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ABSTRACT: In chemical biology research, various fluorescent probes have been developed and used to visualize target proteins or
molecules in living cells and tissues, yet there are limitations to this technology, such as the limited number of colors that can be
detected simultaneously. Recently, Raman spectroscopy has been applied in chemical biology to overcome such limitations. Raman
spectroscopy detects the molecular vibrations reflecting the structures and chemical conditions of molecules in a sample and was
originally used to directly visualize the chemical responses of endogenous molecules. However, our initial research to develop
“Raman tags” opens a new avenue for the application of Raman spectroscopy in chemical biology. In this Perspective, we first
introduce the label-free Raman imaging of biomolecules, illustrating the biological applications of Raman spectroscopy. Next, we
highlight the application of Raman imaging of small molecules using Raman tags for chemical biology research. Finally, we discuss

the development and potential of Raman probes, which represent the next-generation probes in chemical biology.

1. INTRODUCTION

Advances in genome decoding and genetic engineering
technology have led to significant advances in life science
research.”” However, to understand the complex regulatory
mechanism of life, in addition to genes and proteins, a
comprehensive understanding of the functions and dynamic
transformation of small biomolecules, such as lipids, amino
acids, sugars, cofactors, and various other metabolites, is
essential. For example, some amino acids and oxidized lipids
are known to act as important neurotransmitters and local
hormones.”* The chemical modification of proteins and
nucleic acids also plays an important role in controlling
physiological functions.” In addition to endogenous molecules,
exogenous small molecules including natural products,
pharmaceuticals, agrochemicals, and environmental pollutants
can also modulate various biological functions by interacting
with biomolecules. To better elucidate such chemical events in
cells, chemical biological approaches using bioactive small
molecules and chemical methods are important. Indeed, in the
development of pharmaceuticals and agrochemicals, it is
necessary to understand diseases at the molecular level as
well as the molecular mechanisms of action of the candidate
drug.

In life science research, owing to its high sensitivity and
excellent spatial resolution, fluorescence imaging is used to
determine the localization and dynamics of biomolecules.
Fluorescent proteins, such as green fluorescent protein (GFP),
have an active role in the detection of specific proteins in live
cells or in vivo;® however, the fusion of a large fluorescent
protein may produce artificial results due to the loss of
individual protein functions and interactive effects between
proteins. Fluorescence in situ hybridization (FISH) using DNA
conjugated with fluorescent dyes has been used to detect
specific DNA and RNA,” and the detection of specific proteins
using fluorescently labeled antibodies is also commonly used
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for imaging tissue and fixed cells. In addition, various chemical
probes designed to sense specific molecules including reactive
oxygen species (ROS), metal ions such as Ca**, the physical
environment, and enzymatic activity are indispensable tools for
chemical biology research. Fluorescent dyes have also been
used to help understand the functions of small bioactive
molecules. However, fluorescent dyes are large, and their
introduction often results in the loss or alteration of biological
functions. Photobleaching and low multiplexing levels due to
the broad fluorescent spectra are also limitations of fluorescent
imaging.8

Recently, vibrational spectroscopy, particularly Raman
spectroscopy, has played an important role in motivating
new technological developments in chemical biology. Raman
spectroscopy utilizes optical effects that directly reflect the
structures and chemical conditions of molecules in a sample,
allowing the direct visualization of the chemical responses of
molecules in living cells and tissues. In addition, Raman
spectroscopy can extend the molecular toolkit for chemical
biology research because it does not rely on the fluorescence
capabilities of molecules. For example, Raman tags, which can
be distinguished from endogenous molecules by molecular
vibrations, have been used to visualize small molecules in living
cells, taking advantage of their smaller size compared to bulky
fluorophores. Indeed, the concept of functional labeling in
fluorescence imaging has been transferred to Raman
microscopy and new imaging techniques, such as drug,
metabolic, and super multiplex imaging, which provide
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Figure 1. (a) Energy level diagram showing Raman scattering, surface-enhanced Raman scattering (SERS), and resonant Raman scattering. E,, E;,
and V,, show the electronic ground state, an electronic excited state, and vibrational excited states, respectively. Raman scattering can be enhanced
by several orders of magnitude when the excitation energy matches the energy difference between the electronic ground and the excited state. (b)
Raman spectrum induced by laser light focused on a sample during Raman microscopy. (c) Spatial distribution of Raman spectra, also referred to as
hyperspectral Raman images, where Raman images are obtained as distributions of Raman peak intensities. (d) Energy level diagram of stimulated
Raman scattering (SRS), electronic preresonant stimulated Raman scattering (eprSRS), and coherent anti-Stokes Raman scattering (CARS). (e)
SRS microscopy detects the energy exchange between the pump and probe beams via the vibrational excitation state as stimulated Raman gain
(probe beam) or loss (pump beam) to reconstruct a Raman image. CARS microscopy uses CARS signals emitted from the sample as the image

contrast.

information not otherwise available using conventional
fluorescence techniques.

Recent developments in Raman imaging technology have
stimulated pioneering Raman-based chemical biology. Raman
imaging techniques have successfully introduced vibrational
spectroscopy into biological and medical research, and
chemical biology can also expand its capabilities by utilizing
molecular designs for spectroscopic approaches. The key
development in Raman imaging techniques is the improvement
of imaging speed and detection sensitivity. For example, while
the small Raman scattering cross-section has hindered its
application in microscopic imaging, advances in laser- and
photon-detection technologies have drastically improved
imaging speeds; spatial-multiplex detection techniques using
line- or multiple-foci illumination allow hyperspectral Raman
imaging at speeds a few hundred times faster than conventional
confocal Raman microspectrometry based on single-point
illumination.”'® Ultrashort pulse lasers have further facilitated
the use of coherent Raman scattering for microscopic imaging,
such as coherent anti-Stokes Raman scattering (CARS) and
stimulated Raman scattering (SRS)."""* CARS and SRS can
selectively and efliciently excite vibrational states through a
stimulated Raman scattering process and can enhance signals
by S to 6 orders of magnitude compared to spontaneous
Raman scattering. These techniques enable the efficient image
analysis of biological samples and are highly compatible with
conventional optical imaging techniques used in biology and
medicine.

