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A B S T R A C T

Tip-enhanced Raman spectroscopy (TERS) is a unique spectroscopic technique that possesses singlemolecule sensitivity and high spatial resolution. Both of these properties are due to 1) extremely high
conﬁnement of an electromagnetic ﬁeld at the apex of the scanning probe and 2) precise positioning of
the scanning probe at the surface of the analyzed specimen. The scanning probe can easily be withdrawn
from the analyzed surface after spectral acquisition, which makes this analytic technique minimally
invasive. The substrate generality of TERS has already been utilized to investigate various challenging
topics in biology and surface chemistry, such as detecting cytochrome c oxidation in mitochondria,
monitoring catalytic reactions, and imaging polymer surfaces. In this review, the most recent advances in
applying TERS for structural characterization of biomolecules, electrochemical processes at the
nanoscale level, art conservation and surface sciences are discussed. These studies highlight the growth
of TERS as a powerful analytical technique with far reaching practical implications.
ã 2016 Elsevier B.V. All rights reserved.
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1. Introduction and early experiments
Surface structure plays a key role in the efﬁciencies and
functionalities of heterogeneous catalysts and electrochemical
processes at the solid-liquid interface [1]. It also determines
physical and chemical properties of polymeric materials, semiconductors and photonic crystal heterostructures [2,3]. Surface
structure and physiological function of biological objects are also
closely related. Consequently, structural changes can point out on
development or progression of pathological conditions [4].
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Information about the structural organization is commonly
obtained by morphological characterization of objects. However,
as the size of objects decreases, the challenge of elucidation of their
structural organization disproportionally increases. Conventional
optical microscope limits visualization of objects that are smaller
than 200–400 nm (also known as Abbe’s diffraction limit) [5].
Electron microscopy (EM) allows for overcoming the limitation of a
visible light in obtaining higher spatial (1 nm) resolution. This
makes EM one of the most commonly used techniques for
nanoscale morphological characterization of various objects
ranging from electronic chips to cells and viruses [6]. However,
EM similar to lately invented scanning probe microscopy (SPM),
does not provide any information about the chemical composition
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Fig. 1. (A) Schematic illustration of a TERS experiment with laser excitation at the STM tunneling junction; (B) STM image of CNTs (1) and corresponding TERS images of (2–4).
Adapted from Ref. [33].
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or the structure of the imaged specimens. At the same time, such
information is vitally important for the understanding of
physiological response and toxicity of numerous pathological
formations, such as amyloid plaques or cell membrane of cancer
cells. It is also highly desirable for the elucidation of mechanisms of
heterogeneous catalysts and fundamental physics of electrochemical processes.
Abbe’s diffraction limit can be also overcome by superresolution microscopy techniques, such as photoactivated localization microscopy (PALM) and direct stochastical optical reconstruction microscopy (d-STORM) [7–9]. However, these
methodologies require sample labeling which causes modiﬁcation
of specimen’s original structure. Also, since there are only a few
ﬂuorophores get activated per every light exposure, long acquisition time is required. Therefore, thermal drift of current superresolution microscopes becomes a serious issue that limits their
spatial resolution.
Vibrational spectroscopy, including Raman and Infra-Red (IR), is
a label-free technique that is capable of providing information
about the structural organization of analyzed specimens. Upon the
illumination of a molecule with an electromagnetic radiation, an
exchange of a quantum vibrational energy between the two occurs,
resulting in a vibrational frequency difference between the
incident and scattered light. This inelastic scattering phenomenon,
known as Raman effect, has been well-described in the literature
[10–12].
In 1974, Fleischmann et al. reported that Raman spectra of
pyridine adsorbed on a rough Ag surface had unexpectedly high
intensity [13]. Inspired by this work, Van Duyne and Jeanmaire
investigated the origin of such drastic enhancement of Raman
spectra suggesting that it could by caused by electrochemical
interfacial ﬁeld gradient [14]. Several years later, Van Duyne and
Schatz proposed “electromagnetic theory” of the surface-enhanced Raman scattering (SERS) effect [15,16]. It has been
suggested that SERS originated from the intensity anomaly, which
occurred when the sum of the dipole induced in the adsorbed
molecule was added to its image in the metal, in the limit of zero
separation between the two. Independently, Moskovits proposed
that a localization and ampliﬁcation of the incident light by surface
plasmon resonances (localized and propagating) of noble metals
are responsible for the high ampliﬁcation of the Raman signal [17].
Localized surface plasmon resonances (LSPRs) are coherent
oscillations of the conduction band electrons in noble metal
nanostructures [18–22]. The LSPR drastically enhances the local
electric ﬁeld (E) in the vicinity of the metallic nanoparticle, which
can reach 100–1000 times the incident electric ﬁeld (E0), leading to
enhancements of the Raman signal up to 108. The LSPR strongly
depends on nanoparticle size, shape, material, and the local
dielectric environment [23–25].
