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interference from cell components, known as the “silent region”, and alkyne signals in this region were first
utilized a decade ago to visualize the nuclear localization of a thymidine analogue EdU. Since then, the

strategy of Raman imaging of biological samples by using alkyne functional groups, called alkyne-tag Raman
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imaging (ATRI), has become widely used. This article reviews the applications of ATRI in biological samples
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1. Introduction

The Raman effect is an inelastic scattering of light that was first
discovered by Sir C. V. Raman in 1928," for which he won a Nobel
prize in 1930. In elastic scattering, called Rayleigh scattering, the
molecule reverts to its original ground state after photoexcitation.
In contrast, Raman scattering is an inelastic process in which the
molecule returns to a higher or lower vibrational state. When the
molecule returns to a higher vibrational state after scattering, the
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ranging from organelles to whole animal models, and briefly discusses the prospects for this technique.

scattered light has lower energy, i.e., it is red-shifted. This is called
Stokes Raman shift. When the molecule returns to a lower
vibrational state, resulting in blue-shifted, ie., higher-energy,
scattered light, it is called anti-Stokes Raman shift (Fig. 1a). Due
to the Boltzmann distribution for the vibrational energy states of
molecules, the lowest vibrational state is generally the most
populated state at room temperature. Hence, the Stokes Raman
signal is significantly more intense than the anti-Stokes Raman
signal, and is generally used for conventional Raman spectro-
scopy. As Raman spectroscopy advanced following the introduc-
tion of lasers and improvements in detectors and filters, it has
found wide application in chemistry, physics, and biology.
Recently, Raman spectroscopy has also been applied for imaging
purposes, commonly called Raman imaging.””
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Fig. 1 Jablonski diagram depicting the energy levels and transitions (a) during Rayleigh scattering and Raman scattering and (b) during spontaneous

Raman, SRS, and CARS.

Fluorescence microscopy is the most widely used imaging
technique for the study of biological samples in an academic
setting. It is also one of the most well-developed optical
imaging techniques, providing images with very high spatial
resolution, even sub-diffraction resolution using techniques
such as PALM, STORM, STED, etc.*’ In addition, the high
temporal resolution of fluorescence microscopy has enabled
it to be used for studying live cell dynamics. Though advanta-
geous, fluorescence imaging requires labelling of the target
biomolecules either with fluorescent small molecules or with
genetically encoded fluorescent proteins. These non-natural
tags are large enough to affect the biochemical and biophysical
properties of the target biomolecules, and also affect the native
cellular environment. Raman imaging has the advantage
over fluorescence imaging that it can be performed without
labelling or with minimal labelling. Since the Raman signal
arises from molecular vibrations, the information obtained has
molecular level detail. While Raman imaging has not yet
achieved the spatiotemporal resolution of fluorescence
imaging, different modes and methods of Raman imaging are
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being developed, and Raman imaging appears to be one of
the leading techniques for the future. Some of the modes
used for biological imaging are discussed in brief in the next
section.

1.1 Modes of Raman imaging

1.1.1 Spontaneous Raman imaging. Spontaneous Raman
scattering is a process in which a molecule interacts with a
single excitation photon (Fig. 1b). Mapping the signal intensity
from spontaneous Raman scattering is called spontaneous
Raman imaging. Though the cross section of the spontaneous
process is low (107%% to 107 ¢cm?), it has been employed to
study various cellular components simultaneously. The entire
Raman spectrum of a region of interest can be obtained in
spontaneous Raman imaging, which is possible only with very
few coherent Raman imaging setups. Moreover, as the signal
is linearly dependent on the concentration of the probe
molecules, it can be used for quantitative measurements.

Confocal microscopes are employed to achieve high spatial
resolution (um order) in Raman imaging. In 1990, Puppels
et al., in their breakthrough work, used a confocal set-up to
obtain Raman spectra of a human eosinophilic granulocyte, a
chromosome of Chinese hamster lung cells, and a polytene
chromosome of Chironomus thummi thummi.”> They also optimized
the system for Raman imaging and imaged carotenoid C—C bonds
in human lymphocytes at 1525 cm™ "2

Because of the low cross section of the spontaneous process,
the image acquisition time is high. To increase the speed of
image acquisition from point-scanning methods, line-scanning
and slit-scanning techniques have been employed, where the
samples are illuminated and imaged in a line.*° A variant of the
slit-scanning technique with structured illumination has also
been developed to improve spatial resolution.'® Recently, He
et al. reported fast imaging by converting a low-resolution
image obtained with a few scans to a higher-resolution image
using artificial intelligence, trained with a large volume of
imaging data.'' Other developments in spontaneous Raman
imaging include multifocus imaging using two-dimensional
array illumination,” selective illumination for reduced
sampling,"®** and wide-field imaging."*>"®

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Resonance Raman scattering can be employed to enhance
the Raman signal of molecules with a chromophore moiety.
In resonance Raman, the molecules are excited using excitation
source, such as light, with energy close to an electronic
transition. The resulting enhancement in Raman signal could
be several orders of magnitude higher than non-resonant
Raman signal. Resonance Raman has been employed to
visualize cells using deep-UV excitation and cytochrome c¢ (cyt
¢) using 532 nm excitation."”"®

Methods to acquire and analyze spontaneous Raman
imaging data are still evolving, and are expected to broaden
its applicability in biological studies."*"

1.1.2 Stimulated Raman scattering, SRS. Spontaneous
Raman signals are very weak and require long acquisition
times. To overcome this, non-linear modes of Raman scattering,
which have higher scattering cross-sections, have been employed
for imaging. Non-linear Raman scattering occurs due to inter-
action of a molecule with multiple photons. Stimulated Raman
scattering (SRS) is the most widely used non-linear Raman
process. For SRS, two synchronized lasers are used as the
pump laser and the Stokes laser. When the energy difference
between the pump and the Stokes lasers matches the energy
required for molecular vibration excitation, the molecules
are coherently excited to a higher vibrational level (Fig. 1b).
The signal is detected as intensity gain (Stokes) or intensity
loss (pump). The Raman shift observed in SRS, i.e., the frequency
difference between the pump and Stokes, and the spontaneous
Raman shift are the same for a molecule. Since it is a
resonantly enhanced process, SRS gives much stronger signal
in a shorter time compared to spontaneous Raman.
Though advantageous over spontaneous Raman imaging with
respect to acquisition time, SRS requires a complex ultrafast
laser setup.