19652

In this Perspective, first, recent examples of label-free Raman
imaging of cells and tissues are discussed. Next, the imaging of
small molecules using small Raman tags are reviewed along
with their applications in chemical biology. The development
of Raman probes is also discussed, and, finally, future prospects

for these technologies are highlighted.

2. LABEL-FREE RAMAN IMAGING AND ANALYSIS OF
BIOMATERIALS

Raman microscopy can detect molecular information at each
measurement position of a sample without labeling, and
Raman spectra and their component peaks provide informa-
tion on the molecular structure at the measurement position.
In contrast to fluorescence microscopy that can observe
specific proteins or nucleic acids using labeling techniques,
Raman microscopy recognizes groups of biomolecules, such as
proteins, lipids, and nucleic acids, without labeling and
provides information about molecular components in a sample,
which complements conventional imaging techniques. In
addition, Raman microscopy benefits from the use of a near-
infrared (NIR) laser as the light source (e.g,, in coherent
Raman microscopy), which allows the observation of intra-
cellular molecules with little influence from autofluorescence in
biological samples. Recent advances in the image-acquisition
capabilities of Raman microscopy have drastically increased the
utility of Raman spectra for analyzing complex biological
samples.

2.1. Raman Microscopy. As noted in section 1, Raman
microscopy has several imaging modalities that can be used for
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Figure 2. (a) A Raman spectrum of cytosol in a living HeLa cell. Adapted with permission from ref 14. Copyright 2013 Elsevier. (b) Raman images
reconstructed by plotting the spatial distributions of Raman peak intensities. (c) Time-lapse Raman imaging of vibrational modes in cytochromes,
and CH, and CHj, during the apoptosis of HeLa cells. Adapted with permission from ref 32. Copyright 2012 National Academy of Sciences. (d)
Time-lapse observation of osteoblast differentiation. The Raman spectrum and images were obtained by slit-scanning Raman microscopy equipped
with a continuous-wave laser oscillating at 532 nm. Adapted with permission from ref 5S1. Copyright 2015 Nature Publishing Group.

biological imaging. These imaging methods typically detect
spontaneous and coherent Raman scattering to obtain the
spatial distribution of the target molecule in the sample. Figure
1 shows a schematic representation of these imaging methods.
Spontaneous Raman microscopy, commonly called Raman
microscopy, uses a light source at a single wavelength to excite
Raman scattering and obtain the molecular vibrations of the
sample as a Raman spectrum (Figure la and b). While
detecting the Raman spectrum with a spectrophotometer, the
illumination position is scanned to obtain the Raman scattering
distribution in the field of view (Figure 1b), and the Raman
image is reconstructed from the obtained data as the intensity
distribution of the Raman peak of interest (Figure lc).
Spontaneous Raman imaging can acquire vibrational informa-
tion on a sample over a wide spectral region (500—3000
cm™), covering the fingerprint region (500—1800 cm™)
where most biomolecules exhibit vibrations and in the high-
wavenumber region (2800—3000 cm™') where CH, and CH,
stretching modes are exhibited. Due to the small cross-section
of Raman scattering, the exposure time required for imaging is
long, limiting its application to imaging biological phenomena
without large time variations. To increase image acquisition
speed, parallel detection of Raman spectra from many different
points in the sample is commonly used.”'® Raman scattering
can be enhanced by a few to several orders of magnitude by
resonance with electrical excitation (resonant Raman scatter-
ing) or collective oscillation of electrons in metallic
nanostructures (surface-enhanced Raman scattering; SERS)
as shown in Figure la. These techniques are effective in
increasing sensitivity and imaging speed when sample
conditions are suitable.

Coherent Raman microscopy uses light at two different
frequencies to enhance the Raman signal through stimulated
Raman-scattering effects. Coherent Raman microscopy excites
vibrational modes corresponding to the difference in frequency
between the two lasers, and the excitation efficiency is typically
enhanced by a factor of 10° to 10° compared to spontaneous
Raman scattering. Coherent Raman scattering microscopy has
different imaging modes, such as CARS and SRS, distinguished
by how the stimulated vibrational modes are detected (Figure
1d and e). CARS and SRS are similar in their sensitivity but
exhibit different characteristics in the generation of the
background signal (i.e., nonresonant four-wave mixing for
CARS and cross-phase modulation for SRS).'"'> Coherent
Raman microscopy is useful for the high-speed imaging of
specific vibrational modes, while it requires a laser frequency
sweep (or equivalent techniques) to detect the Raman
spectrum of the sample. In addition, coherent Raman
microscopy has the advantages of a high penetration depth
and low excitation of sample autofluorescence, enabling tissue
imaging using NIR lasers. To enhance the signal further,
electronic preresonance (EPR)—where a pump beam with
energy slightly lower than that of electronic excitation is
used—is utilized in stimulated Raman scattering. These
enhancement techniques are particularly useful when com-
bined with a Raman probe, as described in section 4.2.

2.2. Imaging Intracellular Structures. When imaging
biological samples, Raman microscopy can broadly identify
molecular species, such as lipids, proteins, and nucleic acids,
and their spatial distributions in a sample.”” For example,
Figure 2a shows a Raman spectrum obtained from the cytosol
of a living HeLa cell irradiated by 532 nm laser."* The sharp
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peaks in the spectrum indicate Raman scattering from the
different vibrational modes of the molecules in the cells. As
shown in Figure 2b, plotting the spatial distribution of the peak
intensities can construct Raman images of the cells, which
provides information on molecular species at the measurement
positions.”'>'® In particular, the vibrational modes of CH, and
CHj; in the cell provide stronger signals at high wavenumber
regions (2800—3000 cm™), which has been successfully
applied to visualize lipid storage,'” lipid phase separation,"
axonal myelin,"” and tissue structures including the liver,”
brain,*' and skin.”> Raman spectra reflect the molecular
composition at the measured positions, providing information
that can separate the components of a sample, such as
organelles and cells in tissues. In addition to Raman peak
mapping, multivariate analysis techniques, such as multiple
curve resolution”’ and independent component analysis,”* can
be used to visualize nuclei, lipid droplets, and cell bodies
separately, providing morphological information on the sample
without labeling.”*~

