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Two-dimensional (2D) molecular materials have attracted immense attention due to their unique pro-
perties, promising a wide range of exciting applications. To understand the structure—property relation-
ship of these low-dimensional materials, sensitive analytical tools capable of providing structural and
chemical characterisation at the nanoscale are required. However, most conventional analytical tech-
niques fail to meet this challenge, especially in a label-free and non-destructive manner under ambient
conditions. In the last two decades, tip-enhanced Raman spectroscopy (TERS) has emerged as a powerful
analytical technique for nanoscale chemical characterisation by combining the high spatial resolution of
scanning probe microscopy and the chemical sensitivity and specificity of surface-enhanced Raman
spectroscopy. In this review article, we provide an overview of the application of TERS for nanoscale
chemical analysis of 2D molecular materials, including 2D polymers, biomimetic lipid membranes, bio-
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logical cell membranes, and 2D reactive systems. The progress in the structural and chemical characteris-
ation of these 2D materials is demonstrated with key examples from our as well as other laboratories. We
highlight the unique information that TERS can provide as well as point out the common pitfalls in experi-
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1. Introduction

Two-dimensional (2D) molecular materials are composed of a
single or few layers of molecules held together via covalent
bonds and/or inter- and intra-layer van der Waals interactions.
Such a structural arrangement gives them unique properties
compared to their bulk counterparts. For example, whilst syn-
thetic polymers have been around for more than a century, 2D
polymers (2DPs) were synthesised for the first time in 2005."
2DPs are covalently linked molecular networks consisting of
periodic bonding structures, whose physiochemical character-
istics are determined by the chemistry of monomeric building
blocks.> Compared to bulk polymers, 2DPs offer greater
flexibility in tuning physiochemical properties including
composition, porosity, and surface functionalisation,®™
making them promising candidates for potential applications
in organic electronics, heterogeneous catalysis, and nanosieves.*’

Similarly, owing to their nature-inspired design, 2D bio-
mimetic molecular systems such as supported lipid mem-
branes have proven to be immensely useful in a wide variety
of areas including cancer treatment, drug delivery, tissue
engineering, sensor design, etc.® Supported monolayer and
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mental work and data interpretation and the possible ways of averting them.

bilayer lipid membranes are an interesting class of bio-
mimetic systems in which molecules are held together by
intra- and inter-layer van der Waals interactions. These
systems are not only useful for practical applications such as
biosensing,” but also have an important role in fundamental
research as cell membrane models. These model systems have
less complex molecular composition than real cell mem-
branes, which allows for studying cellular processes more
efficiently.

To obtain a clear understanding of the structure-property
relationship in 2D molecular materials, structural and chemi-
cal characterisation at the nanometre length scale are
required. However, this is a challenging task for most conven-
tional analytical techniques because of at least one of the fol-
lowing reasons: (i) lack of chemical information, (ii) low sensi-
tivity, (iii) lack of nanoscale spatial resolution, and (iv) sample
damage. For example, atomic force microscopy (AFM)™ and
scanning tunnelling microscopy (STM)'' can provide a very
high spatial resolution reaching the sub-nm scale, but have no
or very limited chemical characterisation ability. Conversely,
infrared (IR)'?> and Raman"® spectroscopy can provide chemi-
cal information with high molecular specificity, but their diffr-
action-limited spatial resolution prevents them from revealing
nanoscale properties.

In the last few decades, nanoscale characterisation tech-
niques have emerged as a solution to the low spatial resolution
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and sensitivity of the conventional analytical tools. For
example, nanoscale secondary ion mass spectrometry can
perform chemical analysis with a spatial resolution of up to
50 nm.'* However, it cannot operate under ambient con-
ditions, is destructive, and can only be used to detect elements
or very small molecular fragments (such as CH, CN, etc.) since
the high spatial resolution demands the use of hard ionis-
ation. On the other hand, super-resolution fluorescence
microscopy can also provide a spatial resolution of up to
10-20 nm."® However, fluorophore labelling is required, which
can perturb molecular behaviour and only the labelled mole-
cules can be observed whilst the rest of the sample remains
undetectable. AFM-IR is a more recent nanoscale chemical
characterisation tool that does not require labelling, is non-
destructive, and can be performed under ambient conditions.
However, the resolution is typically limited to a few tens of nm
and the experiments in an aqueous environment are infeasible
due to the strong IR light absorption of water."®