Xie and co-workers pioneered the Raman imaging of biological
samples using non-linear modes. Using SRS microscopy, they
were able to image the uptake of omega-3 fatty acid by A549 lung
cells, visualize neuron bundles in mouse tissue, and monitor the
delivery of retinoic acid in mouse skin.>” In another modification
called spectrally tailored excitation SRS, the pump pulse is tailored
to collectively excite all vibrational modes of the target molecules.
This technique was used to image protein, oleic acid, and stearic
acid in C. elegans.”®

SRS microscopy has been used to visualize DNA in cells and
in mouse skin, to visualize lipids in human skin, to monitor
early peripheral nervous degeneration in mouse and drug
delivery in fresh mouse skin, and even to detect neuronal
membrane potential.>*>® Ozeki and coworkers demonstrated
its applicability in plant cell imaging.>® Min and coworkers
combined tissue-clearing methods with SRS to obtain a 10 times
greater imaging depth than could be achieved in regular SRS
imaging. This enabled 3D imaging of tumor spheroids, mouse
brain tissues, and tumor xenografts. By applying volumetric
phasor analysis, they were also able to extract quantitative
information on the distribution of blood vessels,
fibers, and cell bodies in various brain regions.>® One of the
most innovative and exciting developments is label-free flow
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cytometry and cell sorting, achieved by integration of these
techniques with SRS imaging.*"

Another recent development is electronic preresonance SRS
(EPR-SRS). Min and co-workers reported that by slightly
detuning the excitation frequency from absorption maximum
(electronic preresonance window) they could achieve higher
Raman signals with lower background.*® This technique
has huge potential in biological imaging.** Advances in SRS
imaging techniques and applications have been reviewed
elsewhere.?°

1.1.3 Coherent anti-Stokes Raman scattering. Another
non-linear Raman scattering technique used for imaging is
coherent anti-Stokes Raman scattering, CARS. As in SRS, the
molecules are coherently excited to a higher vibrational level
using the pump and the Stokes lasers. Then a second pump
laser is scattered by the excited molecules, returning them
to the ground state. This anti-Stokes Raman is observed as
blue-shifted scattered light (Fig. 1b). Since there is coherent
excitation of molecules with a laser pulse, the signal is
enhanced. Unlike spontaneous Raman or SRS, CARS has a
non-linear dependence on concentration. One of the major
advantages of CARS is that the scattered photons are at higher
energy ie., shorter wavelength. Hence, CARS is not subject to
interference from autofluorescence. As with SRS, CARS requires
a complex setup and rapid acquisition is achieved at the cost of
narrowing the spectral window. Development of multiplex
CARS helps overcome the limitation of narrow spectral
window.*%*!

Xie and coworkers were the first to use CARS for biological
imaging. They were able to visualize unstained Gram-negative
bacteria and HeLa cells using aliphatic C-H vibrations.** They
have done extensive work on CARS imaging, and established
this technique for imaging lipids.***’

To observe the dynamics of biological processes, real-time
imaging with high temporal resolution is needed. Toward this
goal, Xie and co-workers reported video-rate CARS at 20 fps.*’
Recently, Minamikawa et al. have developed multifocus excitation
CARS, by which they could image HeLa cells at 10 fps.*®

Most recently, super-resolution imaging was achieved with
higher-order CARS, HO-CARS. CARS is generally a four-wave
mixing process. By tight focusing, Gong et al. were able to attain
up to eight-wave mixing and achieve a resolution of 196 nm.
Using six-wave mixing CARS (SWM CARS), they were able to
visualize HeLa Cells and buccal cells at 2845 cm " and
2935 em ™', corresponding to CHj; stretching of proteins and
lipids, respectively. SWM CARS could identify lipid droplets in
the cytoplasm of HeLa cells, and observe the distribution of
proteins and lipids inside the nucleus of buccal cells.*’

There have been several excellent review articles on new
developments and applications of CARS.>**"°

1.1.4 Surface-enhanced Raman scattering. Surface-enhanced
Raman scattering (SERS) is a technique in which the Raman
signal of the target molecule is enhanced when it is close to the
surface of metals such as silver or gold. The enhancement is due
to the presence of an electromagnetic field on the surface of these
metals. Nanoparticles of these noble metals are generally used as

RSC Chem. Biol., 2021, 2,1415-1429 | 1417
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SERS substrates. SERS can enhance the Raman signal on average
by 10* to 10® times, and up to 10'*-10"® times.”* Hence it can be
used to monitor inherent biomolecules or the signals of
small molecules attached to nanoparticles. However, to get the
enhancement, the molecule of interest has to interact with the
nanoparticle. Nanoparticles can also be tuned to target specific
organelles or biomolecules of interest for selective visualization.

Recently, Zhang et al have used Au nanorods with
4-mercaptobenzoic acid and 5,5-dithio-bis-(2-nitrobenzoic acid)
as reporters to target GPR120 and CD36 proteins using anti-
body coating. They were able to successfully visualize and
monitor the distribution changes and extracellular interaction
between fatty acids and receptors by means of SERS imaging.>>

By developing different gold nanostructures using amyloid f
(AB) monomer and fibrils as templates, Zhou et al. were able to
monitor the AR aggregation process in neurons and brain tissue
in real time with ratiometric SERS imaging. The effects of Cu>",
Zn**, and Fe*" on AP aggregation were also studied.>®

SERS has found wide application for detecting tumors,
sensing pH, monitoring drugs and so on.>*** The development
and applications of SERS have been comprehensively
reviewed.”>>®

Each mode of Raman imaging has various advantages and
limitations, as described in the above sections. Thus, the
appropriate mode/method can be chosen according to the
research target.