Such nanoparticles can be grown or electrochemically etched at
the apex of a scanning probe that is used in atomic force
microscopy (AFM) or scanning tunneling microscopy (STM). If this
probe is positioned above the sample of interest and illuminated
with electromagnetic radiation, the nanoparticle would enhance
the Raman signal from molecules located directly under it. The
advantage of this methodology, known as tip-enhanced Raman
spectroscopy (TERS), is that the probe position can be precisely
controlled over the substrate’s surface. Consequently, collection of
TER spectra at different regions of the substrate allows for an
acquisition of a chemical map of the analyzed specimen. Thus,
TERS combines the vibrational information and single-molecule
sensitivity of SERS with the spatial resolution of scanning probe
microscopy (SPM). The theoretical concept of this idea was ﬁrst
proposed in 1985 by Wessel [26], whereas the ﬁrst instrumental
implementation was reported only in 2000 by laboratories of
Zenobi, Kawata and Anderson [27–29]. For instance, using a silver-
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coated AFM tip, Stöckle et al. recorded 25 spectra along the
boundary of a brilliant cresyl blue (BCB) ﬁlm dispersed onto a glass
support [28]. The authors showed that only Raman spectra
acquired over the BCB region exhibited the signature of the dye
molecule. It has been concluded that spatial resolution is limited to
a size of an apex of the metal-coated tip. Stöckle et al. also obtained
similar results from C60 molecules probed with gold-coated tuning
fork tips [28]. Using similar experimental setup, Hayazawa and
coworkers reported TERS with 40 fold enhancement for
rhodamine-6G (R6G) [29]. Finally, Anderson demonstrated TERS
effect on thin sulphur ﬁlms deposited on quartz slides, reaching
nearly 104 signal enhancement [27].
2. Advances in STM-TERS and ultra-high vacuum (UHV-STM)
TERS
STM has signiﬁcantly higher spatial resolution, compared to
AFM, allowing for imaging individual atoms and molecules. This
catalyzed several research laboratories to investigate feasibility of
STM-TERS [30,31]. For instance, Pettinger et al. demonstrated STMTERS of BCB adsorbed on 12 nm thick Au ﬁlm using electrochemically-etched silver wires [31]. Several years later, Van Duyne group
used isotopologues of R6G to prove single-molecule sensitivity of
TERS [32]. Sonntag et al. observed the vibrational signature of only
one isotopologue at a time from multiple TER spectra. Recently,
using STM-TERS carbon nanotubes (CNTs) were imaged with less
than 2 nm spatial resolution, allowing to identify defects on their
surface (Fig. 1) [33].
STM becomes extremely powerful if coupled with ultra-high
vacuum systems(UHV-STM) [34–36]. In 2008, Steidtner et al.
demonstrated that a single BCB molecule could be detected using
UHV-STM-TERS [37]. Recently, Jiang and co-authors were able to
acquire TER spectra of copper phthalocyanine (CuPc) adsorbed on
Ag(111) and simultaneously image CuPc with sub-nanometer
spatial resolution of CuPc [34]. This UHV-STM-TERS system had
laser focusing and Raman collection optics outside of the UHV
chamber [34]. Such instrument conﬁguration allowed for cooling
the sample down to the temperatures of liquid helium. At these
experimental conditions, surface diffusion of adsorbates across the
sample is minimal or totally absent. This allows for imaging
individual molecules that are not chemisorbed on the surface at
room temperature. Moreover, Klingsporn and co-authors reported
that TER spectra of R6G acquired at low-temperatures (LT-TER) are
substantially different from those, measured at room-temperature
(RT-TER) [38]. As a result, additional chemical information about
adsorbate-substrate interactions could be revealed upon comparing LT-TERS and RT-TERS. Particularly, the interactions of R6G with
Ag(111) via ethylamine moieties was demonstrated.
The most fascinating TERS results were recently reported by the
Dong research group. Using a home-built UHV-STM-TERS system,
the group was able to achieve sub-nanometer spatial resolution of
porphyrin resolving its inner structure and surface conﬁguration
(Fig. 2) [39].
Zhang et al. concluded that such spatial resolution could be
achieved by spectrally matching the resonance of the nanocavity
plasmon to the molecular vibronic transitions, particularly the
downward transition responsible for the emission of Raman
photons [39]. Besides the clear demonstration that singlemolecule sensitivity and sub-nanometer spatial resolution could
be achieved, this work opened a question about fundamental
physical principles of this phenomenon.
3. Applications of TERS in surface science and biochemistry
The fundamental studies paved the way for practical applications of TERS in various research areas ranging from life sciences to
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Fig. 2. (A) Schematic of STM-TERS in a confocal-type side-illumination conﬁguration; (B) topography of sub-monolayered H2TBPP molecules on Ag(111); (C) TERS images of
individual H2TBPP molecules. (D) Theoretical simulation of the TERS mapping and (E) TERS intensity proﬁle of the same line trace for the inset Raman map associated with the
817 cm1 Raman peak, integrated over 800–852 cm1.