In the last two decades, tip-enhanced Raman spectroscopy
(TERS) has emerged as a powerful analytical technique that
combines the high spatial resolution of AFM or STM and the
chemical sensitivity and specificity of surface-enhanced
Raman spectroscopy (SERS) to study surface chemistry at the
nanoscale in a label-free and non-destructive manner.'®™°
TERS has been successfully applied for nanoscale analysis in
several areas of scientific research such as 2D materials includ-
ing graphene, MoS, and WSe, and graphitic sheets,>*** on-
surface decomposition chemistry,>® polymer blends,”® photo-
catalytic reactions,””>° organic solar cells,®® supported lipid
membranes,’” biomembranes,®* and biological cells.*® In
TERS, Raman scattering from a nanoscopic volume of the
sample is plasmonically enhanced by several orders of magni-
tude owing to a highly intense and localised electromagnetic
(EM) field, which is generated at the apex of a metallic SPM
probe via a combination of localised surface plasmon reso-
nance and lightening rod effect.>*3® There are three TERS con-
figurations based on the direction of laser illumination at the
sample surface, as schematically illustrated in Fig. 1. In the
bottom-illumination setup (Fig. 1a), an objective with >1
numerical aperture (NA) focuses an excitation laser on the
sample surface through a transparent substrate. In this con-
figuration, a radially polarised laser beam is typically employed
as it provides a tighter focus and a more intense longitudinal
electric field along the probe axis, leading to a >4 times stron-
ger EM enhancement compared to a linearly polarised beam.?”
In the top illumination setup (Fig. 1b), the laser is focused
from the top onto a tilted probe apex placed on the sample. In
the side illumination setup (Fig. 1c), a long working distance
objective lens focuses a linearly polarised beam onto the tip-
sample interface from the side. In this case, even a relatively
lower NA objective lens is able to provide a strong EM enhance-
ment and localisation, when the laser polarisation is set paral-
lel to the probe axis.

In this review article, we present an overview of the latest
research on the nanoscale analysis of 2D molecular materials
using TERS. We will primarily focus on four types of materials:
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Fig. 1 Schematic illustration of different TERS setups. (a) Bottom illumi-
nation, (b) top illumination and (c) side illumination.

(i) 2D polymers, (ii) biomimetic lipid membranes, (iii) biologi-
cal membranes, and (iv) 2D reactive systems. Our aim is to
demonstrate the unique information that TERS can provide at
the nanoscale from these molecular 2D systems, pinpoint the
typical pitfalls of experimental work and data interpretation as
well as propose possible strategies for averting them.

2. 2D polymers

The first TERS study of 2DPs was conducted by Opilik et al. on
a monomolecular sheet produced from amphiphilic mono-
mers by anthracene photodimerization at an air-water inter-
face, transferred onto a substrate via the Langmuir-Blodgett
(LB) technique.’® TERS measurements indicated a successful
dimerization and confirmed that the reaction mechanism is a
[4 + 4] cycloaddition, rulling out the [4 + 2] cycloaddition.
TERS investigation of a 0.8 nm-thick 2D covalent polyimine
monolayer produced from triamine and dialdehyde by

This journal is © The Royal Society of Chemistry 2023
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dynamic imine chemistry in a Langmuir trough and trans-
ferred on a substrate using Langmuir-Schaeffer (LS) technique
was performed by Dai et al>® Optical microscopy, electron
microscopy, and AFM were used to confirm the presence of a
monolayer, while the sample chemistry was studied using
TERS and confocal Raman spectroscopy supported by density
functional theory (DFT) calculations. TERS measurements
indicated the presence of imine bonds and the absence of end
groups, suggesting that the monomer successfully polymerised
into an imine-linked monolayer. The authors also investigated
nanoscale defects as their presence can significantly alter the
physical, mechanical, optoelectronic, and chemical properties
of the 2DP.*® For this, an acetylenic moiety was introduced
into one monomer. TERS surface selection rules (the more
aligned the molecule’s polarizability tensor with the probe
axis, the higher the TERS signal) allowed probing of the orien-
tation of the acetylenic moiety. Since all other structural
elements of the 2DP lie flat on the substrate surface, the acet-
ylenic moiety could either lie flat (i.e. being incorporated into
the polymer monolayer) or it could have a certain degree of
freedom, thus indicating the presence of nanodefects, as
schematically illustrated in Fig. 2a. Using TERS imaging
(Fig. 2b), 98% of the C=C bonds in the 2DP monolayer were
estimated to be parallel to the substrate surface, ie., they
were locked inside the 2DP network. Moreover, STM and
TERS analyses of the 2DP monolayer also showed that the
monolayer did not rupture or become defective when de-
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posited on Au(111) terrace edges (Fig. 2c-e). Instead, mole-
cules present at terrace edges reoriented, giving rise to a
higher TERS signal.