1.2 Label-free Raman imaging

Raman scattering derives information from molecular
vibrations; thus, it provides a molecular level information.
The inherent Raman signatures of biomolecules can be used
for label-free Raman imaging (Fig. 2a). This feature has found
extensive applications in biomedical imaging, especially cancer
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detection. Raman imaging of inherent biomolecules can assist
in visualizing cells and organelles. Cytochrome-c (cyt ¢) is a
major component of mitochondria, and hence its Raman
signature can be utilized to visualize mitochondria. A pyrrole
breathing mode is observed from cyt ¢ at 750 cm™'. Upon
excitation at the absorbance peak of cyt ¢ at 532 nm, an
enhanced Raman signal at 750 cm ™' is obtained due to the
resonance Raman scattering effect. This was utilized to visualize
the cyt ¢ distribution in HeLa cells. Spontaneous Raman imaging
in the slit-scanning mode was used to study the dynamics of cyt ¢
with a temporal resolution of a few minutes. One of the critical
steps in apoptosis, the release of cyt ¢ from mitochondria to
cytosol, which occurs before any morphological changes, was
visualized by Raman imaging without any external labeling
(Fig. 2b)."® More recently, the intensity change of the Raman
signal of cyt ¢ at 750 cm™ " was used to study the redox state of
cytochrome and as a mitochondrial activity marker.>® Lipids,
cellular proteins, and nucleotides have also been extensively
studied/imaged by utilizing their inherent Raman signatures.®°

The intrinsic Raman signals of drug molecules have also
been used to visualize drug distributions. Biomolecules such as
acetylcholine, carotenoids, retinoids, vitamin E, squalene,
hemozoin, etc., have been visualized by Raman imaging using
their intrinsic Raman signal without any labeling.®'

Recently, Sugimura et al. used Raman imaging at the O-H
stretching band of water to measure intracellular temperature.
They could also simultaneously image other cellular
components along with O-H.%”

While all molecules can be visualized by means of Raman
imaging in principle, in practice it is difficult to distinguish
biomolecules, since most of them have similar chemical bonds.
To overcome this, Raman tags have been developed for
biorthogonal labeling, as described in the next section.

750 cm 1684 cm
Cytochrome ¢ Protein

2857 cm™!
Lipid

Cytochrome ¢
Protein Lipid

Apoptosis (w/ Act D)

Control (w/o Act D)

(a) Raman spectra of Hela cells excited at 532 nm, showing the peaks derived from various cellular components. Adapted from ref. 68. Copyright

2011 American Chemical Society. (b) Label-free Raman imaging of cyt ¢, proteins, and lipids in apoptotic and non-apoptotic cells, indicating cytochrome
release in apoptotic cells. Scale bar: 10 um. Adapted from ref. 18. Copyright 2012 National Academy of Sciences (c) Raman peaks of various Raman tags in
the cell silent region. Reprinted with permission from ref. 92. Copyright 2012 American Chemical Society.
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1.3 Raman tags

Raman tags are small functional groups that have a vibrational
signature in the Raman silent region of cells, from 1800 cm™*
to 2800 cm ™' (Fig. 2a). Endogenous molecules do not show any
strong Raman signals in this region. Raman tags are small,
consisting of very few atoms compared to fluorophores, and
therefore cause much less perturbation to biological systems.
Raman tags include functional groups such as alkyne, azide,
and nitrile, which have high Raman cross sections, as well as
isotopes such as deuterium and '*C, which generate shifted
Raman signals compared to natural isotopes.

One of our earliest studies on imaging DNA with 5-ethynyl-
2/-deoxyuridine, EdU opened the door for using such small tags
in Raman imaging.®® Raman tags have since then been
employed with various modes of Raman imaging (SRS, CARS,
and SERS) to study the distribution and dynamics of bio-
molecules in cells.®®”"

One of the simplest modifications that would cause the least
perturbation is isotope substitution. A considerable shift has
been observed in the C-H vibrations of lipids, proteins, and
small molecules upon D or '*C substitution. C-D substituted
and "°C substituted amino acids have been used to visualize
proteome synthesis and degradation.””> Potma and coworkers
used deuterated cholesterol (D38 cholesterol) to visualize
uptake and storage in lipid droplets in Y1 adrenal cells.”
p-Palmitate has been used to study membrane phase separation
in endoplasmic reticulum. In this work, the membrane showed
solid-phase behavior upon p-palmitate treatment.”* This cannot
be studied with fluorescence imaging using bulky fluorophores,
since they cannot partition into the rigid solid-phase membrane.
In a recent communication, we showed that deuterated y-linoleic
acid (D-GLA) is selectively cytotoxic to tumor cells over normal
cells. By Raman imaging of DC=CD vibrations at 1630 cm™ ' we
were able to show that D-GLA is mainly localized in lipid droplets
in tumor cells, whereas in normal cells at a similar time point,
D-GLA was distributed outside lipid droplets as well, indicating
regular metabolism of D-GLA, similar to other polyunsaturated
fatty acids.”” Deuterium-label Raman imaging thus provided
mechanistic insights.

Nitrile serves as a sensitive Raman tag that can show
variation in vibrational frequency upon change in the environment.
By simultaneously visualizing protonated and deprotonated
FCCP, Yamakoshi et al. demonstrated that molecular structure
changes in biological systems can be monitored with
appropriate Raman tags.”® Min and coworkers designed a
palette of Raman probes called Manhattan Raman scattering
(MARS) dyes by conjugating nitrile and alkyne to near-infrared
fluorescent dyes. SRS imaging of the MARS probes under an
electronic preresonance condition enabled them to achieve
16-color super-multiplex imaging of neuronal co-cultures.®
Fujioka et al. developed nitrile-based activatable probes to
detect enzyme activity by electronic preresonance SRS.
Nitrile groups were attached to xanthene derivatives bearing
an enzyme-targeted functional group. Upon cleavage by the
enzyme, the molecular absorption shifts to the NIR, leading to
enhancement of the nitrile Raman peaks under the electronic

© 2021 The Author(s). Published by the Royal Society of Chemistry
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preresonance condition. By using isotopically edited nitrile they
were able to simultaneously detect four different enzymes.**
Inherent nitrile in molecules like anticancer drug neratinib,
plant fungicides azoxystrobin and chlorothalonil have been
used for imaging their distribution.””””® Most recently,
photoswitchable Raman probes with nitrile groups have
been reported that can be turned on and off with different
wavelengths of light. Such photoswitchable probes have
implication for the development of
imaging.”®%°

Modified glycans tagged with alkynes, azide, nitriles, and
CD; have been used for SERS imaging of the cell surface,
demonstrating tunability and access to a multicolor palette
for Raman imaging.®* Hu et al. employed DNA, RNA, proteins,
and lipids with different Raman tags to simultaneously
visualize and monitor metabolic activity in neuronal tissues.®?