Adapted from Ref. [39].
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electrochemistry [40–42]. For instance, it was demonstrated that
TERS was able to detect small defects and localized contaminations
in graphene sheets [43–46]. The intensity of the D band
(1350 cm1) signiﬁcantly increased in the defected areas, as well
as at graphene edges [47]. At the same time, in-plane modes, such
as the G band (1582 cm1), were found to be weakly enhanced
[48]. These studies demonstrate that TERS is capable of detecting
structural defects and chemical contaminations in carbon 2D

7

materials. Recently, Peica et al. demonstrated that TERS could be
utilized to probe the structural organization of 3D carbon
materials, such as CNTs [49]. It has been shown that using TERS,
single-walled CNTs could be identiﬁed within a CNT bundle.
Moreover, Yano et al. showed that TERS could be used to evaluate
mechanical properties of CNTs [50]. It has been found that an
increase in pressure on the nanotube, which can be induced by an
AFM tip, caused a shift in the G mode frequency at 10 cm1.

Fig. 3. (A) AFM images of erythrocyte cells, hemozoin crystals aligned in the digestive vacuole of the infected cells (B, C) that were targeted using TERS. Approached (D) and
retracted (E) TERS spectra recorded at the edge of a hemozoin crystal. Corresponding SER (F) and resonance Raman (G) spectra of b-hematin [55].
Adapted from Ref. [55].
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Finally, Opilik et al. utilized TERS to explore mechanisms of twodimensional molecular polymer formation [51]. It has been
concluded that polymerization occurred by [4 + 4] rather than
by [4 + 2] cycloaddition of monomers. Based on the obtained
results Opilik et al. hypothesized that such polymerization
occurred via a step growth mechanism.
Label-free examination of chemical composition with a high
spatial resolution is also very attractive for structural characterization of complex biological systems, such as cells, viruses or
bacteria. For example, TERS has recently been utilized to unravel
structural organization of a single tobacco mosaic virus. Cialla et al.
demonstrated that both coat proteins and RNA components
simultaneously co-formed a virus capsid [52]. Using TERS, Böhme
et al. investigated structural organization of eukaryotic cells and
found that individual protein and lipid domains could be resolved
on the cell surface [53]. Moreover, using TERS, Böhme et al. could
detect oligosaccharides on the cell surface. This work was followed
by Richter et al., where authors utilized advanced spectral
processing algorithms to elaborate TER spectra acquired from
eukaryotic cells. They demonstrated that using this powerful data
processing methodology signals from both protein and lipid
domains could be differentiated. This allowed for increasing the
spatial resolution of these cell membrane components down to the
nanometer scale [54].
A very interesting application of TERS was decently reported by
Wood et al. [55]. It has been shown that TERS is capable of
detecting hemozoin crystals that were formed inside of red-blood
cells infected by Plasmodium falciparum (Fig. 3). This malaria
parasite catabolizes the breakdown of erythrocyte hemoglobin
into hemozoin and free hem. Both of these products of parasite
metabolism are toxic to the human organism. Additionally, Wood

et al. were capable of determining the oxidation state of iron ions in
the hemozoin crystals that were found in the blood cells.
A similar application of TERS was separately demonstrated by
Böhme et al. Using TERS, Böhme et al. were able to resolve different
oxidation states of cytochrome c Fe2+/Fe3+) in a single isolated
mitochondrion [56].
Over the last 10 years, TERS was extensively utilized to explore
structural organization of macromolecules, including DNA, RNA,
amyloid and collagen ﬁbrils [53,57–59]. For example, Treffer et al.
demonstrated that TERS was capable of resolving individual
nucleobases of individual RNA and DNA molecules [53,60]. It has
been also shown that all four nucleobases could be identiﬁed in
both RNA and DNA strands [61,62]. Recently, Lipiec et al. reported
that the molecular structure of terminal groups of DNA fragments
could be determined using TERS. Based on these results, it has been
proposed that UV-initiated DNA damage occurred via cleavage of
the C¼O bonds. Lipiec et al. concluded that TERS can be used to
identify double-strand breaks of DNA, which could appear as a
result of molecule exposure to UV radiation [63].
Amyloid ﬁbrils are b-sheet-rich protein aggregates that are
strongly associated with various neurodegenerative diseases [64].