Orientation of the fluorinated hydrocarbon (carboxylic-
fantrip) molecules in 2DPs, which were either spin-coated or
transferred by LS technique onto a Au(111) surface was studied
using TERS by Shao et al.*' DFT calculations predicted a high
ratio of the Raman vibrational modes at 1600 cm™' and
1445 cm™" (Lig0/I1445) for molecules lying flat on the substrate
and a low ratio in the upright position. Based on the I00/I1445
ratio, TERS measurements of the molecules in the LS-trans-
ferred monolayer technique indicated a more rigid molecular
orientation being stacked in a face-to-face configuration due to
n-n interactions. Conversely, molecules in the spin-coated
monolayers were found to adopt a random configuration.
TERS images showed a uniform I;00/I1445 ratio across the LS-
transferred samples (uniform molecular orientation) com-
pared with the spin-coated samples (molecular orientation
varied significantly). TERS investigation of a 2DP constructed
from a monomer containing three fluoro-substituted anthra-
cene blades and a bridgehead carboxylic acid was performed
by Miiller et al** The bridgehead C-C stretching mode at
970 cm™" was used as the Raman marker for tetrafluoroanthra-
cene dimers. TERS measurements confirmed a successful 2D
polymerisation, albeit some unreacted monomers were also

detected and a reaction conversion of about 90% was

estimated.
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(a) Schematic diagram illustrating the formation of a 2D covalent polyimine monolayer (3) from dialdehyde (1) and triamine (2) monomers.

The structure of the imine compound (4) is also shown. (b) TERS image of the intact polyimine monolayer. (c) STM and (d) TERS images of the polyi-
mine monolayer on the terrace of an Au(111) surface. All TERS images were constructed using the C=C Raman signal at 2220 cm™. (e) TERS spectra
of the triamine monolayer (2 ML), polymer monolayer on the plane (3 ML plane) and edge (3 ML edge) of the Au(111) terrace, an irregular polyimine
network (3D network irregular) and the DFT calculated spectra of a imine model compound (4 DFT). This figure has been adapted from ref. 40 with

permission from the American Chemical Society, copyright 2018.

This journal is © The Royal Society of Chemistry 2023

Nanoscale, 2023, 15, 963-974 | 965


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2nr05127c

Open Access Article. Published on 21 December 2022. Downloaded on 4/16/2026 2:30:22 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Minireview

The photoinduced polymerisation process of macrocyclic
anthracene monomers into 2D covalent sheets was investi-
gated using TERS by Zheng et al.*® The success of the poly-
merisation was verified using TERS and in situ fluorescence
decay experiments. DFT calculations showed that the Raman
signal at 1385 cm ™' (C=C stretching mode of anthracene) dis-
appeared in the spectrum of a fully polymerised model, whilst
the 995 ecm™ signal (ring breathing mode of cyclophane) was
present in both the monomer and polymer models. Therefore,
the intensity ratio of 1385 cm™" and 995 cm ™' Raman signals
(I1385/1905) Was used to track polymerisation conversion. The
I 385/1995 ratio indicated an increase in the polymerisation con-
version up to 6.5 h of UV irradiation. Furthermore, a high
degree of crystallinity was confirmed in the final product, qua-
lifying it to be a 2DP.

Homo- and co-polymerisation of two different amphiphilic
monomers containing a rigid triptycene core and three anthra-
cene blades were examined using TERS by Wang et al** In
addition to proving the polymerisation, the conversion
number and the degree of crystallinity were estimated to be
>85% and >90%, respectively. In the case of 93% conversion,
coverage of the fully ordered monolayer covalent sheets was
estimated to be 710 nm? which was interspersed by small
areas (2.8%) of the unreacted monomers. The study demon-
strated that TERS could be used to examine the long-range
order in 2DPs.

The above-mentioned examples demonstrate the ability of
TERS to provide novel scientific insights in 2DPs, e.g., deter-
mine the polymerisation mechanism, polymerisation conver-
sion rate, degree of crystallinity, molecular orientation, and
presence of nanodefects. This information is not only essential
for the fundamental understanding but also for the measure-
ment of polymer properties that should be tuned for bespoke
applications.

Although TERS has shown great promise for nanoscale
investigation of the 2DPs, in the future, it would be beneficial
to employ additional complementary techniques to support
the characterisation of molecular orientation in these systems.
For example, high-resolution STM, polarised AFM-IR,*’> or
even low-resolution techniques, such as subtractive normal-
ised interfacial Fourier transform infrared spectroscopy,®
polarisation-modulation infrared reflection-absorption spec-
troscopy,”” and angle-dependent XPS,*® could be used as
complementary tools to confirm the average molecular orien-
tation of the unreacted monomers and 2DPs, which would
further enhance the reliability of TERS for nanoanalysis of
these novel 2D molecular materials.