Among all the Raman tags, alkyne tags give the highest
intensity signals (Fig. 2c) and hence, are the most extensively
used tags for imaging. In rest of this review article, we will focus
mainly on alkyne tag Raman imaging (ATRI).

super-resolution

2. Alkyne tag Raman imaging

Mapping the Raman signal intensity of alkyne tags observed in
the cell silent region is called alkyne tag Raman imaging (ATRI).
The alkyne moiety can be used as an exogenous tag because it
has a unique Raman signature of its stretching vibration that
does not overlap with any signals of biological molecules.
Moreover, because an alkyne tag is sufficiently small, it is less
likely to affect the homeostasis of biological systems.
Azide-alkyne click reactions have emerged as one of the
powerful tools for bioconjugation, where biomolecules of inter-
est are labelled with an alkyne moiety, which is then coupled to
a fluorophore/drug containing azide, or vice versa.®**> One of
the disadvantages of this technique is that it requires toxic Cu
as a catalyst or labelling with a bulky functional group such as
cyclooctyne for catalyst-free reaction.®® On the other hand, by
using ATRI, alkyne-tagged molecules can be directly used for
imaging without further modification. This is advantageous
since, (i) it does not involve modification with a bulky
fluorophore, (ii) real-time imaging can be performed without
fixation and (iii) it does not require extensive washing to
remove unreacted fluorescent dyes.’®®” Owing to the popularity
of click chemistry, many alkyne-tagged biomolecules are
commercially available, and could readily be used for ATRI.
Alkyne tags are amenable to various modes of Raman
imaging. The intensity of Raman scattering of alkynes is very
high compared to other Raman tags, making them suitable
even for spontaneous Raman imaging. For example, EAU can
be detected in cells treated at concentrations as low as 5 pM
with a 10 min acquisition time.®® Alkyne tag Raman imaging is
also possible with nonlinear imaging modes such as SRS.®®
The solution detection limit for EdU in spontaneous Raman
imaging as well as SRS is 200 pM, albeit in SRS it can be
detected with 100 ps acquisition time.*® Alkynes can bind to the

RSC Chem. Biol., 2021, 2,1415-1429 | 1419
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(a) Raman shift and intensity changes with changes of structure. (b) Plot of relative Raman intensity to EdU vs. Raman shift for various alkynes.

(c) Multiplex ATRI of two alkyne-containing molecules, EdU and AltQ2, in Hela cells along with untreated control cells. Adapted from ref. 92.

Copyright 2012 American Chemical Society.

surface of Au and Ag nanoparticles, making them ideal candi-
dates for SERS imaging as well.”*°*

We measured the Raman shift and intensity of various
alkynes and found that the position and intensity of the Raman
signal vary with the structure of the alkynes (Fig. 3a). Terminal
alkynes have a Raman signal at around 2100 cm ', while
internal alkynes show a signal at around 2200 cm ™" (Fig. 3b).
Further, the Raman intensity is higher in more conjugated
structures: conjugated di- or poly-alkynes show higher intensity
than monoalkyne. Alkyne conjugated to aromatic rings also
displays higher signal intensities. Bisarylbutadiyne (BADY),
which has diyne conjugated to aromatic rings, shows very high
intensity, ~25 times that of EQU. Moreover, Raman signals also
change with the substituents on the alkyne. Silyl alkynes and
haloalkynes display a Raman signal at around 2150 c¢cm '
(Fig. 3b). This gives us a toolbox of alkynes from which to
choose for optimal tagging of a biomolecule of interest.”*
Since the Raman lines are sharp, multiple alkyne tags can be
simultaneously imaged, thus facilitating multiplexed imaging
(Fig. 3¢).>>%

In short, the strong intensity and the tunability of Raman
signals of alkyne tags makes them a popular choice to tag
small molecules, biomacromolecules, and even organelles. The
application of alkyne tags for ATRI is discussed in detail in the
following sections.

2.1 Imaging of organelles

The nucleus is one of the major components of the cell and
contains a large volume of genetic material. It was one of the
earliest cellular organelles to be stained for fluorescence
imaging and is still a common target. Indeed, the nucleus

1420 | RSC Chem. Biol., 2021, 2, 1415-1429

was also the first organelle to be stained with alkyne and
visualized with ATRL®® The thymidine analogue EdU tagged
with alkyne was developed to monitor cell proliferation by
application of click chemistry. EAU shows an intense Raman
peak at 2122 cm ™', which is in the cell silent region, and this
enabled the nucleus to be visualized using slit-scanning spon-
taneous Raman microscopy at 2123 cm ™" (Fig. 4).°® Along with
its use as a nuclear staining agent in Raman imaging, EdU was
also employed to study the time course of cell proliferation in
HeLa cells.®® EdU was imaged simultaneously with other
alkyne-tagged molecules and endogenous cyt ¢, demonstrating
the efficacy of ATRI for simultaneous multiple tag imaging.®*
EdU was the first example of an alkyne-tagged molecule
visualized by Raman imaging. As a result, the Raman intensities
of most alkyne tags are quantified and reported relative to the
intensity of EAU (RIE).