2.3. Resonant Raman Scattering and Redox State
Detection. Resonant Raman scattering, which is observed in
molecules that absorb incident light, enhances the Raman
scattering signal by several orders of magnitude owing to the
resonance effect, allowing a more specific visualization of
intracellular molecules. Well-known biomolecules that exhibit
resonant Raman scattering upon visible light irradiation
include heme proteins,29 flavins,®® and carotenoids.>® When
used in Raman imaging, porphyrins in heme proteins are useful
in cell and tissue imaging with cytochrome, myoglobin, and
hemoglobin to clarify the contrast of mitochondria and blood
vessels, and to specifically identify those molecules in cells and
tissues (Figure 2¢).”7** Furthermore, the sensitivity of
resonant Raman scattering to the redox state of hemoproteins
allows the label-free detection of cellular and mitochondrial
dysfunctions.”* This technique has demonstrated the
simultaneous observation of the uptake of anticancer drugs
and their effect on the oxidation of mitochondrial cyto-
chromes.”” It has been also reported that the deregulation of
the electron transport chain of mitochondria in cancer cells can
be detected by detecting redox-sensitive Raman bands.*® The
oxidized and spin marker band of heme structures in
cytochrome P450 has been utilized to visualize enzymatic
activity under drug administration in hepatocytes.’” As a tissue
diagnostic application, this technique has been used in the
evaluation of myocardial infarction, where the resonance
Raman scattering of heme protein was used to separate
infarcted and noninfarcted tissues.”* Carotenoids also exhibit
resonance Raman scattering and provide strong contrast for
imaging different cell types and tissues including as biofilm,*’
the corpus luteum,*' and the retina.”> As discussed in section
4.2, signal enhancement due to resonance effects has been
effectively used in the molecular design of highly sensitive
Raman probes.*

2.4. Separating Cell Species and States. Raman spectra
can be used to identify cell types because spectral shapes
represent the balance of molecular species at each position in a
sample. The identification of cancer cells and tissues is one of
the valuable applications of this technique, which has been
demonstrated for various types of cancers.** Taking advantage
of the label-free approach, intensive studies are underway for
intraoperational rapid diagnosis.*>*® Raman microscopy is also
expected to describe the dynamic changes in intracellular
chemical compositions during cell differentiation or reprog-

ramming, which has been demonstrated using embryonic stem
(ES) cells,"”** induced pluripotent stem (iPS)*"* cells, and
osteoblasts (Figure 2d).”" In these experiments, the gradual
changes in the chemical composition during the modulation of
cellular states were visualized based on the multivariate analysis
of Raman spectra measured at different time points as the cell
state changes. Because of the capability of label-free detection
of cellular states, Raman microscopy is expected to be an
effective technique for the evaluation and quality control of
cells for use in regenerative medicine and drug development.>”
Similar approaches have also been demonstrated to discrim-
inate cell responses under immune stimulations.””*

However, although Raman spectra can separate cell states,
the biological background detected in Raman measurements is
not easily identified. Recently, transcriptome and Raman
microscopy have been combined to investigate the correlation
between Raman spectra and gene expression in cells,”> >
which paves the way for the use of Raman microscopy as a
reliable tool for understanding living systems and the omics-
equivalent analysis of live cells and tissues. The combination
with flow cytometry is one of the expected implementations of
Raman microscopy for biological and medical applications,
where cells can be sorted based on their characteristics and
functionsswévitéléout labeling, providing various applications using
live cells.”™

3. RAMAN IMAGING USING SMALL TAGS

3.1. Raman Tags. The ability to detect and image
biomolecules without labeling is a major advantage of Raman
spectroscopy. On the other hand, cells contain many
biomolecules and show extremely complicated Raman spectra
in which the signals of innumerable molecules overlap.
Therefore, identifying the signal of a particular molecule is
extremely difficult unless it has a unique Raman signature and
is present in a large quantity. This problem can be solved by
introducing a small Raman tag into the molecule of interest.
For example, the Raman spectrum of the HeLa cell shown in
Figure 3a has a window—the so-called silent region (1800—
2800 cm™')—in which no strong signals are derived from
endogenous biomolecules. Thus, functional groups with strong
signals in this region can be detected and identified as
candidates for Raman tags. Among the functional groups with
signals in the silent region, deuterium (—C—D stretching
vibration), alkyne (—C=C- stretching vibration), and nitrile
(—C=N stretching vibration) are mainly used as Raman tags
because of their chemical stability, bioorthogonality, small size,
and synthetic availability (Figure 3b). Deuterium is ideal in
terms of the minimum perturbation of bioactivity. Almost all
biomolecules have C—H bonds, and the simple replacement of
hydrogen with a stable isotope has little effect on its affinity to
the target biomolecules.’ However, the Raman signal of C—D
stretching vibrations is very weak; therefore, to create an image
of the distribution of small molecules, many deuterium atoms
must be introduced into the molecule. Currently, the most
widely used Raman tags are alkynes because these exhibit sharp
and strong signals. Raman imaging based on nitrile signals has
also been reported, but examples are rather limited compared
to alkynes. B—H and azide (—Nj,) stretching vibrations can
also be used as Raman tags, although only a few examples have
been reported. There are many other functional groups whose
signals are expected to appear in the cellular silent region, but
most of them are highly reactive and incompatible with the
biological environment (e.g., ketene, isocyanide, diazonium,
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Figure 3. (a) Raman spectrum of a living HeLa cell. Representative
signals of biomolecules are indicated. Color bars indicate the general
areas of signals of representative Raman tags. (b) Relative Raman
intensities of the hexanoic acid derivatives. Raman spectra of
deuterated, alkynylated, and azido hexanoic acid mixed with 6-
cyanohexanoic acid (1:1 molar ratio). Adapted with permission from
ref 92. Copyright 2012 American Chemical Society.

carbodiimide, isocyanate, and isothiocyanate). To visualize the
uptake and metabolic activity of a specific molecule, various
biomolecules with Raman tags have been developed.