TERS studies of insulin ﬁbrils revealed that their surface is
heterogeneous from the viewpoint of both protein secondary
structure and amino acid composition (Fig. 4) [57,65]. It was shown
that only about one-third of insulin ﬁbrils’ surface was composed
of b-sheet, which is very likely capable of templating aggregation
of misfolded protein(s). At the same time, the rest of the ﬁbril
surface was composed of a mixture of a-helix and unordered
protein secondary structure. This discovery indicated that amyloid
ﬁbrils have very different structural organization of their core
(primarily b-sheet) and surface (primarily a-helix). It has also

Fig. 4. A schematic illustration of the scan direction along the ﬁbril proﬁle (A) and the actual topological image that was acquired during TERS measurements (B). Table of
protein secondary structure and amino acid residue composition (C) of the ﬁbril proﬁle. b-sheets, a-helix/unordered, and mixed protein structures are shown in red, blue, and
green, respectively. TER spectra with suppressed amide I bands are shown in black. The black dotted line indicates the center of the ﬁbril. The presence of characteristic bands
for Cys, Tyr, Phe, His, and Pro in the spectrum are marked by a “+”.
Adapted from Ref. [57]. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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been shown that b-sheet clusters and areas dominated by a-helix
and/or unordered protein secondary structures had different
amino acid compositions. Kurouski et al. examined the propensity
of the presence of some amino acids towards one or another
protein secondary structure [66]. It was found that aromatic amino
acids, such as tyrosine and phenylalanine, as well as cysteine are
much more frequently present on b-sheet clusters than on the
areas dominated by a-helix and/or unordered protein. At the same
time, proline, which is known to disrupt b-sheet integrity, is much
more abundant in a-helix and/or unordered protein clusters.
TERS has been also utilized to probe surface organization of
insulin ﬁbril polymorphs with different topologies: ﬂat, tape-like
and twisted [66–68]. Kurouski et al. found that surfaces of these
polymorphs have distinctively different amino acid compositions
and protein secondary structures. Also, for the ﬁrst time, the
surface of ﬁlaments, precursors of ﬁbrils, was investigated.
Comparison of amino acid propensities and protein secondary
structures on the surface of the ﬁlaments with mature ﬁbrils
allowed proposing the mechanism of ﬁlaments’ propagation into
mature insulin ﬁbrils. Recently, van den Akker et al. used TERS to
probe structural organization of ﬁbrils formed on a lipid interface,
which is more representative of amyloid ﬁbril formation in vivo
[69]. It was found that ﬁbrils that were grown on the lipid interface
contained lipid molecules on their surface.
4. TERS in art conservation science
Conﬁrmatory, non-destructive and non-invasive identiﬁcation
of dyes and colorants in situ is highly important for the
understanding of historical context and for the long-term
preservation of cultural heritage objects [70–72]. It is usually
difﬁcult to identify organic colorants of plant, insect, and synthetic
origin due to their low concentration in artwork, overall poor
photostability (leading to further depletion of chromophores
available for testing). Such colorants also exhibit high ﬂuorescence,
which limits applications of normal Raman spectroscopy for their
detection and identiﬁcation [73]. Therefore, high performance
liquid chromatography (HPLC) has become an applicable alternative to the spectroscopic approach for identiﬁcation of organic
colorants in artwork [74,75]. However, this technique is invasive
because a colorant sample has to be taken from the artwork for
HPLC analysis. In recent years, SERS has become a promising
alternative to HPLC for organic colorant identiﬁcation [72,76–78].
SERS has successfully provided speciﬁc molecular ﬁngerprinting
for many cultural heritage applications, drastically reducing the
amount of sample required compared to HPLC analysis [79–84].
However, for such SERS analysis, the colorant sample has to be
hydrolyzed for dye extraction, which results in a loss of important
spatial information [81]. Additionally, SERS is not substrate
speciﬁc: the analyte of interest must either be adsorbed onto
the enhancing noble metallic nanoparticle substrate or associated
near the enhancing substrate with the use of a capture layer.
These limitations have recently catalyzed the development of
an innovative method that would allow for non-invasive and nondestructive detection and identiﬁcation of dyes in artwork. The
Van Duyne group took the initiative and built a TERS instrument
that was capable of detecting dyes directly in the artwork without
the need of a sample support [85]. In the proof-of-concept work, an
Ag-coated AFM tip was brought to the surface of the paper and
illuminated it with 532 nm laser radiation. TER spectra were
directly acquired from the paper using low laser powers
(0.2 mW) and fast acquisition times (3–10 s) avoiding any
damage or photo-degradation to the dyed paper. Kurouski et al.
demonstrated that TER spectra collected from Kinwashi paper
dyed in 0.5 M indigo solution exhibited vibrational bands
originating from indigo, cellulose, and its monomer glucose
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[85]. This study proved that by using TERS organic dyes can be
non-destructively and non-invasively identiﬁed directly on the
artwork. It also demonstrated that TERS was able to resolve
chemical composition of colorants down to its single dyes.