3. Biomimetic lipid membranes

The first TERS study of a biomimetic lipid membrane was per-
formed by Bohme et al. on a mica-supported lipid bilayer com-
posed of palmitoyloleoylphosphatidylcholine (POPC)/dioleoyl-
phosphatidylserine (DOPS).*® The AFM topography image and
three TERS spectra measured consecutively from one location
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on the lipid bilayer are shown in Fig. 3a and b, respectively.
The TERS spectra showed a high signal-to-noise ratio but
differed significantly in terms of the number, position, and
relative intensity of Raman bands, which was attributed to the
dynamic behaviour of the lipid structure and TERS surface
selection rules. In another study, Bhme et al.’° investigated a
supported lipid bilayer of 1,2-dioleoy-sn-glycero-3-phosphocho-
line  (DOPC)/1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoserine
(POPS) labelled with streptavidin using TERS. Using a clean
metal-coated probe, TERS measurements were performed
along two lines across the lipid bilayer, as shown in Fig. 3c.
Like the previous study, the TERS spectra differed in terms of
the number, position, and relative intensity of Raman bands.
Using the literature-based assignment of Raman bands, the
authors classified the TERS spectra into three types: contain-
ing typical (1) lipid bands, (2) protein bands or (3) both lipid
and protein bands, as shown in Fig. 3d. Based on this classifi-
cation, the distribution of lipid and protein molecules along
the two lines measured on the bilayer surface was proposed
(Fig. 3c¢).

A major issue to study biomembranes in their native state
using AFM-TERS is probe degradation due to the rapid dela-
mination of the plasmonic coating in the aqueous
environment.’>*® The first in situ AFM-TERS measurement of
DOPC and 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)
lipid bilayers was attempted by Nakata et al.’" using alumina-
and silver-coated tungsten tips. Supported lipid bilayers were
deposited on glass using the vesicle deposition technique.
Time-series TERS spectra of the DOPC bilayer showed a large
spectral fluctuation (Fig. 3e), whereas the TERS spectra of the
DPPC bilayer were found to be relatively stable (Fig. 3f).
Although the signal-to-noise ratio of the measured TERS
spectra was not very high, this study showed the potential of
TERS to characterise inhomogeneities and/or diffusion of the
phospholipid bilayers in an aqueous environment.

All TERS studies of the supported lipid layers discussed so
far focused on the fingerprint region of the Raman spectrum.
In fact, the C-H stretching region (2800-3000 cm™) of the
lipid membranes also contains valuable information regarding
the orientation, ordering, and protein-lipid interaction.>* Our
group utilised Raman signals in the C-H and C-D stretching
regions to investigate a mixed d62-DPPC/DOPC monolayer pre-
pared via LB method on a template-stripped Au (TS-Au) sub-
strate.>® Large area (128 x 128 pixels) high-resolution STM-
TERS imaging of the d62-DPPC/DOPC lipid monolayer was
performed with a step size of 47 nm. Using the intensity ratio
of the Raman bands at 2100 cm™" (C-D stretching vibration,
Icp) and 2900 ecm ™' (C-H stretching vibration, I¢y), phase-sep-
arated d62-DPPC regions could be visualised in a mixed lipid
monolayer, as shown in Fig. 4a. Notably, no Raman signal was
observed in the fingerprint region from the lipids (Fig. 4b). In
a different study, we performed AFM-TERS measurement of a
mixed monolayer of DPPC and 15-hexadecynoic acid (PA-15-
yne) on mica. Interestingly, in the fingerprint region, the TERS
and far-field Raman spectra only exhibited Raman bands of
the mica substrate and no bands from the DPPC/PA-15-yne

This journal is © The Royal Society of Chemistry 2023
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(a) AFM topography image of a POPC/DOPS bilayer on mica. TERS spectra were recorded at the marked spot (black star). (b) TERS spectra

measured consecutively at the spot marked in panel a. Panels a and b are adapted from ref. 49 with permission from John Wiley & Sons, copyright
2009. (c) AFM topography image of a streptavidin-labelled phospholipid film. The positions where TERS spectra were recorded are marked. A false-
colour map of the lipid and protein regions is shown below the topography image. (d) Schematic diagram illustrating different tip—sample inter-
actions during the TERS measurement of the streptavidin-labelled phospholipid film and a plot of the corresponding TERS spectra. Marker bands for
lipids and proteins are labelled with L and P, respectively. Panels c and d are adapted from ref. 50 with permission from John Wiley & Sons, copyright
2010. Time-series TERS spectra of supported (e) DOPC and (f) DPPC bilayers. Panels e and f are adapted from ref. 51.

monolayer were observed. However, a strong plasmonic
enhancement in the C-H stretching region was observed in
the near-field (TERS spectrum) as shown in Fig. 4c, which indi-
cates that the C-H stretching region can be signifcant for the
TERS analysis of lipid membranes.

More recently, we reported corelative STM and TERS
imaging of a DPPC monolayer supported on an Au(111)
surface as shown in Fig. 4d and e.** Reproducible high-resolu-
tion TERS imaging was achieved using the C-H stretching
Raman signals with a step size of 20-40 nm. A high signal-to-
noise ratio was achieved in the TERS spectra, which allowed a
detailed investigation of the lipid monolayer via deconvolution
of the Raman bands in the C-H stretching region, as shown in
Fig. 4f. Using the intensity ratio of the 2930 cm™" band (I,o30,
Fermi resonance associated with terminal methyl symmetric
stretching and C-H bending modes) and the 2850 cm™" band
(Igso, methylene symmetric stretching), we were able to map
molecular disorder in the DPPC monolayer at the nanoscale,
as shown in Fig. 4g.>® Furthermore, TERS imaging revealed the
presence of 40-120 nm size holes in the lipid film. This study
showed that a DPPC monolayer transferred at high surface

This journal is © The Royal Society of Chemistry 2023

pressure can exhibit significant heterogeneities at the
nanoscale.