3.1.1. Deuterium-Tag Raman Imaging of Biomolecules.
Historically, Raman scattering has been used to study lipids
and biological membranes, and deuterated lipids have been
used to analyze their conformation and phase separation.’”**
Lipid droplets rich in triglycerides and cholesteryl esters are
easily observed in living cells using Raman imaging techniques
based on the strong C—H stretching signal of the fatty acid
side chains. To visualize uptake and localization of a sépeciﬁc
fatty acid, deuterated fatty acids are widely used.”* For
example, in 2005, van Manen et al.”> reported a confocal
Raman image of neutrophil treated with 5,6,8,9,11,12,14,15-
octa-deuterated arachidonic acid (AA-dg), in which enrichment
of the exogenously added AA-ds in lipid droplets was clearly
observed. Xie et al.’*®” also used their modern CARS and SRS
microscopes for imaging of live cells and Caenorhabditis elegans
treated with deuterated fatty acids. Deuterated cholesterol and
deuterated choline have also been used for visualizing specific
components of lipids in live cells.”**

As the C—D bond is more resistant to cleavage than the C—
H bond owing to the kinetic isotope effect, it is likely that the
observed metabolism of fully deuterated fatty acids will be
converted to its ester forms rather than its oxidized
metabolites. Unsaturated fatty acids deuterated at the bis-
allylic positions are known to be less susceptible to enzymatic
and chemical oxidation.”® Recently, we found that deuterated
gamma-linolenic acid (GLA-d,) with deuterium atoms at the
bis-allylic position showed selective cytotoxicity to tumor cells,
whereas GLA itself is toxic to both normal and tumor cells.
This suggests that toxicity to normal cells depends on
metabolic and/or chemical reactions at the bis-allylic position,
whereas a different mechanism likely exists for tumor cell-

selective cytotoxicity. Thus, Raman imaging analysis of all
deuterated GLA (GLA-d,,)-treated tumor cells and normal
cells was performed (Figure 4a), which showed that the tumor
cells took up GLA-d,y continuously, even after 48 h, and
accumulated in the lipid droplets (Figure 4b). In contrast, in
the case of normal cells, uptake and accumulation of GLA-d,,
were limited, and as GLA content increased in the lipid
droplets, the content of native lipids seemed to be decreased.
This suggested that the difference in lipid droplet-related
metabolism between tumor and normal cells might be
responsible for the tumor-selective cytotoxicity of GLA-dy.”"

The Raman imaging method is applicable not only to
monitor the fate of fatty acids but also other lipid-containing
vesicles.”” As a pharmacological application, the uptake and
intracellular fate of a liposomal drug carrier composed of 1,2-
distearoyl-d-sn-glysero-3-phosphocholine with or without cell
penetrating TAT peptide modification were analyzed by
Raman imaging.”

Recently, fully deuterated glucose (Glc-d;) has been used for
the assessment of lipogenic activity at the single-cell level. Fully
deuterated glucose is metabolized to deuterated acetyl-CoA
through the TCA cycle, further converted to fatty acids, and
then accumulated in lipid droplets as triglycerides, which can
be directly analyzed using Raman imaging.”* Different
lipogenesis activities have been observed in different strains
of bacteria and mammalian cells, and the technique can be
used in antibiotic and anticancer susceptibility tests.”"”®
Increased de novo lipogenesis has also been observed in cancer
cells. Glu-d; can be converted into lipids and various other
biomolecules, and its conversion to glycogen has been
visualized using SRS.”’

Deuterated amino acids, such as Phe-d;, Tyr-d,, Leu-d,, Ile-
dyo, Val-dg, Arg-d;, Lys-dg, and Met-d;, have also been
employed to probe protein synthesis in live cells,”®” tissues,
and organisms.”” Metabolic activity phenotyping using a
combination of deuterated amino acids and fatty acids has
also revealed different metabolic profiles of different cells with
or without treatment with various drugs.”’ The ultimate
method of using deuterium atoms as a Raman tag for
metabolic analysis involves the supplementation of heavy
water (D,0) to cells, tissues, and organisms. In 2014, Wagner
et al.*> demonstrated that the incorporation of deuterium into
lipids and other macromolecules from D,O in active microbial
cells can be visualized using Raman spectroscopy. In 2018, Min
et al.*’ expanded this method to mammalian cells, C. elegans,
zebrafish, and mice. Thus, advanced Raman spectral analysis
enables the selective imaging of newly synthesized lipids,
proteins, and DNA. The D,0 method has also been applied to
study the effects of antimicrobial and anticancer drugs.***®

3.1.2. Alkyne-Tag Raman Imaging (ATRI) of Biomolecules.
Alkynes have been widely used as bioorthogonal tags in
chemical biology research in combination with click chemistry
(Cu-mediated cycloaddition with azide).*® For imaging, a tiny
terminal alkyne (—C=CH) is introduced into metabolic
precursors, such as nucleic acids and amino acids, and the
alkyne-modified probe is incubated with cells.”” ~*” Alkynes are
small enough that alkyne-modified molecules are recognized by
various metabolic enzymes without any problems and
incorporated into DNA, RNA, proteins, and glycans. After
fixation of the cells and washing out the excess probe, the
newly synthesized DNA/RNA, proteins, and glycans in cells or
tissues can be visualized by introducing a fluorophore via a
click reaction. However, the click reaction requires toxic
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copper salts with poor cell permeability, making its application
in live cell imaging challenging, and removal of excess
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fluorescent reagent is essential. Thus, imaging is only available
for molecules that are metabolically incorporated into
biomacromolecules or form covalent bonds with them.

In 2011, for the first time, we proposed and demonstrated
that alkynes are ideal tags for live-cell Raman imaging,
successfully imaging S-ethynyldeoxyuridine (EdU) using a
line-scan spontaneous Raman microscope.go’91 Time-course
Raman images showed EdU uptake according to the
proliferation of HeLa cells (Figure Sa).

To further examine the potential of alkyne-tag Raman
imaging (ATRI), we also examined the basic structure—Raman
shift/intensity relationship and revealed that the Raman shifts
of alkyne signals largely vary depending on the structure,” and
the intensity of Raman signals also varies depending on the
structure. Because the absolute value changes depending on
the measurement conditions and instrument, we used EdU in
our experiments, which has been previously used in live-cell
imaging, as a reference compound (= 1). Figure Sb
schematically shows the range of Raman shifts and relative
Raman intensities vs EJU (RIE) for various alkynes as well as
nitriles and deuterium. The signals of the terminal alkynes (R—
C=CH) appeared in the low-wavenumber region (2080—
2130 cm™"), while the signals of the internal alkynes (R—C=
C—R’) appeared in the high-wavenumber region (2200—2260
cm™). Halogen- or silyl-substituted alkynes (R—C=C—X or
R—C=C-SiMe;) showed signals in the intermediate region
(2150—2200 cm™"). Along with the sharp signal of the alkyne
with a narrow width, variation of the Raman shift (depending
on the structure) makes the simultaneous imaging of multiple
molecules possible by selecting an appropriate combination of
alkyne tags.