Kurouski et al. also demonstrated that TERS could be used for
the identiﬁcation of iron gall ink on historical documents [85]. A
fragment of a letter dated to the 19th century with handwritten
text was investigated by positioning an Ag-coated AFM tip on a
single ﬁber of paper near the circumference of one of the cracks, as
shown in Fig. 5E (red arrow). The acquired TER spectra exhibited
vibrational modes corresponding to gallic acid, the main component of iron gall ink, and glucose, a cellulose monomer. These
results indicated that TERS allowed for the identiﬁcation of
individual components in the complex chemical mixture such as
iron gall ink, which could not be achieved using normal Raman
spectroscopy, even with higher powers and longer acquisition
times. This work demonstrated great potential of TERS as an
additional spectroscopic tool for minimally-invasive compositional characterization of artwork in situ and opened exciting new
possibilities for cultural heritage research and forensics.
5. Applications of TERS in electrochemistry
Surface structure plays a key role in the efﬁciency of
heterogeneous catalysts and electrochemical processes at the
solid-liquid interface [86,87]. Unraveling the mechanisms of
electron transfer at the solid-liquid interface is crucial to improve
the rate of catalytic conversion and its selectivity. Classical
spectroscopic techniques, including infrared, ultraviolet-visible,
ﬂuorescence and normal Raman spectroscopy, are diffraction
limited and therefore cannot reveal electrochemical processes at
the nanoscale level. Scanning electrochemical microscopy (SECM)
and scanning electrochemical cell microscopy (SECCM) are
commonly used to study electrochemical reactions at the solidliquid interface [88–90]. They are commonly used to investigate
electron transfer kinetics on a single crystal vs polycrystalline
substrates. However, both of these techniques can only provide
very little structural information about the analyzed molecules or
directly probe molecules that are bound to the surface. The Mirkin
research group has recently demonstrated that spatial resolution
as low as 10 nm can be achieved using SECM [89]. At the same time,
imaging the surface structures with nanometer or sub-nanometer
spatial resolution is necessary for the clear understanding of the
fundamental principles of electrochemistry and heterogeneous
electrocatalysis.
STM opened a new perspective in the understanding of
electrochemical and electrocatalytic processes, since structural
organization of metal electrodes could be obtained with atomic
resolution (Fig. 6) [91–93]. For example, it was found that
adsorption-desorption of hydrogen was strongly dependent on
the crystal structure of Pt [94]. Using EC-STM, Yoshimoto et al.
showed that C60 cage and zinc(II) octaethylporphyrin Zn(OEP)
adlayers could be formed by dipping an Au(111) crystal into their
benzene solutions [95]. At low tunneling current (30 pA) only the
C60 cage adlayer was observed by STM, whereas an increase in the
current to 2 nA revealed the underlying Zn(OEP) adlayer. Another
bimolecular system of Cu(II) octaethylporphine and Co(II) phthalocyanine (CoPc) was studied on an Au(111) surface in the same
manner [96]. It was found that molecule mobility on the surface
and their arrangements were dependent on the electrode
potential. It was also demonstrated that surface-charge density
at the electrochemical interface affects not only moleculesubstrate interactions, but also molecule–molecule interactions
(Fig. 6) [97,98].
Coupling of SPM, such as STM or AFM, with Raman spectroscopy
allows for obtaining additional information about the
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Fig. 5. TER spectra of (A) iron gall ink spot on 19th century historical paper engaged (blue) and retracted (black). TER spectrum of (B) the AFM Ag-coated tip removed from the
ﬁber immediately after data acquisition. Normal Raman spectrum of (C) gallic acid powder. Fragment of 19th century letter (D) and a micrograph of the paper crack (E). Red
arrow indicates the spot where the AFM Ag coated tip was positioned. Peaks corresponding to the vibrational modes of glucose are marked by “G”. The asterisk (*) indicates
the peak at 521 cm1 which results from silicon on the AFM tip. TER spectra acquired using lex = 532 nm; tacq = 4 s; Pex  0.36 mW. Normal Raman spectrum acquired using
lex = 785 nm; tacq = 10 s; Pex  1 mW.
Adapted from Ref. [85]. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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Fig. 6. (A) STM image (15 nm2), acquired at 0.85 V versus RHE, of a layer of the C60 cage/[Zn(OEP)] supramolecular assembly on Au(111) in 0.05 M H2SO4. Tunneling currents
were 0.03 nA (upper part) and 2.0 nA (lower part), respectively. (B) Different arrangements of cobalt(II) phthalocyanine (CoPc) and a metalloporphyrin such as 5,10,15,20tetraphenyl-21H,23H-porphine copper(II) (CuTPP) on the surface of Au(111) at different potentials. (C) Potentiodynamic imaging of Cu(111) in 5 mM H2SO4 at a potential rate
of dE/dt510 mV/s and corresponding CV. (D) The sulfate/bisulfate covered surface in A ! B and C ! D showing a Moiré-type superstructure as well as the free Cu(111) surface
in B ! C [98].
Adapted from Refs. [97,98].