The aforementioned studies confirm that TERS has devel-
oped into a powerful and reliable nanoscale characterisation
tool to study supported lipid membranes. From the single-
point measurements in an ambient environment to the time-
resolved measurements in liquids, the capability of AFM-TERS
to reveal the nanoscale biophysical phenomenon without
exogenous labelling is advancing rapidly. Similarly, STM-TERS
of model lipid monolayer systems has also progressed signifi-
cantly, from imaging the lipid distribution in a raft-like system
to deciphering the molecular orientation in a supported lipid
monolayer. These studies of biomimetic systems are expected
to lay the groundwork for understanding more complex bio-
logical systems like cell membranes using TERS.

Notably, several TERS studies of biomimetic systems utilise
a mica substrate in non-gap mode. To achieve a high signal-to-
noise ratio in non-gap mode TERS measurements, some key
criteria need to be met. For example, the TERS probe should
have a uniform metal coating with the presence of corrugated
nanostructures at the apex. The excitation and collection

Nanoscale, 2023, 15, 963-974 | 967
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(grey) pixels in panel a. Panels a and b are adapted from ref. 55 (c) TERS and far-field Raman spectra of a mixed DPPC/PA-15-yne monolayer on
mica. The Raman bands in the 600-1100 cm™ region come from the mica substrate. The inset shows an enlarged image of the C—H stretching
region. (d) STM topography image and (e) TERS image constructed using the intensity of the C—H stretching region (2800-3000 cm™) of a DPPC
monolayer on Au(111). (f) Average TERS spectrum of the DPPC monolayer region shown in panel e, deconvoluted using fitted Gaussian curves. (g)
TERS image of the DPPC monolayer constructed using the l»930//2g50 ratio. Panels d—g are adapted from ref. 31 with permission from John Wiley &

Sons, copyright 2021.

optical pathways of the TERS system should be perfectly
aligned. The experimental parameters including the LSPR res-
onant excitation laser, laser power, and spectral acquisition
time should be carefully optimised without photodamaging
the sample. Furthermore, the instrument/sample drift is a sig-
nificant issue in hyperspectral TERS imaging, as highlighted
3257 Therefore, the step size of TERS imaging
should be selected carefully depending on the size of the
region of interest. For TERS measurements of homogeneous
samples such as uniform supported lipid monolayers or
bilayers, a large step size (up to 50 nm) can be an effective
method to obtain an overview of the sample. However, for a
thorough analysis of the local nanoscale features such as
defects, molecular orientation, etc., a small step size of a few
nm is desirable.

in recent works.

4. Biological cell membranes

The cell membrane is a protein-rich lipid bilayer that acts as a
2D semi-permeable barrier that regulates molecular traffic
across the cell. It also provides a platform for important cellu-
lar functions like cell proliferation, adhesion, and migration,

968 | Nanoscale, 2023, 15, 963-974

which is why nanoscopic membrane components are the
targets of upto 45% of the therapeutic drugs under develop-
ment.>® The first TERS measurement of a cell membrane was
performed on an S. epidermidis cell by Neugebauer et al.>®
Three TERS spectra were measured from different locations on
the bacterial surface and a significant variation in the number,
position, and relative intensity of Raman bands was observed.
On the assumption that spectral fluctuations came from the
chemical heterogeneity and/or dynamics of the bacterial mem-
brane and not from any carbonaceous/organic contaminants,
the authors assigned the observed Raman bands to proteins,
lipids or saccharides using SERS literature. TERS investigation
of a human dermal-derived keratinocyte surface was per-
formed by Bohme et al.*® TERS probe contamination was ruled
out with a control measurement, but only three TERS spectra
were measured, which, like in the previous study, showed sig-
nificant spectral variability. The authors interpreted some of
the Raman bands by invoking the strong dependence of TERS
enhancement on the probe-sample distance. For example, in
the case of lipids, Raman bands at 780, 810, 1095, and
1210 em™" were assigned to the vibrations of the phosphate
groups presumably because of the proximity of TERS tip to the
lipid head.