Generally, conjugation to aromatic rings increases intensity
(R—C=C-R’ < Ar—C=C-R < Ar—C=C—Ar); therefore,

for the imaging of a molecule with an aromatic ring, the
introduction of an alkyne tag to the aromatic ring is possible if
this does not affect biological activity. Notably, the conjugated
diyne shows one sharp peak, and its intensity is strong enough
for imaging, even without conjugation with an aromatic ring
(R—C=C-C=C-R = Ar—C=C-R). This is an excellent
tag for aliphatic compounds. Conjugation with an aromatic
ring further increases the Raman intensity, and bisarylbuta-
diyne (BADY, Ar—C=C—C=C—Ar’) shows the highest RIE
value among the molecules we tested.

Min et al.”? also synthesized a series of conjugated polyyne
derivatives and demonstrated that the intensity of the Raman
signal increased as the number of conjugated alkynes increased
(Ar—C=C-Ar' < Ar—C=C-C=C-Ar' < Ar—C=C-C=
C-C=C-Ar" < Ar-C=C-C=C-C=C-C=C-Ar <
Ar—C=C-C=C-C=C-C=C-C=C-Ar < Ar—-C=C-
C=C-C=C-C=C-C=C-C=C-Ar'). Interestingly, an
approximately 40 cm™' decrease of the wavenumber was
observed as the alkyne number increased (bis-aryl hexatriyne,
2183 cm™'; bis-aryl octatetrayne, 2141 cm™'; bis-aryl-
decapentayne, 2100 cm™'; bis-aryl dodecahexayne, 2066
cm™"). This collection of alkyne tags was further expanded
by introducing isotopes. The replacement of one or two carbon
atom(s) in the alkynes with the stable isotope *C significantly
changed its Raman shift, and the isotope-labeled alkynes could
be used as distinct tags (Figure Sc). The Raman shift of alkyne
stretching is dependent on the mass of two carbon atoms, and
replacement by a heavy '*C atom is estimated to decrease the
wavenumber based on Hooke’s law and density functional
theory (DFT) calculations.”® The singly and doubly *C-
labeled EAU showed much lower frequencies (**C-EdU, 2077
cm™%; BC,-EdU, 2048 cm™) than the nonlabeled EAU (2125
cm™). Imaging of cells treated simultaneously with *C,-S-
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ethynyluridine (**C,-EU), *C-EdU, and 17-octadecynoic acid
has also been successfully demonstrated.”* Furthermore, by
fine-tuning the structures of the bis-aryl polyynes with the
introduction of *C and a substituent on the aromatic ring,
Raman tags with 20 distinct Raman frequencies, called the
“Carbon rainbow” or “Carbow”, were synthesized.”” These
Carbow tags were successfully applied in the supermultiplex
imaging of cells as well as optical barcording.”

Recently, we found that much larger Raman shift changes
(ca. 135 cm™) are observed following the replacement of the
hydrogen of terminal alkyne to deuterium (—C=C-D), with
the signal of the D-alkyne appearing at 1974—1985 cm™".
Although it is not possible to discriminate between 17-
octadecynoic acid and EQU (because the Raman shifts of these
molecules are almost the same), their simultaneous imaging is
possible using D-labeled 17-octdecynoic acid (Figure Sd). The
different behaviors of saturated and unsaturated fatty acids
have also been visualized using D-labeled 17-octadecynoic acid
and 17-Yne oleic acid.”

Raman imaging of various alkyne-tagged biomolecules has
been reported (Figure 6). For example, SRS imaging of various
alkyne-tagged metabolic precursors, EAU, EU, L-homopropar-
gylglycine, propargyl choline, and 17-octadecynoic acid, has
been used to visualize de novo synthesis of DNA, RNA,
proteins, phospholipids, and triglycerides in live cells and C.
elegans™ as well as rat tissue.”” SRS imaging of peracetylated
N-(4-pentynoyl)mannosamine (Ac,ManAl), which is expected
to be converted into sialylated glycans, has also been reported
in addition to other metabolic precursors.”®”” Glucose uptake
activity in living cells and tissues was also successfully
visualized using 3-O-propargyl-p-glucose (3-OPG).'”

3C-labeled 3-OPG shows a distinct Raman signal compared
to Glc-d;, which can be used as a lipogenesis probe. For
example, cells with different glucose metabolic activities have
been successfully discriminated based on ratiometric two-color
SRS imaging using this approach.'”" Recently, an alkyne-
tagged sucrose analog was also synthesized, and its uptake to
plant cells was monitored using SRS.'"” In addition to these
metabolic precursors, phenyl-diyne-tagged cholesterol (PhDY-
Chol) has been used to visualize compartments of cholesterol
storage in live C. elegans.'"

As the Raman signal intensity of alkyne-tagged molecules is
proportional to their concentration, it is also possible to
quantify them in cells based on a calibration curve. The
efficiencies of cell uptake of diyne-tagged ubiquinone
derivatives (AltQs) with hydrophobic side chains of different
lengths were estimated by quantifying the Raman signals.””
ATRI can also be used for the analysis of lipid phase
separation, with the enrichment of diyne-tagged sphingomyelin
(diyne-SM) in the lipid raft-like structure of an artificial
membrane successfully visualized.'**'*°

3.1.3. Other Raman Tags. The nitrile shows a sharp peak in
the cellular silent region, but its intensity is not very strong
(Figure 3b). Thus, nitrile was first used as a tag in combination
with metal nanoparticles to increase the signal via surface-
enhanced Raman scattering (SERS). In 2007, Tay and Pezacki
et al.'% described the Raman imaging of ketone-modified cell-
surface receptors on engineered HeLa cells using silver
nanoparticles coated with a hydrazine derivative and a
benzonitrile tag. Subsequently, Tian and Chen et al.”®
succeeded in the SERS imaging of cell-surface sialylated
glycans tagged with nitrile and azide using gold nanoparticles
coated with phenylboronic acid, which preferentially formed

esters with sialic acid and maintained sialylated glycans in close
proximity to the surface of nanoparticles. With this SERS
system, the same authors successfully detected cell-surface
sialylated glycans derived from peracetylated N-(4-d;-acetyl)-
mannosamine based on the C—D signal. Azide-tagged cell
surface proteins and glycans have also been successfully
detected using SERS-active substrates.'”’ More recently,
Raman imaging of mercaptoundecahydrododecaborane
(BSH)-modified cholesterol (BSH-Chol) accumulated in
HeLa cells was reported.108 In this research, although the
signal of the B—H bond was much weaker than that of alkyne,
BSH-Chol with 11 B—H bonds was successfully detected in
the test cells.