EdU has also been used for visualizing cell proliferation and
newly synthesized DNA by SRS.*® By editing EAU with '*C
isotopes, Chen et al. developed three different EQU alkyne tags
that show three different Raman lines.”” Hu et al. used this
EdU and **C-"*C modified EAU, which show Raman peaks at
2123 ecm ' and 2048 cm™’, respectively, to visualize DNA
synthesis at different stages in rat hippocampal slices.*”

Organelle staining is achieved by targeting specific biocom-
ponents in the organelles or by targeting some characteristic
feature of the organelles, such as charge, hydrophobicity, etc.
Various molecules used for fluorescence imaging have been
optimized to stain different organelles. Based on these well-
studied fluorescent molecules, we have a good knowledge of
the chemical moieties that can target various organelles.
Triphenyl phosphonium is used to target mitochondria

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1cb00116g

Open Access Article. Published on 14 July 2021. Downloaded on 7/16/2025 7:06:14 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Chemical Biology

a) 2

Plasma Membrane

% |

Nucleus

N
Mitc dri 3
i oci@n na\
&

Fig. 4

View Article Online

Review

Mito-BADY

b)

Carbow2141 Lyso

“

]

2,141 cm!
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cells loaded with mentioned organelle trackers at mentioned Raman shift. Top two panels: Spontaneous Raman imaging and bottom two: SRS imaging.
Images adapted from ref. 68, 94 and 96. Copyright 2011 American Chemical Society. Copyright 2014 Elsevier Ltd. Copyright©2018, Nature Publishing

Group.

because of its positive charge. Bisarylbutadiyne (BADY), which
displays a high-intensity Raman signal, almost 25 times that of
EdU,%> was linked to a triphenylphosphonium pendant to
obtain a mitochondrial targeting Raman tag called
MitoBADY.”® The MitoBADY alkyne peak was observed at
2218 ¢cm™'. HeLa cells treated with MitoBADY, imaged at
2220 cm ™', showed a clear distribution typical of mitochondria,
which was confirmed by its overlap with the cyt ¢ distribution
imaged at 751 em ™' (Fig. 4). Mitochondrial tagging was also
confirmed by comparing the MitoBADY distribution with the
result of fluorescence imaging of mitochondria using
Mitotracker Green.”® This work not only established a mito-
chondrial marker for ATRI, but also demonstrated the
feasibility of modifying aryl diynes to target various organelles
if appropriate targeting moieties are attached. BADY has been
used as a scaffold to synthesize organelle markers with various
organelle targeting groups.’”®

Hu et al. have demonstrated that by using polyynes with
distinct Raman scattering frequencies a rainbow of Raman
peaks can be obtained in the cell silent region that can be used
simultaneously for supermultiplexed Raman imaging. By
attaching different targeting groups to polyynes they could
simultaneously image mitochondria, lysosome, plasma
membrane, ER, and lipid droplets.”* Most recently, Tian et al.
synthesized water-soluble poly(deca-4,6-diynedioic  acid)
(PDDA) using a host-guest topochemical polymerization
strategy. PDDA has around 10* times greater intensity than
EdU. The side chain of this PDDA molecule was modified with
tertiary amine to target lysosomes, and with different peptides
to target mitochondria and nuclei.®

Organelle trackers have proven extremely important and
useful in fluorescence imaging. Unfortunately, fluorescent
organelle trackers are difficult to use in conjunction with
Raman imaging, especially in the spontaneous mode, because
of the strong fluorescence background. Alkyne-tagged

© 2021 The Author(s). Published by the Royal Society of Chemistry

organelle trackers can be used as organelle markers for Raman
imaging.

2.2 Imaging of lipids

Lipids are important biomolecules that have a gamut of
functions ranging from acting as structural components to
serving as signaling mediators. It is important to visualize the
distribution and dynamics of these molecules to understand
their roles. Fluorescent lipid mimics have been used for
decades to visualize lipid distribution in membranes and the
interactions of lipids with various biomolecules. However,
fluorescent tags modify the properties of lipids and affect their
distribution. CARS is another technique that has been used to
study lipids in detail without any labeling. But label free CARS
cannot differentiate lipids with similar structural components.
Alkyne tags give us access to lipid mimics with only minor
modification in their structure, for study with ATRI.

Weeks et al. have imaged 17-octadecynoic acid (17-ODYA)
using CARS to study the interaction of lipids to monocytes.*
We demonstrated the applicability of ATRI to lipid imaging
by developing analogues of CoQ, which is an essential and
abundant mitochondrial lipid. We reported a series of alkyne-
tagged CoQ analogues, AltQ1-16, with varying hydrophobic
chain length. Using Raman intensity, the uptake of various
CoQ analogs was quantified and compared in cells, throwing
light on the effects of the hydrophobic chain. AltQ4 was imaged
in live HeLa cells, showing that short-chain lipid analogues can
be visualized with ATRI, whereas this is usually challenging
with fluorescence imaging.®”

Min and coworkers utilized 17-octadecynoic acid (17-ODYA)
as a fatty acid mimic and shown that it is accumulated in lipid
droplets of THP-1 macrophages and C. elegans.®® They used
propargylcholine as an alkyne-tagged choline head group
mimic to visualize the distribution in rat hippocampal slices.
They identified a shift from 2125 cm ™" to 2142 cm™* when the

RSC Chem. Biol., 2021, 2,1415-1429 | 1421
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Table1 Structures of biomolecules and bioactive molecules and their alkyne-tagged mimics discussed in the review. Modifications in the structures are

highlighted in red
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Table 1 (continued)
Biomolecule/bioactive molecule Alkyne tagged mimic Ref.
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Table 1 (continued)
Biomolecule/bioactive molecule Alkyne tagged mimic Ref.
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O 116
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HN  OH
o
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PhDY-Antimycin
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S-citalopram

head group is incorporated into lipids.®® The pattern of newly
synthesized phospholipids with a propargylcholine head group
was also visualized.?” Hong et al. used 17-ODYA to visualize the
distribution in live HeLa cells. They confirmed the distribution
by fixing the cells and performing click reaction with
fluorescent azide. They also reported the imaging of propargyl-
choline at 2138 cm ™' and observed its incorporation into lipid
membranes.'%°

Lee et al. visualized cholesterol storage in CHO cells and
C. elegans using diyne-tagged cholesterol.'®" Yamaguchi et al.
developed a cholesterol mimic with a functional group that is
converted to alkyne with a chemical trigger in a mildly acidic
environment. They used chemical activation to generate and
visualize alkyne-tagged cholesterol in HeLa cells.'%

Our group has reported sphingomyelin mimics with monoalk-
yne and diyne modification.'® Using diyne, we have visualized
and quantitatively analyzed sphingomyelin distribution in
artificial monolayer membranes. Sphingomyelin was observed
in the central area of lipid raftlike ordered domains with a
heterogeneous distribution.’® Such observations would be
difficult to make with large fluorophore-modified lipid mimics,
because they would affect the lipid organization in the membrane.