This journal is © The Royal Society of Chemistry 2023
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The first successful attempt to characterise the antibody-
antigen interaction on a cell membrane surface was carried
out by the Schultz group.®® Hyperspectral TERS imaging was
performed on anti-IgG labelled Au nanoparticles (NPs) bound
to the plasma membrane of colon cancer cells. NPs were
identified through the Raman marker bands of anti-IgG.
Isolated Au NPs showed TERS spectra containing Raman
bands that matched with the reference Raman spectra of
anti-IgG (1170, 1210, 1340, 1465, and 1485 cm™') and the
antibody-antigen interaction (485 ¢cm™'). In contrast, TERS
spectra of the aggregated Au NPs were found to be signifi-
cantly more complex containing Raman bands from anti-IgG
as well as other molecules. The complexity of the aggregated
Au NPs in the TERS spectra was attributed to the presence of
multiple “hotspots” capturing molecules in different orien-
tations and locations and/or the occurrence of “spurious”
signals from the atmospheric carbon contaminants (ACCs).
TERS characterisation of the membrane of cyanobacteria,
Halobacterium salinarum S9 (HSS9), was performed by
Deckert-Gaudig et al.®® Because of its colour, this type of
membrane is commonly referred to as a purple membrane
(PM). The bacterial membrane of HSS9 is highly rich in a
light-sensitive proton pump protein called bacteriorhodopsin
(bR). Using the resonantly enhanced retinal moiety of bR, the
authors tried to identify PM patches on the HSS9 surface.
From the TERS measurement of the isolated PM patches, the
authors first identified the C=C and C=NH' stretching
modes at 1540 and 1635 cm™", respectively, as unique Raman
markers of the retinal moiety. Using these marker bands, the
distribution of the PM on the HS9 membrane was mapped
with a step size of 75 nm in a 300 x 375 nm* area. However,
as in some of the aforementioned studies, within the PM
patches significant variations in the position, number, and
relative intensity of Raman bands were observed, as shown in
Fig. 5a—c. In such situations, an unequivocal interpretation of
the TERS spectra can be difficult, considering the common
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observation of spurious signals (attributed to the ACCs) in
ambient TERS measurements as shown in Fig. 5d, where
multiple Raman bands that do not belong to the analyte are
present.®?

The outer layer of the Bacillus subtilis spore was analysed
using TERS by Rusciano et al.®®* As in the case of previous
studies, individual spectra measured in the TERS image
showed a significant point-to-point variation. However, the
authors demonstrated that although no correlation could be
established between the AFM phase image and the TERS
image of individual Raman signals, principal component ana-
lysis (PCA) of the hyperspectral TERS data provided a clear cor-
relation. Particularly, PC2 and PC3 score maps matched very
well the AFM phase image of a ridge feature on the spore
surface, as shown in Fig. 5e. Even though PCA components are
difficult to assign to a specific chemical element or class of
compounds due to the inherent complexity of the bacterial
surface, this work highlighted the potential of higher-level
data analysis to extract meaningful information from the TERS
measurements of complex specimens such as biological cell
membranes.

Conceivably, TERS measurements of biomembranes are
relatively more complex than the simpler, well-defined, bio-
mimetic systems. Nevertheless, the presented studies clearly
demonstrate the potential of TERS to detect various cell mem-
brane components and provide information about their struc-
tural integrity, mutual interaction, and spatial distribution.
Such molecular insights can enable a deeper understanding of
fundamental cellular processes including cell growth, differen-
tiation, signal transduction, molecular transportation, cellular
communication with its environment, etc.®® Furthermore,
TERS has the ability to validate the lipid raft theory, which is
still a debatable concept in the biological research
community.*

As in the case of biomimetic systems, the TERS studies on
cell membranes discussed above primarily focused on the fin-
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Fig. 5 TERS spectra measured at (a) a PM patch, (b) another PM patch, and (c) a PM-free patch. Panels a—c are adapted from ref. 61 with permission
from John Wiley & Sons, copyright 2012. (d) Examples of spurious TERS spectra from carbonaceous/organic contaminants measured from a self-
assembled monolayer (SAM) of 2-chloro-4-nitrobenzene-1-thiol on Au. (e) Top: AFM phase image of a Bacillus subtilis spore. Bottom: PC3 scores
map of the TERS spectra measured in the same area. PC3 is not assigned to a specific class of compounds, nonetheless, there is a clear correlation

between the AFM and TERS images. Panel e is adapted from ref. 62.
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gerprint region of the Raman spectrum. However, as demon-
strated by Pandey et al.,*' the C-H stretching region also pro-
vides rich molecular information for the structural and
chemical analysis of lipid membranes at the nanoscale, which
future TERS studies of biological cell membranes should
exploit.

5. 2D reactive systems

Bottom-up fabrication of surface nanostructures via different
combinations and spatial arrangements of building blocks pro-
vides 2D reactive systems suitable for developing functional
devices with controllable properties.®®”* For example, organo-
metallic structures such as metalloporphyrins (MPs) and metal-
lophthalocyanines (MPCs) have attracted a lot of interest
because of their remarkable catalytic properties and application
in the biological and chemical systems.”®”* However, the struc-
ture-reactivity relationships in these materials are poorly under-
stood at the nanoscale due to the lack of information related to
molecular specificity, configuration, and orientation. TERS is
well suited to tackle these challenges since it can be applied for
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characterisation of interfaces under
18,28,53,75-77

nanoscale chemical
different environmental conditions.