3.2. Raman Imaging of Small Bioactive Molecules. In
addition to the analysis of metabolic precursors of
biomolecules, Raman imaging can provide valuable informa-
tion on small bioactive molecules, such as natural products and
drug candidates. Indeed, understanding the intracellular
localization of molecules and their interactions with bio-
molecules including proteins, nucleic acids, and lipids is
essential for the elucidation of molecular-level mechanisms of
action. In drug development, monitoring the uptake and
distribution of drug candidates in target cells/tissues is also
required.

Although fluorescent imaging has been widely used, labeling
of small molecules with large fluorophores normally changes
their physical and biological properties, which is a significant
limitation. Imaging methods using radioisotopes, magnetic
resonance, and mass spectrometry are also available; however,
these methods do not have sufficient spatial resolution to
determine the subcellular distribution of small molecules.
Thus, the Raman imaging of nonlabeled small molecules could
be a promising approach. Indeed, recent advances in Raman
microscopy and data analysis methods have made it possible to
visualize the subcellular distribution of anticancer drugs,'”~"">
and recently, penicillin G in fungal cells was successfully
imaged."'*

Some drugs have intrinsic Raman tags such as alkynes and
nitriles. Erlotinib, an epidermal growth factor receptor (EGFR)
tyrosine kinase inhibitor, has an alkyne in its structure, and its
Raman imaging in colon cancer cells based on a strong alkyne
signal was reported by Gerwert et al.''> Further detailed
analysis of the Raman spectra revealed that erlotinib was
metabolized to its demethylated form in the studied cells. This
is an example of the potential of Raman microscopy for the
detection of drug metabolism. We also reported live cell
imaging of the mitochondrial uncoupler carbonyl cyanide p-
trifluoromethoxy-phenylhydrazone (FCCP), using nitrile as an
intrinsic Raman tag. The nitrile signals of the protonated and
deprotonated forms are distinct, and their imaging clearly
showed that FCCP exists as a deprotonated form in cytosol
and as a protonated form in lipid droplets, indicating the
potential of structure-based imaging as a sensor of the local
environment.''® El-Mashtoly et al.''” reported the Raman
imaging of another anticancer drug, neratinib, with an intrinsic
nitrile group, with imaging based on the nitrile signal indicating
its accumulation in lysosomes. In addition, these authors
elucidated the structures of neratinib metabolites based on a
hierarchical cluster analysis (HCA) of the Raman data, DFT
calculation, and LC-MS analysis. Recently, Brunton et al.''®
also reported the SRS imaging of ponatinib, another alkyne-
containing anticancer drug, and stronger lysosomal trapping of
this basic molecule was observed in drug-resistant cells
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compared to nonresistant cells. In addition to these studies,
examples of the Raman-based imaging of bioactive molecules
with external and intrinsic Raman tags are increasing.''”

Coronatine is a virulence factor produced by pathogenic
bacteria that promotes infection in two ways—Dby inhibiting
stomatal closure and inducing stomatal reopening. The former
is reportedly mediated by the nuclear proteins COIl and JAZ,
but the regulatory mechanism of the latter is unknown (Figure
7a). We synthesized a diyne-tagged coronatine derivative
(diyne-COR) and found that this molecule induced stomatal
reopening in a COIIl-JAZ-independent manner. Raman
imaging of the diyne-tagged coronatine in living guard cells
clearly showed its specific localization in the endoplasmic
reticulum (ER).'”° The involvement of the ethylene-signaling
system at the ER in the stomatal reopening activity of
coronatine was further clarified."*' To our knowledge, this is
the first example demonstrating the contribution of alkyne-tag
Raman imaging to understanding the mechanisms of action of
natural products.

SRS imaging of diyne-tagged ferrostatin has also been
reported, which is an antioxidant-type inhibitor of ferroptosis, a
form of regulated cell death that involves lipid peroxidation.'**
In this work, the distribution of diyne-tagged ferrostatin to
lysosomes, mitochondria, and ER was observed, with the
authors speculating that ER is the site of ferrostatin action
based on a range of experiments. More recently, examples of
alkyne-tagged bioactive molecules have been increasing.'**~'*°

In contrast to SRS, spontaneous Raman spectroscopy
normally requires a much longer acquisition time, and it is
difficult to monitor fast drug uptake. Recently, we solved this
problem by combining an alkyne tag with SERS (Figure 7b).
Because alkynes are expected to have a high affinity for
transition metals, an ethynyl group was introduced to the
cathepsin inhibitor (Alt-AOMK), and a strong SERS signal was
confirmed in the presence of gold nanoparticles. Subsequently,
gold nanoparticles were introduced into the lysosomes of live
cells by endocytosis, and time-lapse 3D imaging of Alt-AOMK
was performed. The quantitative evaluation of the uptake
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speed at the single-cell level using digital SERS counting was
also performed under different conditions, demonstrating the
potential of alkyne-tag SERS microscopy.'*® Alkyne-tag SERS
imaging has also been successfully applied to the serotonin
reuptake inhibitor S-citalopram in brain slices.'””

4. PROBES FOR RAMAN IMAGING

Based on the development of Raman tags, various Raman
probes have been developed to selectively visualize specific
organelles, proteins, enzymatic activities, and intracellular
environments, such as pH, ion concentration, and redox
state (Figure 8).