electrochemical processes at the solid-liquid interface. Moreover,
using this experimental set up, known as EC-STM-TERS or EC-AFMTERS, rates of electrochemical reactions could be independently
measured at surface defects, such as adatoms, step-edges and
vacancies. These ﬁndings would transform the understanding
of numerous fundamental electrochemical processes, including: 1)
conversion and storage of energy, 2) plasmon driven electron
transport, 3) electrocatalysis and photocatalysis, and 4) electron
transfer in living systems.
Recently, Van Duyne investigated nanoscale redox behavior of
Nile Blue (NB) using electrochemical TERS (EC-TERS) and
compared these results with conventional cyclic voltammetry
(CV) [99]. Kurouski et al. found that NB undergoes a two electron
one proton reduction at negative potentials (0.5 V vs Ag/AgCl) at
pH above 6. If an oxidized form of NB (NBO) absorbs light at
630 nm, the reduced form (NBR) lacks absorption in this spectral
region. Instead, it exhibits several absorption bands in near UV
(261, 362 and 405 nm). In the EC-AFM-TERS experiment, NB was
adsorbed onto an indium tin oxide (ITO) ﬁlm, which was used as a
working electrode (WE). Pt and Ag/AgCl were used as counter and
reference electrodes, respectively. After an Au-coated AFM tip was
positioned on the WE, changes in acquired TER spectra were

monitored as the potential was swept from 0.0 to 0.6 V vs Ag/AgCl
and returned back to 0.0 V vs Ag/AgCl. Kurouski et al. found that
overall intensities of the spectra decrease with a decrease of the
potential, in agreement with the change in electronic states of NBO
and NBR. As the potential was swept from 0.6 V back to 0.0 V,
75% of the initial spectral intensity returned, demonstrating
reversibility of the monitored redox reaction of NB under the AFM
tip (Fig. 7).
The authors plotted the intensity of the 591 cm1 band of NB to
obtain EC-TER spectra of the monitored redox reaction. It appeared
that as the potential was scanned from 0 V vs Ag/AgCl to 0.6 V, the
intensity of the 591 cm1 band decreased beginning at 0.3 V. It
then further decreased until 0.5 V, at which point the intensity
leveled off. Upon sweeping the potential back to 0 V vs Ag/AgCl,
Kurouski et al. observed that the intensity at 591 cm1 began to
increase linearly at 0.4 V and leveled off at 0.2 V. As
expected, the TERS intensity-potential proﬁle for the 591 cm1
band strongly resembled the mirror image of the charge vs
potential curve. However, authors found a shift between the NB
redox reaction observed by EC-TERS compared to CV. Speciﬁcally,
the onset of the cathodic current in the CV experiment occurred at
0.13 V, while the TERS intensity did not begin to decrease until
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Fig. 7. Stack plot (A) and individual (B) EC-TER spectra of NB acquired at different potentials during cyclic voltammetry (CV) showing reversible reduction and oxidation of NB.
P = 110 mW, t = 1 s, l = 633 nm, scan rate = 10 mV/s. The asterisk denotes the Si Raman band from the AFM tip. (C) Background subtracted CV of NB on ITO acquired concurrently
with the EC-TER spectra in (a). E00 = 0.215 V. (D) Charge acquired by integrating the CV in (c). The charge is directly proportional to the number of molecules reduced during
the CV experiment. The reverse sweep is offset by 0.6 mC/cm2 for clarity. (E) Potential dependence of the integrated TERS intensity of the 591 cm1 band of NBO. The black lines
are meant to highlight the dependence as a guide for the reader. The intensitypotential proﬁles strongly resemble the mirror image of the charge shown in (D). All TERS
intensities were normalized to the initial value at 0.0 V vs Ag/AgCl. The reverse sweep is offset for clarity. TERS spectra in (a) and TERS voltammograms in (E) are the average of
four experiments.
Adapted from Refs. [99].

0.3 V. Similarly, the onset of anodic current in the CV
experiment occurred at 0.3 V, whereas the TERS intensity
began to reappear at 0.4 V. Consequently, EC-TERS reported a
potential response negatively shifted by more than 100 mV
compared to the conventional voltammetric response. Using ECFluorescence and EC-SERS, authors demonstrated that such a shift
of the optical response relative to the CV experiment was speciﬁc
to the near-ﬁeld response.
Kurouski et al. also explored EC-TERS of NB at different scan
rates (5–30 mV/s) and observed no changes in the acquired
EC-TERS proﬁles [99]. Based on this, the authors made a conclusion
that the tip positioned at the WE could perturb electrochemical
redox reactions at the nanoscale. This could happen because NB
has been trapped between the AFM tip and the ITO surface. This
could also be due to poor electrochemical accessibility of the NB
molecules that contribute to the TERS response. Alternatively, the
tip could locally perturb the structure of the compact layer in the
electrical double-layer. Distortion of the double-layer structure
locally alters the effective potential experienced by the NB
molecules in the tipsample junction such that a larger

overpotential is required for reduction. Finally, a step-like behavior
in some TERS voltammograms, corresponding to reduction and
oxidation of single or few NB molecules, has been observed. This
indicated that EC-AFM-TERS was capable of probing a redox
reaction of only a few NB molecules adsorbed to the ITO surface
[99].