More recently, Jamieson et al. examined the uptake of
alkyne-tagged myristic, palmitic, and stearic acids by HEK293T
cells. They quantified the uptake of each of these fatty acids
from the Raman intensity and verified that the uptake ratios
were consistent with previous reports.'®

So far, only a few lipid mimics with alkyne tags have been
reported, and the potential of ATRI for lipid imaging is yet to be
realized. One of the many advantages of ATRI is that, by using
alkynes with even very small modifications in their structure, tags
with different Raman signals can be obtained. Our group is currently
using this strategy to visualize different lipids simultaneously in cells.

2.3 ATRI of biomolecules and bioactive mimics

The use of biomolecule analogues or mimics for imaging can
help us understand biomolecule distribution, thus providing
insight into their function. Alkyne tags, being small, can be

1424 | RSC Chem. Biol., 2021, 2,1415-1429

Alkynylated S-citalopram

used for modification to generate mimics that have a close
resemblance to the original molecule, with little perturbation of
the activity. Many of the molecules highlighted in previous
sections, including EdU, AltQ, and alkyne-tagged palmitic acid,
are biomolecule mimics. These and other alkyne-tagged
mimics are used to study the uptake and distribution of
biomolecules and bioactive molecules using ATRI (Table 1).

Similar to EdU, EU is a ribonucleoside mimic, and was used
to visualize RNA metabolism using SRS. SRS imaging employing
EdU and EU was used to compare DNA and RNA dynamics, and
it was demonstrated that RNA turnover is much faster than DNA
dynamics.®?

By using alkyne-conjugated amino acids, biomacro-
molecules like proteins can be studied with ATRI. Hong et al.
used homopropargylglycine, which is recognized and incorpo-
rated as methionine by cells, to visualize newly synthesized
protein using SRS."*°

Sugars are another important class of biomolecules. Alkyne-
modified glucose and glycans have been utilized for click-based
imaging, but these molecules can be visualized by ATRI without
any further modifications or reactions. Hong et al. visualized
the distribution of Ac;ManNAI at 2120 cm ™" using SRS.'’° Min
and coworkers synthesized propargyl-modified glucose (3-OPG)
and examined its uptake in HeLa cells. By using various
inhibitors and stimulators of glucose uptake, they revealed the
quantitative variation in 3-OPG uptake. They also monitored
differential uptake in tumor xenografts and mouse brain
tissues.'°® The same group synthesized 3-OPG isotopically edited
with *C, and performed ratiometric imaging with D7-glucose in
MCF-7 cells and in live mouse brain tissues."”” ATRI can be
applied even in plant cells. For example, de Moliner et al
reported real-time visualization of sucrose uptake in plant cells
using an alkyne-tagged sucrose.'®®

Coronatine, a bacterial virulence factor, resembles a plant
hormone and can thus hijack the plant system.'®®
Unfortunately, fluorescence-labelled coronatine loses its activ-
ity, but alkyne modification does not affect the activity. By using
alkyne-tagged coronatine, Ueda et al have shown that

© 2021 The Author(s). Published by the Royal Society of Chemistry
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coronatine localizes in endoplasmic reticulum, but not in the
nucleus, where a co-receptor for the hormone is present.'***"*
Such studies give us helpful information to decipher the
mechanism of action, as well as possible targets for
intervention.

ATRI has also been used to examine the distributions of
various bioactive molecules and to elucidate their mechanisms
of action. Ando et al. reported an alkyne-tagged cathepsin B
selective inhibitor Z-FG-AOMK called Alt-AOMK. The ICs, for
cathepsin-B inhibition was unchanged.’® Koike et al. used time-
lapse 3D SERS imaging to quantitatively monitor Alt-AOMK
uptake by J774A.1 macrophages.”" Gaschler et al. designed a
ferrostatin-1 analog with a diyne. Diyne-modified ferrostatin
was reported to show similar potency. By means of SRS imaging
they identified ferrostatin accumulation in lysosomes, endo-
plasmic reticulum, and mitochondria.'*? Although alkyne has
been used as external tags in above examples inherent alkynes
in the molecules can also be used to perform label-free ATRI.
El-Mashtoly et al. have studied subcellular distribution and
metabolism of erlotinib in colon cancer cells using label-free
ATRIL'"® By using the inherent alkyne in the chronic myeloid
leukaemia drug ponatinib for SRS imaging, Sepp et al
monitored the changes in drug uptake and sequestration
during the development of drug resistance."**

Anisomycin, a protein synthesis inhibitor has been
conjugated to BADY and its cellular uptake and distribution
were imaged using SRS at 2219 cm™"."**> Antimycin is a class
of natural product with potent anticancer activity. The
distributions of 9-membered antimycin and 15-membered
neoantimycin in HeLa and MCF-7 cells were studied using a
phenyldiyne (PhDY) tag. Seidel et al. observed that PhDY-tagged
antimycin is mainly colocalized with ER and PhDY-tagged
neoantimycin is distributed throughout the
indicating they have different mechanisms of action.

cytoplasm,
116

©) Alkyne on

17-Octadecynoic acid
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Thus, ATRI can play a key role in visualization of the uptake,
storage, and distribution pattern of drugs, pointing towards
possible mechanistic pathways.

2.4 ATRI in tissues and whole animal models

Raman imaging is also available for studies at the tissue and
organism level, with particular applications in biomedical
imaging such as disease diagnosis. Even though ATRI is in
the early phase of its biological applications, it has already been
applied for tissue and organism imaging.

Hu et al. reported imaging of alkyne-tagged small molecules
along with deuterated molecules in live rat hippocampal tissue.
They were able to successfully employ these molecules for
imaging to observe newly synthesized proteins and lipids,
and also to identify metabolic activity changes in specific
regions of hippocampal tissue in a traumatic brain injury
model (Fig. 5a and b).*?

