectra
obtained.'**'** While single stranded or double stranded DNA
cannot be distinguished when using negatively charged par-
ticles, the electrostatic interactions between the phosphate
backbone and positively charged species in the metal surface
can allow it.'** Spectral variations in the position of bands
affected by hydrogen bond formation serve as indicators of the
formation of double stranded DNA when compared to single
stranded DNA spectra.''® Structural changes such as the
‘unzipping’ of hybridized DNA promoted by the biomolecule-
nanoparticle interaction,"** or the formation of G-quadruplex
secondary structures due to repetitive guanine sequences and
their interaction with the metal surface'’® can also be identi-
fied from SERS spectra. Since highly sensitive SERS-based
nucleic acid analysis has been pursued for over two decades, it
must be noted here that all these approaches utilize the intrin-
sic SERS signals of the nucleic acid molecules themselves,
without further molecular labels.

Also the structural analysis of RNA molecules is gaining
interest, since new roles of RNA in biological processes and
treatments are being discovered. Here, many of the same con-
cepts found for SERS studies of DNA apply, such as the
benefits of using positively charged surfaces or the base
pairing assessment by band shifts related to hydrogen bond
formation.'**12?

120,121
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5. SERS data and machine learning:
information on molecular
composition, structure, and
interaction

The high sensitivity of SERS in the dynamic and complex
environment of cellular compartments leads to fingerprint-like
spectral data. Average spectra from such samples, e.g., individ-
ual cells, combine the molecular information from different
spots and subcellular structures and are quite reproducible for
particular experimental conditions. On the other hand, indi-
vidual spectra must be analyzed in order to observe a particu-
lar molecular composition in defined subcellular locations,
such as different endosomal structures, different regions of
the cell membrane, or in the nucleus. Due to the nature of the
SERS effect, different signal strengths or altered interactions
with the plasmonic nanostructures that act as SERS substrate
may complicate the extraction of clear spectral signatures from
the SERS data. Varying relative intensities can be compensated
for by converting the spectra to ‘bar codes’, neglecting absolute
or relative signal strengths and simply analyzing the occur-
rence and co-occurrence of specific bands.'®”"7%*2¢ Although
band occurrence patterns are often in good agreement with
average spectra, they are better suited to identify signals that
are found only in very few individual spectra, that are weak, or
that vary greatly in position due to the highly localized probing
that occurs in SERS.

The SERS spectral contributions from different types of cel-
lular biomolecules, as well as from drugs or other molecules
may be retrieved in multivariate data analyses. Usually, the
SERS spectra from cells are not interpretable at a quantitative
level, but qualitative information can be extracted from them.
While different types of variance are identified in a principal
component analysis (PCA), the analysis does not necessarily
lead to data reduction, and the portion of variance covered by
each principal component will be much lower than in a typical
PCA of normal Raman or infrared microspectroscopic data.
Machine learning tools such as artificial neural networks deep
learning and random forests can be used for pre-selection of
data and to support and precede e.g., a hierarchical multi-
variate analysis.

The application of machine learning approaches to SERS
data ranges back until about a decade ago, when both, unsu-
pervised multivariate classification,*>"***® as well as super-
vised machine learning tools, including artificial neural
networks,"**"*° support vector machines,"*"'** and lately also
random forests®"**'3* were proposed for the classification of
SERS spectra of biodiagnostic samples. Random forest ana-
lyses as machine learning approaches that use a large number
of binary decision trees have shown great potential in first
applications to intrinsic SERS spectra from cells."*'** Random
forest approaches can be used towards different goals: (i)
attaining classification, (ii) regression, and (iii) the selection of
variables that enable a certain classification. Classification by
random forests can be employed for the selection of specific
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types of data, e.g., all spectra of a specific signal-to-noise. They
can also be used to identify so-called important variables in a
data set that lead to the discrimination of different groups of
SERS spectra.

In order to learn more about the molecular interactions
and co-localization of molecules that take place in the cells,
and that may lead to discrimination of spectra, relations of the
selected important variables with other, related variables can
be investigated.’**'*> As an example, such an analysis was
used to study the interaction of tricyclic antidepressant mole-
cules that induce the accumulation of lipids in endolysosomes
of cell lines treated with the drugs (cf Fig. 1)."* Although the
SERS spectra of the tricyclic antidepressant molecules have
been studied outside of cells,"*'*® typical multivariate tools
failed to identify differences between drug-treated and
untreated cells. The use of random forests helped to identify
important variables in large data sets of thousands of spectra
from different cellular regions obtained for different incu-
bation conditions, as well as other variables that relate to
them."® Important variables, characteristic of the drugs, were
related to variables/bands assigned to lipid or protein mole-
cules, indicating their co-occurrence in the spectra. The co-
occurrence with the lipid molecules proved a hypothesis that
the tricyclic antidepressant drugs interact with the lysosomal
membrane, probably via  electrostatic  interactions.
Furthermore, the spectra indicated that the composition and
interactions of proteins in drug treated cells changed
significantly.™