Independently, Ren research group reported that EC-TERS could
be utilized to monitor arrangements of 40 -(pyridin-4-yl)biphenyl4-yl) methanethiol (4-PBT) on an Au(111) surface as a result of its
protonation and deprotonaiton [100]. The authors pointed out that
such information about the potential dependent re-conﬁguration
of 4-PBT could not be obtained from EC-SERS experiments. This
work demonstrated that insulation of STM tips, necessary for
reducing the Faraday current from tip shaft, could be successfully
achieved. Zeng et al. proposed to embed freshly-etched Au or Ag
wire into polyethylene glue, which allowed for the tip’s apex to
remain plasmonically active [100].
Wang et al. recently used TERS to investigate intermolecular
interaction in self-assembled monolayers (SAMs) of 4-PBT [101]. A
red shift of the band that represented C¼C bond stretching has
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been observed during the ﬁrst 6 h of 4-PBT adsorption on Au(111).
With an increase in the 4-PBT density on Au(111), Wang et al. found
that C¼C bond stretching band showed a blue shift. It has been
proposed that the intermolecular interaction ﬁrst strengthens and
then weakens during assembly. Consequently, SAM of 4-PBT was
found to restructure to a relatively loose structure after a compact
monolayer was formed. Wang et al. concluded that the intermolecular repulsive force ought to be the main driving force that led to
such restructuring.
These ﬁndings demonstrated that TERS can be successfully used
to monitor electrochemical processes at the nanoscale and
investigate structural organization of SAMs on single crystal
surfaces. They showed that by using TERS, one can understand how
the number of molecular binding sites changes electrochemical
properties of the molecule, including its formal potentials and the
electron transfer kinetics. One can expect that these ﬁndings will
help to develop our understanding of plasmon driven electron
transfer, as well as improve the performance of solar cells and
batteries.
6. Challenges and limitations of TERS
Over the last 15 years TERS has grown from a pure laboratory
tool into a broadly applicable analytic technique. At the same time,
wide utilization of this label-free non-invasive and non-destructive technique is limited by poor reliability and the short life-time
of TER probes [102]. Silver is one of the most commonly used
metals for TER tip fabrication. The complex dielectric constant of
Ag has high value of negative and small value of positive imaginary
and real parts [103]. This explains high electromagnetic enhancement of Ag. Ag nanofeatures (20–80 nm), which are commonly
formed (grown by metal deposition or electrochemically etched) at
the apex of SPM tips have LSPR of 500 nm (in air). Therefore,
514 nm, 532, or 561 nm laser excitation wavelengths are commonly
used for such TER studies. However, plasmonic activity of Ag
quickly decays with time due to its oxidation by atmospheric
oxygen or interaction with sulfur-containing molecules [104].
Zenobi group proposed that SAM of ethanethiolate (EtS) could
inhibit adsorption of contaminants, such as carbon and analyte
molecules, on TER tips [105]. Opilik et al. reported that plasmonic
activity of contaminated or tips could be restored by electrochemical etching. Authors also suggested that the electrochemical cell
used for tip “revival” could also be used for their long-term storage
[106].
Utilization of Au instead of Ag allows for overcoming this
limitation. Au tips are very stable in air and do not exhibit
signiﬁcant decay in enhancement for months. It should be noted
that LSPR of gold nanofeatures (20–80 nm) is red-shifted relative to
silver ones. Therefore, 633 nm laser light is the commonly
preferred electromagnetic excitation for such TERS experiments.
Ren group demonstrated that contaminated gold tips could be
cleaned by sulfuric acid [107]. This method allowed for regeneration of gold tips preserving their high TERS activity. It is very likely
that development of a fabrication procedure that would allow for
production of TER tips with high enhancement and long (months)
life-times will give a second life to this technique. Commercialization of such tips would allow for TERS experiments to become
routine and will make this technique much more commonly used
by analytical chemists around the world.