4.1. Organelle Markers. Currently, various fluorescent
organelle markers are available, and their organelle-targeting
functional groups can be used to design Raman organelle
markers. Various Raman tags have been developed and applied
with high sensitivity. We first developed a mitochondrial
marker, MitoBADY, with a bisarylbutadiyne (BADY) structure
as the tag and a triphenyl phosphonium structure as a
mitochondria-targeting group.'”® Min et al.”® developed
mitochondria (Carbow2141 Mito), lysosome (Carbow2141
Lyso), plasma membrane (Carbow2141 PM), endoplasmic
reticulum (Carbow2226 ER), and lipid droplet (Carbow2201
LD) markers using polyyne tags. Luo et al.'*’ reported that
poly(deca-4,6-diynedioic acid) (PDDA) has a strong Raman
intensity (up to ~10* RIE) and can be used as an alkyne tag. In
this case, PDDAs with lysosome-, mitochondria-, and nucleus-
targeting molecules were demonstrated to act as excellent
organelle markers in live cell SRS imaging. Recently,
photoactivatable Raman organelle markers have been
developed using diaryl cyclopropenones as masked Raman
reporters, yielding diaryl alkynes with 405 nm light
illumination.'”” Using these photoactivatable Raman reporters,
several organelle markers were prepared, and pulse-chase SRS
imaging was successfully performed to track the movements of
specific organelles.

Azobenezne-based resonant Raman reporters were also
developed.””' Azobenzene is known to have an intrinsic
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nonradiative decay process that suppresses fluorescence, which
disturbs the detection of resonance Raman scattering. It was
shown that the absorption of azobenzene could be tuned by
introducing substituents, and azobenzene with cyano and
amino groups at the p-position of each benzene ring was found
to have significant absorption at 532 nm, which is a commonly
used wavelength for Raman microscopy. A strong enhance-
ment in the Raman signal at 1375 cm™" (v CP"~N) was also
observed, and Raman imaging of the plasma membrane and
mitochondria was successfully performed by introducing
organelle-targeting structures. The lysosome marker
BBQ650-Lyso has also been developed, which shows strong
resonant Raman effects at an excitation wavelength of 633
nm."*” Furthermore, a detailed study on the structure—Raman
intensity relationship of various azobenzene derivatives is
provided by Tang et al.">* This work showed that conjugation
of the appropriate azobenzene structure to the bisaryl-polyyne
enhances the RIE of the alkyne signal.

4.2. Raman Probes for Imnmunostaining. Immunostain-
ing with fluorophore-modified antibodies has been widely used
in biological research. In principle, multicolor immunostaining
can be performed using antibodies with various Raman tags.
However, the insufficient brightness of regular Raman tags is a
problem that must be overcome. Because the size of antibodies
is quite large, relatively large Raman tags can be used. For
example, SERS imaging of cell-surface antigens using metal
nanoparticles modified with Raman reporters conjugated with
antibodies has been examined,"**'** and various SERS probes
have been developed to date."**'*” However, image resolution
is typically low, and accessibility to intracellular proteins could
be a problem because of the relatively large particle size. Dai et
al."*® described immunostaining of cell-surface proteins using
single-walled carbon nanotubes (SWNT) with strong resonant
Raman scattering signals using a 785 nm laser. They
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conjugated '>C-SWNT and its isotopomer *C-SWNT, with
Raman signals at 1590 and 1544 cm™' for the anti-Her2
antibody (Herceptin) and anti-Herl antibody (Erbitux),
respectively. Crucially, these two Raman-tagged antibodies
successfully discriminated cells expressing each protein.

Although resonant Raman scattering is a powerful method
for achieving strong signals, its usefulness is limited. If ordinary
dyes other than azobenzenes are used, the fluorescent
background interferes with the observation of the Raman
signals. In 2017, Min et al.” found that both a high-sensitivity
and low-electronic-resonance background could be realized by
SRS under electronic preresonance conditions (eprSRS). The
same research group subsequently developed a series of nitrile
and alkyne-containing pyronin-based dyes (MARS dyes).*"*”
These dyes displayed strong Raman signals in the cellular silent
region, achieving identification of different types of nerve cells
by simultaneous immunostaining of tubulin, myelin basic
protein, and glial fibrillary acidic protein.

Various polymers containing high-density Raman tags, such
as alkyne, deuterium, and nitrile, have also been developed,
some of which have been applied to cell imaging by
conjugating with nucleic acid aptamers and targeting
peptides."*” Recently, Raman-active nanoparticles (Rdots)
with ultrabrightness and compact sizes (~20 nm) have been
described,"*" which are easily prepared by a simple swelling-
diffusion method from polystyrene nanoparticles and Carbow
dye without the formation of covalent bonds. Rdots show an
RIE of over 10* which is bright enough for immunostaining,
Multiplexed live-cell imaging using antibodies with Rdots has
also been demonstrated using SRS microscopy.'**

4.3. Raman Probes for Enzymatic Activity. In addition
to immunostaining probes that detect the presence of specific
proteins, Raman probes that can monitor enzymatic activity
have also been reported. In 2018, Li et al'® reported the use
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of SERS probes for imaging assays of endonuclease activity in
live cells. They designed alloyed Au/Ag nanoparticles modified
with phenylacetylene and diphenyl acetylene-tagged single-
stranded DNA, which showed two distinct SERS signals (1983
and 2212 cm™") derived from each alkyne. After cleavage of
the DNA by endonuclease, the SERS signal of diphenylace-
tylene released from the nanoparticle diminished, and the
activation of the endonuclease in cells by treatment with an
apoptosis-inducing agent was clearly demonstrated by
ratiometric analysis. The same group also reported a similar
SERS probe for caspase-3, in which a peptide containing the
cleavage sequence was used instead of DNA."** In this case,
caspase-3 activation in live cells and tissues was demonstrated
by ratiometric imaging analysis.

In 2020, Kamiya et al. " developed activatable Raman
probes based on several different principles. They identified a
xanthene derivative bearing a nitrile group at position 9 (9CN-
JCP) as a suitable scaffold dye and designed probes in which
the molecular absorption shifted from the electronic non-
resonance region to the electronic preresonance region before
and after the enzyme reaction, resulting in the SRS signal
turning on from off. They developed probes for three different
aminopeptidases and glycosidases with isotope-edited dye
(9CN-JCP, 2217 cm™; 9CN-JCP, 2190 cm™'; 9'*CN-JCP,
2166 cm™; and 9"*C"N-JCP, 2137 cm™), and simultaneous
imaging of the activities of the four enzymes in live cells was
successfully performed.