An alkyne-based ratiometric SERS probe was developed and
applied to monitor carbon monoxide in ex vivo tissue samples
by Qin et al.''” Recently, Tanuma et al. used a mimic of the
antidepressant S-citalopram (S-Cit) in which a nitrile is sub-
stituted for alkyne to visualize the distribution in coronal
mouse brain sections with SERS."'® The in silico-predicted
binding of alkyne-tagged S-Cit (Alk-S-Cit) to serotonin transporter
was similar to that of S-Cit. Replacing nitrile with alkyne for SERS
imaging did not affect brain transitivity or serotonin uptake
inhibition by Alk-S-Cit."'® Such strategies can help visualize
the behavior of drug molecules in the original complex tissue
environment, rather than just in a single cell line. While
information obtained from cell lines and tissues gives great detail
about the specific activity of molecules, in some cases the in vivo
behavior of these molecules may be different from what we see in
cell lines. In such cases, it is important to understand the uptake
and distribution at the organism level. Albeit a new technology,

HO ‘ N/go

OHOH

Fig. 5 Alkyne-tag SRS imaging of (a) propargyl choline in rat hippocampal tissue at 2140 cm™. Scale bar: 40 um and (b) EU in rat hippocampal tissues
at 2123 cm™t. White arrowhead: newly synthesized RNA in nucleoli. Scale bar: 10 pm. Reprinted from ref. 82. Alkyne tag imaging of (c) 17-ODYA in
C. elegans at 2125 cm ™. Scale bar: 10 um. Reprinted from ref. 89 by permission from Springer Nature Copyright©2014 and (d) PhDY-Chol imaging in
C. elegans at 2254 cm~t. White arrows: PhDY-Chol rich region in intestine of C. elegans. Scale bar: 10 um. Reprinted from ref. 101.
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Raman imaging has been already tested for in vivo imaging in
small animal models such as C. elegans. Wei et al. visualized
17-ODYA in C. elegans using SRS (Fig. 5¢).* Alkyne-tagged
cholesterol molecules were imaged in CHO cells and C. elegans
by Cheng and coworkers. In live C. elegans, cholesterol storage was
observed in lysosome-related organelles rather than in lipid
droplets (Fig. 5d)."*" Li et al. used alkyne-tagged and deuterated
fatty acids to quantitatively monitor fatty acid storage and dis-
tribution in lipid droplets of fed and starved adult C. elegans.'*

Alkyne tagged polymeric and SERS nanoparticles have been
used for cellular and tissue imaging.'*>'*' Recently such nano-
particles have also been used for imaging in whole animal
models. Jin et al. developed polymeric nanoparticles with
different Raman tags, including alkyne, for tumor detection.
Using various targeting moieties, they were able to detect
tumors and other organs in live mice using spontaneous
Raman imaging."”> Wang et al. used alkyne-tagged Au nano-
particles for SERS mapping of tumors in living mice. They were
also able to use these nanoparticles for photothermal therapy
in mice, thus making alkyne-tagged Au nanoparticles as a
theranostic agent.'*

The examples described above indicate that ATRI is a
promising methodology to monitor drug distribution and
metabolism at the tissue and organism level in animals.

3. Conclusion and outlook

The work curated in this review article is drawn from the last
few years. Until now, most studies have been focused on
establishing and validating the technique, and there is huge
potential yet to be exploited. Taking a cue from the alkyne-
tagged molecules so far used for ATRI (Table 1), challenging
small molecules of interest might also be tailored with alkynes
for visualization in biological samples with ATRI.

Combining ATRI with other techniques may also extend its
usefulness. By combining alkyne tagging with SERS screening,
we have developed alkyne tag Raman screening, ATRaS. With
this technique we were able to identify small-molecule binding
pockets of proteins.”® By applying a genetic modification
strategy, Zhang et al. introduced an unnatural amino acid
bearing an alkyne into proteins and visualized histone3.3.
Instead of attaching a fluorophore via click chemistry,
they attached bisarylbutadiyne for imaging using ATRI, and
successfully visualized the distribution of Sec61f and Htt74Q
proteins in HeLa cells.***

Alkyne moieties can be used as reporters, not only as tags.
Small structural modifications can also give us distinguishable
changes in Raman signals. This opens up the possibility of
developing ‘turn-on’ or ratiometric sensors for Raman imaging.
Zeng et al. have developed this strategy, using azide-substituted
aromatic diyne to visualize mitochondrial H,S. Azide in the
presence of H,S was reduced to amine, which was detected
based on the shift in the diyne Raman signal from 2223 cm™" to
2214 cm™ "."** Wilson et al. synthesized a series of diynes with a
range of pK, values. They used these diynes to measure pH in

1426 | RSC Chem. Biol., 2021, 2, 1415-1429
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the range from 2 to 10, based on the Raman shift. They used
ratiometric sensing to determine the pH of PC3 cells and also
to monitor the change of pH upon treatment with etoposide,
an apoptosis inducer.'®® Changes in the SERS enhancement
of alkynes have also been used to monitor the cellular
1277129 Currently we are working to develop a
strategy of structural-change-based ratiometric ATRI to detect
reactive biological molecules. One of the recent developments
is photoswitchable Raman probes containing alkyne as reporter
moiety. Ao et al. have developed photoswitchable molecules
with alkyne whose Raman signal at 2194 cm ™" can be turned on
using UV and turned off using visible light. Using SRS imaging,
they demonstrated the photoswitching ability in live HeLa cells
and also visualized mitochondria diffusion using pulse-chase
experiments.’®° Similar to switchable nitrile probes, photo-
switchable alkyne probes also have potential application
toward super-resolution SRS imaging in the cell silent region.
Raman imaging is already used in clinical diagnostics and
is being translated from bench to bedside."***** When
appropriate reporters are developed, ATRI can play an expanding
role in future medical diagnosis. ATRI is still at its infancy, but
we believe it could become an essential tool for life sciences

environment.

research in the near future.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

The authors would like to acknowledge JST CREST Grant
Number JPMJCR1925 (M. S.) for the support.

References

1 C. V. Raman and K. S. Krishnan, Nature, 1928, 121,
501-502.

2 G.]J. Puppels, F. F. M. de Mul, C. Otto, J. Greve, M. Robert-
Nicoud, D. J. Arndt-Jovin and T. M. Jovin, Nature, 1990,
347, 301-303.

3 G.]. Puppels, M. Grond and J. Greve, Appl. Spectrosc., 1993,
47, 1256-1267.

4 N. Uzunbajakava, A. Lenferink, Y. Kraan, E. Volokhina,
G. Vrensen, J. Greve and C. Otto, Biophys. J., 2003, 84,
3968-3981.