A lot of effort has been applied to achieving high-resolution
visualisation of individual MP/MPC molecules using TERS by
several research groups.”®®* A pioneering study was conducted
by the Dong group, in which the first TERS image of a single
porphyrin molecule (H,TBPP) resolving its inner structure
with a spatial resolution of <1 nm were obtained.®® Several
years later, the Apkarian group resolved the vibrational normal
modes of a cobalt-tetraphenyl porphyrin (CoTPP) molecule at
the atomic level using TERS under cryogenic ultrahigh vacuum
conditions.”® Besides the high-resolution chemical imaging,
TERS was also successfully wutilised to resolve the
conformation,®®* orientation,®®®" and arrangement®® of 2D
reactive systems. For example, the Pettinger group probed
molecular ordering within a SAM of CoTPP on Au(111) using
TERS.®® Later on, the Van Duyne group used TERS to detect
the conformational difference between neighbouring H,TBPP
molecules on a Cu(111) surface.®*

Recently, our group also applied TERS to investigate the
molecular orientation of a CoTPP-4-mercaptopyridine (4PySH)
coordination system (schematically illustrated in Fig. 6a)
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(a) Schematic diagram illustrating the STM—TERS setup to probe the CoTPP species on a TS-Au surface modified with a 2PySH and 4PySH

mixed adlayer. (b) Three typical TERS spectra showing variable peak intensities of the Raman bands highlighted by red stripes. (c) DFT-calculated
Raman spectra of a CoTPP-4PySH—Au, complex with tilt angles from 0°-90° showing significant spectral variations. Panels a—-c are adapted from
ref. 86 with permission from the American Chemical Society, copyright 2021. (d) Schematic diagram of an STM—-TERS setup used to investigate the
role of molecular arrangement in the photocatalytic conversion of 4-NTP — DMAB on polycrystalline and single-crystal Au surfaces. (e and f) High-
resolution TERS images of DMAB formation on samples prepared via drop-cast and immersion protocols on a polycrystalline TS-Au surface. Panels
d—f are adapted from ref. 29 with permission from the American Chemical Society, copyright 2022.
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immobilised on a Au surface with a spatial resolution of ca.
2 nm.*® Fig. 6b shows three typical TERS spectra of the
CoTPP-4PySH complex, extracted from a high-resolution TERS
image on an atomically-flat Au(111) surface. The signal inten-
sity of the bands highlighted by red stripes varied from type A
to type C, which suggests that the vibrational modes corres-
ponding to these bands are plasmonically enhanced to a
different extent. Based on the TERS surface selection rules®%
and theoretical simulations®” of 4PySH molecule adsorbed on
an Au(111) surface, we proposed that these spectral differences
reflect different orientations of the coordinated CoTPP-4PySH
species. Fig. 6¢c shows the DFT-calculated Raman spectra of
the COoTPP 4PySH coordination complex with different tilt
angles. By correlating the measured TERS spectra with DFT
simulations, the molecular orientation of COTPP in the
CoTPP-4PySH coordination complex on Au(111) could be
determined.

Plasmon-driven photocatalytic coupling reactions have
been used as model systems in SERS and TERS research for
several decades.®® With the assistance of hot electrons gener-
ated in the near-field, 4-aminothiophenol (4-ATP) and 4-nitro-
benzenethiol (4-NTP) can be converted to p,p-dimercaptoazo-
benzene (DMAB) on plasmonic metal surfaces.®*°° It has been
shown that the efficiency of these plasmon-driven photo-
catalytic coupling reactions is strongly influenced by the temp-
erature,”’ excitation laser,”> substrate,”>** and surrounding
environment.’>°® However, a clear structure-reactivity relation-
ship for the nanoscale arrangement of the reactant species on
the catalyst surface has not been established. In this context,
Sun et al. investigated the effect of adsorption orientation on
the photocatalytic conversion of 4-NTP and 4-ATP — DMAB on
single-crystal Ag and Au surfaces using TERS.”* However, the
results lacked support from direct visualisation of the arrange-
ment of 4-NTP and 4-ATP molecules adsorbed on the single
crystal surfaces.

Our group used a combination of TERS, STM, and DFT
simulations to investigate the role of the molecular arrange-
ment in the photocatalytic coupling of 4-NTP — DMAB on
single-crystal and polycrystalline Au surfaces, as schematically
illustrated in Fig. 6d.>® Two samples were investigated: the first
sample was formed via the “dropcast” protocol, where a drop
of ethanolic 4-NTP solution was placed on the Au surface and
allowed to evaporate in <1 min. The second sample was pre-
pared via the “immersion” protocol, where 4-NTP molecules
were allowed to self-assemble on a Au surface by immersing it
in an ethanolic 4-NTP solution for >12 h. The idea was that the
dropcast protocol would lead to a disordered adlayer, while the
immersion protocol would allow the formation of a well-
ordered SAM. Interestingly, high-resolution TERS imaging of
the 4-NTP — DMARB reaction on an Au surface showed a signifi-
cantly higher level of DMAB product formation on the drop-
cast sample (Fig. 6e) compared with the immersion sample
(Fig. 6f).