4.4. Raman Sensors. Several small-molecule Raman
probes have recently been developed for sensing endogenous
biomolecules and ions. Min et al.'*® reported a hydrogen
sulfide (H,S) sensor equipped with an azide as a reactive site, a
bisarylbutadiyne (BADY) as a Raman reporter, and a
mitochondria-targeting triphenyl phosphonium group. The
reduction of azide to amino groups by H,S causes a change in
the alkyne Raman signal, and the SRS ratiometric images show
a change in H,S levels in live cells. Faulds, Graham, and
Tomkinson et al.'*” designed a series of Raman pH sensors
based on the BADY structure. They prepared various BADY
derivatives with acidic groups, such as phenolic OH, and/or
basic groups, such as NH,, and the Raman shifts of the
protonated and deprotonated forms were measured for each
molecule. They estimated intracellular pH using SRS
ratiometric images of the signals derived from the protonated
and deprotonated forms. Fine-tuning of the pK, is also possible
by the introduction of additional fluorine atom(s) to the probe
molecules, and an appropriate probe molecule can be selected
depending on the pH range of interest. This group also
prepared a mitochondria-targeting pH sensor, Mitokyne, which
can detect subtle changes in mitochondrial pH. Subsequently,
mitochondrial dynamics during mitophagy were monitored in
a time-resolved manner using Mitokyne with subcellular spatial
resolution."*® Various other Raman sensors for specific
molecules and ions could be developed based on their
known reactivity." ">

5. FUTURE PERSPECTIVES

In comparison with fluorescence imaging, the main advantage
of Raman imaging is the large number of tags or probes that
can be detected simultaneously. When labeling small bioactive
compounds, fluorescent dyes often affect biological activity;
however, small Raman tags can be introduced without affecting
bioactivity, and the bioactive compounds in living cells can be
visualized. In contrast, the detection sensitivity of Raman

imaging is much lower than that of fluorescence imaging.
Improving the sensitivity of Raman measurements is one of the
most critical issues for wider application in biological and
medical contexts. Although SRS and CARS microscopies
successfully increase the Raman scattering signal, they
simultaneously generate a nonresonant background signal
that does not reflect the vibration of the target. Because of this,
the lowest detectable concentration of molecules is limited to a
few hundred micromolar to a few millimolar. This value is
similar to that observed in spontaneous Raman scattering
microscopy. Therefore, in SRS/CARS microscopy, reducing
the amount of background light that is nonresonant to
molecular vibrations is a priority for improving sensitivity. So
far, techniques using laser frequency modulation'*" and long-
pulsed laser light for stimulated emission'>” have been
proposed. However, the improvement in sensitivity achieved
is only a few times greater than that of conventional
techniques. The use of SERS, which is observed on metal
surfaces, has attracted attention as a technique to improve the
sensitivity of detecting low-concentration molecules. Although
SERS improves the signal drastically (typically 10* to 10°
times), the enhancement is very sensitive to the surface
condition of the metal. Therefore, intensity fluctuations and
drift in the Raman peaks typically occur, which makes
quantitative measurement and interpretation of spectra
difficult.">> SERS can be used for applications where these
issues are relatively unaffected, such as the observation of small
molecules tagged with alkynes, as described in section 3.2'*°

In addition to imaging, we have successfully applied Raman
spectroscopy to chemical proteomics. In chemical biology
research, alkyne tags are used for the analysis of target proteins
labeled with bioactive compounds in combination with a click
reaction; the target protein is labeled with an alkyne-tagged
compound, and the click reaction can install various tags such
as biotin. Using the biotin tag, the target protein is purified,
digested into peptides, and finally identified by MS/MS
analysis. However, the identification of labeled sites is
sometimes difficult because of the large structure of the
introduced tag, which affects the physical properties of labeled
peptides and disturbs detection by the MS analysis. To
overcome this problem, we established alkyne-tag Raman
screening (ATRaS) for the direct detection of alkyne-labeled
peptides.”>* In this method, we can detect alkyne-labeled
peptides with a detection limit of almost 100 fmol, which has
enabled the identification of the cathepsin B labeled site using
the alkyne-tagged inhibitor Alt-AOMK. To improve the
Raman signal of alkyne tags, we applied SERS with silver
nanoparticles to form a stable silver acetylide. We also
developed a Raman plate reader using a multifocus detection
system. In this system, we were able to obtain 192 Raman
spectra simultaneously and within a few seconds.'> In
combination with ATRaS, a Raman plate reader is expected
to realize a comprehensive analysis of the binding sites of
alkyne-tagged compounds. In addition, this Raman plate reader
has also been used to detect drug polymorphisms, with other
applications expected in the future.

The development of new Raman probes and analytical
methods should further expand the potential of Raman
spectroscopy for chemical biology research. For example,
recently, Wei et al. reported a new method for Raman imaging-
based local environment sensing via hydrogen—deuterium
exchange (HDX) of the terminal alkyne tag.156 This work
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demonstrates that UV-induced thymidine dimer formation can
be detected by alkyne-HDX from EdU-labeled cells.

To expand the observation targets of biomedical studies,
Raman imaging techniques with improved spatial resolution
and the capability of deep-tissue imaging are expected in the
near future. In fluorescence microscopy, super-resolution
microscopy, which increases the spatial resolution of
observation beyond the diffraction limit of light, and 3D
imaging techniques, which can observe the deep parts of a
sample, are widely used, and some of these techniques are also
available for Raman microscopy. For example, to improve the
spatial resolution of Raman imaging, techniques using
structured  illumination,"®’ image scamning,158 higher-order
nonlinear response,'>”~'®' sample expansion,'®> and stimu-
lated emission depletion'®® have been reported. However, the
signal volume typically decreases as the spatial resolution is
improved, and sensitivity issues become more pronounced.
Therefore, the practical use of these techniques is currently
limited, and it is necessary to develop these technologies
together with sensitivity improvements. For the observation of
deep biological structures, techniques utilizing the trans-
parency of tissue clearing'®>'®* and side illumination, such as
light-sheet illumination, ®>~'®” have been proposed. The
fusion of these techniques with Raman technology is expected
to reveal the role of molecules in various biological events in
greater detail than has been previously possible.
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