One may note that interpretation of TER spectra is often very
challenging for several reasons. Different biological molecules,
such as proteins and lipids, have the same chemical groups that
consequently will give the same vibrational bands in Raman
spectra. Therefore, it is often challenging to obtain unambiguous
assignment of these vibrational bands and consequently identify
such molecules [108,109]. For instance, CH, CH2 and CH3 bands
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(1475 cm1, 1457 cm1, 1372–1377 cm1, 1355 cm1) may originate
from alanine, valine, leucine, and isoleucine. Therefore, it is
challenging to distinguish amino acid residues with saturated
hydrocarbon side chains. The Raman band at 1144 cm1 represents
the vibrations of amino and imino groups and can be assigned to
asparagine, glutamine, lysine, and arginine or the N-terminal
amino acid of the peptide chain. Carboxyl groups have two
vibrational frequencies at 1400 cm1 and 1687 cm1. In TER spectra
of protein specimens, these bands can be assigned to aspartic or
glutamic acids, as well as the C-terminal amino acid of the peptide
chain. Nevertheless, aromatic amino acids tyrosine, phenylalanine,
and histidine have clearly deﬁned Raman bands and therefore can
be unambiguously assigned. Utilization of silicon or silicon nitrile
cantilevers in AFM-TERS instruments obscures the visualization of
disulﬁde bands (510–540 cm1) that overlap with the Raman band
of silicon (521 cm1). Nevertheless, C
S vibrations of cysteines
(650–690 cm1, 750–790 cm1, and 800 cm1) can be clearly
resolved. Based on the presence or absence of cysteine bands,
valuable information about the localization of disulﬁde bridges on
the surface of protein specimens can be obtained.
In addition to the amino acid composition, TERS can provide
secondary structure information of protein specimens. It was
shown that both amide I and amide III bands can be used to
interpret protein secondary structure [58,68,110]. The interpretation of the amide I band (1640–1680 cm1) is relatively straightforward because there are no amino acid bands present in this
spectral region [111,112]. However, assignment of vibrational bands
in the amide III region (1200–1340 cm1) to the protein chromophore is rather challenging due to vibrational bands of some
chemical groups (C
C ring, COH and CH2) that can also be found at
these Raman shifts. It should be noted that TER spectra acquired
from protein molecules often lack amide bands, which limits their
utilization for a determination of protein secondary structure.
Kurouski et al. proposed that such amide I “silencing” can be due to
a distancing of the peptide bond from the rough metal surface of
the STM or AFM tip by amino acid side chain [112]. However, it is
very likely that other factors, which have yet to be discovered, can
contribute to the amide band’s suppression [109]. Finally, several
research groups have reported that vibrational bands in TER
spectra can shift approximately 7 cm1 relative to their
corresponding bands in surface-enhanced and/or normal Raman
spectra [85,110]. The origin of these band ﬂuctuations is not yet
clear. It was proposed that such band shifts could be due to
molecule-metal interactions and incident light polarization
[110,112–114]. However, such band shits often make unambiguous
band assignment, especially in highly complicated TER spectra of
biological specimens, extremely challenging.
It should also be mentioned that it is important to demonstrate
two control measurements for each of the reported TERS experiments. In the ﬁrst one, laser light should be focused on the sample
surface with the TER tip retracted from it. This is necessary to
evaluate far-ﬁeld response of the sample. Such response has to be
subtracted from the reported TERS signal. In the second control
experiment, laser light should be focused on the TER tip that is
retracted from the sample surface. Alternatively, at the end of
spectral acquisition, the same tip should be placed onto a clean
area of the sample that is void of analyzed specimen. Absence of
Raman bands in such spectra (besides Si band at 521 cm1, if Si or
Si3N4 tips are used) demonstrates that the tip is not being
contaminated during the experiment.
7. Summary and future perspectives
This review demonstrates how TERS could be utilized in various
research areas ranging from biochemistry to art conservation
science and electrochemistry. It shows that using TERS, physical
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properties of nanomaterials, as well as the structural organization
of biological specimens, can be explored. Moreover, using TERS,
topological information can be simultaneously collected with an
acquisition of chemical imaging of the analyzed specimen. Since
the electromagnetic ﬁeld exponentially decays as the distance
from the noble metal surface increases, TERS exclusively provides
information about the structural organization of a specimen’s
surface. This makes this technique extremely valuable for
determination of the surface organization of macroscopic biological objects such as cells, amyloid ﬁbrils, and viruses.
Single-molecule sensitivity and nanometer spatial resolution
make TERS a highly desirable technique for monitoring all
processes at the nanoscale level, including photo- and electrochemically-driven reactions. For example, van Schrojenstein et al.
recently utilized TERS to monitor photocatalytic conversion of pnitrothiophenol adsorbed on gold nanoplates [115]. TERS is also
highly prospective for determination of the physical state of matter
at the nanoscale level. Recently, the Kawata research group
reported that terahertz TERS (THz-TERS) was capable of measuring
the temperature of the tip-sample junction [116]. In addition to
these practical applications, one may envision the future of TERS as
a development of the theory that will be capable of explaining the
sub-nanometer spatial resolution of this technique. For example,
Meng and coworkers recently proposed that the horizontal ﬁeld
gradient effect might be responsible for the high spatial resolution
of TERS [117]. Finally, new and fascinating ﬁndings can be expected
from coupling of TERS with time-resolved spectroscopy [118,119].
Overall, high sensitivity and high spatial resolution of TERS make
practical application of this analytic technique extremely useful in
various research areas ranging from surface and art conservation
sciences to electrochemistry and biology.
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