To understand this behaviour, we performed molecular-
resolution STM imaging, which revealed that only 8% of the
drop-cast sample surface was covered with well-ordered mole-

This journal is © The Royal Society of Chemistry 2023
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cular domains; on the other hand, 76% of the immersion
sample surface contained a well-ordered molecular adlayer.
Despite the difference in molecular arrangement, the inter-
molecular distance in the ordered domains of both samples
was found to be ca. 0.8 nm. DFT simulations based on these
intermolecular distance and surface coverage parameters
revealed that the molecules in the well-ordered domains were
adsorbed at a 69° angle with the vertical meaning they were
lying almost flat on the substrate. Furthermore, the energy
required for a molecule to rotate around the vertical axis was
found to be 0.3 eV, which is readily available under ambient
conditions. This meant that in the close-packed arrangement,
the -NO, head groups of the adjacent 4-NTP molecules could
never meet each other via rotation around the vertical axis,
providing the physical rationale for its lower 4-NTP — DMAB
conversion efficiency. However, a favourable configuration for
4-NTP — DMAB conversion could be more easily adopted in
the disordered domains of the drop-cast sample, leading to a
significantly higher reaction efficiency. This fundamental
study established the first direct structure-reactivity correlation
in the photocatalytic coupling of 4-NTP — DMAB and high-
lighted the critical role of the molecular arrangement on the
efficiency of on-surface coupling reactions in heterogeneous
catalysis at large.

Despite the unique advantages of high sensitivity and nano-
scale spatial resolution, the applications of TERS to study on-
surface chemical transformations as in heterogenous catalysis,
molecular degradation and co-coordination chemistry are still
in their infancy. However, with significant improvements in
the yield,””*® lifetime,®®°° and chemical inertness®®'°® of
TERS probes, rapid progress in this area is envisaged.

6. Conclusions and future outlook

The studies discussed in this review have shown that TERS
can yield valuable information on different 2D molecular
materials of chemical and biological interest such as 2D
polymers, biomimetic lipid membranes, cellular mem-
branes, and reactive monolayers. The particular strength of
TERS is that spectroscopic information is available with a
lateral resolution of only a few nm under ambient con-
ditions, without exogenous labelling and destroying the
sample. Particularly novel scientific insights were obtained
for cases where hyperspectral TERS imaging was combined
with complementary data from other techniques, e.g., mole-
cular-resolution STM images of the same sample, as demon-
strated by Cai et al.>®

Despite the obvious advantages of TERS, there are still
some hurdles to overcome, as well as some control and comp-
lementary measurements that should be routinely performed,
particularly when studying complex samples: the correlation of
high-resolution topographic (AFM or STM) imaging with TERS
should be carried out whenever possible. This is not always
easy; for example, lipid bilayers are too thick to electrons to
tunnel through, ie., STM and gap-mode TERS can not be
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applied in this case. In AFM-TERS, it should be carefully con-
sidered whether contact mode or tapping mode is used to
perform such correlative imaging.®*'°" The interpretation of a
mismatch between high-resolution topographic imaging and
TERS is equally important.

The high sensitivity, molecular specificity, and spatial
resolution of hyperspectral TERS nanoanalysis can potentially
address many unanswered scientific questions regarding
“soft” 2D materials. For example, in the context of cellular
membranes, TERS could be used to study structural vari-
ations between different cell types, which can be used as
potential markers to distinguish them. However, in the TERS
studies of biomimetic and biological systems, it is essential
to have appropriate reference data and control measurements.
For assigning TERS bands, Raman spectra of the reference
compounds obtained in the same experimental setup are
important in our opinion and preferable to the assignment
based on the literature. It should be always demonstrated
that an actual TERS enhancement exists, and tip contami-
nation and sample decomposition must be ruled out by
control experiments.

In biological samples, the information depth of TERS
needs to be understood better. Currently, there are inconsist-
ent reports in the literature - some papers claim that the
Raman signal of compounds tens of nm away from the TERS
tip can be enhanced'®® and others claim that only molecular
residues virtually in contact with the TERS tips would experi-
ence an enhancement of Raman signals.*® Nevertheless, we
see great promise in continuing to study such systems using
TERS. In particular, the knowledge of biomimetic systems
will set a solid basis for understanding more complex and
relevant biological systems like cellular membranes. Last but
not least, since TERS can be performed in a liquid environ-
ment,”>®> 2D molecular systems such as lipid monolayers,
bilayers, and natural membranes should more often be
studied in their natural environment, i.e. in liquid or buffer,
even if this adds an additional layer of complication to the
TERS experiments.
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