The assignments of important variables, or the identifi-
cation of classifiers in eigenspectra or loadings in a PCA, to
specific molecular vibrations that are characteristic of particu-
lar compounds or their particular interaction with the SERS

cell compartments whole cell spectra

extracts etc. N
band occurrenc&
spectral classification
identifiy important bands
pattern matching

model moIecuI

theoretical predicti

molecule-nanostructur SERS substrates
interaction plasmonic propertie
selectivity

pure component spectra  optimize experime

Fig. 5 Summary of the different roles taken by machine learning based
data analysis (orange boxes) of SERS spectra from systems that have a
different degree of complexity, together with connection between the
different types of experiments. Understanding of spectra from intact
cells is improved by spectra from defined cellular components and
model molecules. The latter rely on optimized plasmonic nano-
structures, and on an understanding of molecule—nanoparticle inter-
actions that can be based on theoretical predictions.
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substrate, is only possible by analyzing spectra of model com-
pounds. In the example of the drug-induced lipidosis these are
spectra of lipid vesicles (c¢f Fig. 4D)°° or drug solutions.'* Of
course, the large variability of ‘specific’ SERS spectra, also
upon small variations of experimental conditions, requires
comprehensive model data sets that must represent relevant
aspects of the interactions in the complex bio-
environment.”*"?”'3® The acquisition and utilization of such
relevant model data has been achieved in other analytical
applications of SERS recently’*>'*® and can be translated to
problems in cellular biochemistry as well. Specifically, the
combination of many different SERS spectra of a particular
compound obtained under varied conditions and chemical
interactions into ‘superprofiles’ yields robust statistical models
and compound identification and analysis'*® that may also be
crucial for the detection of inconspicuous biomolecular
species in cells. Solutions to the possibly immense combina-
torial problems that are posed when trying to establish a
sound model data set can also lie in machine-based optimiz-
ation approaches, e.g., in multi-objective evolutionary optimiz-
ation as shown by Goodacre and colleagues more than a
decade ago,'"'*! or for choosing optimal SERS substrates for
the experiments.'”> The prediction of SERS spectra for
different interactions of molecules beyond atomistic electrody-
namic and quantum mechanical approaches, using random
forests, has been attained as well,’*® an approach that may
become very useful for studies of particular functional groups
such as protein side chains with SERS nanoprobes. Fig. 5 sum-
marizes the different roles taken by machine learning based
data analysis, and illustrates the connections between the
different types of data that are needed.

6. Conclusions

The analysis of SERS data from biological cells appears less
‘straightforward’ than that of other vibrational data, because
of several challenges that must be addressed in each individual
application. Most of them are related to the use of a plasmonic
substrate and its interaction with the complex biological
system, specifically an assessment of selectivity, including the
(verification of) successful targeting of specific parts of the
biosystem, and the probing of multiple analyte species.
Nevertheless, the success in using it to elucidate processes in
cells illustrates that strategies can be found to fully make use
of the high sensitivity and the selectivity. To understand bio-
molecular composition and interaction in a cell, machine
learning must include an interpretation of potential classifiers.
This requires information from relevant model systems that
may have varying SERS profiles depending on their interaction
with the SERS substrate and with other molecules. Such
models can be parts of the complex system: individual mole-
cular species, particular classes of molecules, obtained under
experimental conditions that represent those in the cell with
respect to interactions and composition, or purified cellular
substructures. The latter represent complex ‘sub-systems’ as
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well and may help to evaluate the selectivity of a SERS sub-
strate in the intact cell, or the success of targeting. Connecting
the understanding of individual biomolecule-particle inter-
action in pure systems with that in whole cells is paving the
way to an expansion of SERS for biotechnological applications,
allowing not only for the structural characterization of intra-
cellular assemblies but also for the interpretation of biochemi-
cal processes. The successful application of random forest
based machine learning on SERS data from drug treated cells
demonstrates that also cellular constituents with comparably
weak spectral contributions can be detected. In addition to
reliable spectral classification, SERS data can be used for
different imaging procedures. The improved interpretation of
automated classification results will constitute a major
advancement in applications of SERS to biomolecule charac-
terization, inside cells and elsewhere.
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