5 S. Stewart, R. J. Priore, M. P. Nelson and P. J. Treado, Annu.
Rev. Anal. Chem., 2012, 5, 337-360.

6 M. ]J. Rust, M. Bates and X. Zhuang, Nat. Methods, 2006, 3,
793-795.

7 E. Betzig, G. H. Patterson, R. Sougrat, O. W. Lindwasser,
S. Olenych, J. S. Bonifacino, M. W. Davidson, J. Lippincott-
Schwartz and H. F. Hess, Science, 2006, 313, 1642-1645.

8 K. Hamada, K. Fujita, N. I. Smith, M. Kobayashi, Y. Inouye
and S. Kawata, J. Biomed. Opt., 2008, 13, 1-4.

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1cb00116g

Open Access Article. Published on 14 July 2021. Downloaded on 7/16/2025 7:06:14 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Chemical Biology

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

A. F. Palonpon, J. Ando, H. Yamakoshi, K. Dodo,
M. Sodeoka, S. Kawata and K. Fujita, Nat. Protoc., 2013,
8, 677-692.

K. Watanabe, A. F. Palonpon, N. I. Smith, L. Chiu, A. Kasai,
H. Hashimoto, S. Kawata and K. Fujita, Nat. Commun.,
2015, 6, 10095.

H. He, M. Xu, C. Zong, P. Zheng, L. Luo, L. Wang and
B. Ren, Anal. Chem., 2019, 91, 7070-7077.

M. Okuno and H. Hamaguchi, Opt. Lett., 2010, 35,
4096-4098.

K. Kong, C. J. Rowlands, S. Varma, W. Perkins, I. H. Leach,
A. A. Koloydenko, H. C. Williams and I. Notingher, Proc.
Natl. Acad. Sci. U. S. A., 2013, 110, 15189-15194.

J. Qi, J. Li and W.-C. Shih, Biomed. Opt. Express, 2013, 4,
2376-2382.

Y. Oshima, H. Sato, H. Kajiura-Kobayashi, T. Kimura,
K. Naruse and S. Nonaka, Opt. Express, 2012, 20, 16195-16204.
I. Rocha-Mendoza, J. Licea-Rodriguez, M. Marro,
O. E. Olarte, M. Plata-Sanchez and P. Loza-Alvarez, Biomed.
Opt. Express, 2015, 6, 3449-3461.

Y. Kumamoto, A. Taguchi, N. I. Smith and S. Kawata,
Biomed. Opt. Express, 2011, 2, 927-936.

M. Okada, N. I. Smith, A. F. Palonpon, H. Endo, S. Kawata,
M. Sodeoka and K. Fujita, Proc. Natl. Acad. Sci. U. S. A.,
2012, 109, 28-32.

B. Durrant, M. Trappett, D. Shipp and I. Notingher, Curr.
Opin. Chem. Biol., 2019, 51, 138-145.

L. Chiu, A. F. Palonpon, N. I. Smith, S. Kawata, M. Sodeoka
and K. Fujita, J. Biophotonics, 2015, 8, 546-554.

J. Ando, A. F. Palonpon, M. Sodeoka and K. Fujita, Curr.
Opin. Chem. Biol., 2016, 33, 16-24.

C. W. Freudiger, W. Min, B. G. Saar, S. Lu, G. R. Holtom,
C. He, J. C. Tsai, J. X. Kang and X. S. Xie, Science, 2008, 322,
1857-1861.

C. W. Freudiger, W. Min, G. R. Holtom, B. Xu, M. Dantus
and X. Sunney Xie, Nat. Photonics, 2011, 5, 103-109.

B. G. Saar, C. W. Freudiger, J. Reichman, C. M. Stanley,
G. R. Holtom and X. S. Xie, Science, 2010, 330, 1368-1370.
M. Egawa, S. Iwanaga, J. Hosoi, M. Goto, H. Yamanishi,
M. Miyai, C. Katagiri, K. Tokunaga, T. Asai and Y. Ozeki,
Sci. Rep., 2019, 9, 12601.

B. G. Saar, L. R. Contreras-Rojas, X. S. Xie and R. H. Guy,
Mol. Pharmaceutics, 2011, 8, 969-975.

F. Tian, W. Yang, D. A. Mordes, J.-Y. Wang, J. S. Salameh,
J. Mok, J. Chew, A. Sharma, E. Leno-Duran, S. Suzuki-
Uematsu, N. Suzuki, S. S. Han, F.-K. Lu, M. Ji, R. Zhang,
Y. Liu, J. Strominger, N. A. Shneider, L. Petrucelli, X. S. Xie
and K. Eggan, Nat. Commun., 2016, 7, 13283.

H. J. Lee, D. Zhang, Y. Jiang, X. Wu, P.-Y. Shih, C.-S. Liao,
B. Bungart, X.-M. Xu, R. Drenan, E. Bartlett and
J.-X. Cheng, J. Phys. Chem. Lett., 2017, 8, 1932-1936.

T. Iino, K. Hashimoto, T. Asai, K. Kuchitsu and Y. Ozeki,
Analyst, 2021, 146, 1234-1238.

M. Wei, L. Shi, Y. Shen, Z. Zhao, A. Guzman, L. J. Kaufman,
L. Wei and W. Min, Proc. Natl. Acad. Sci. U. S. A., 2019, 116,
6608-6617.

© 2021 The Author(s). Published by the Royal Society of Chemistry

31

32

33

34
35
36
37
38

39
40

41

42

43

44

45

46

47

48

49

50

51

View Article Online

Review

Y. Suzuki, K. Kobayashi, Y. Wakisaka, D. Deng, S. Tanaka,
C.-J. Huang, C. Lei, C.-W. Sun, H. Liu, Y. Fujiwaki, S. Lee,
A. Isozaki, Y. Kasai, T. Hayakawa, S. Sakuma, F. Arai,
K. Koizumi, H. Tezuka, M. Inaba, K. Hiraki, T. Ito,
M. Hase, S. Matsusaka, K. Shiba, K. Suga, M. Nishikawa,
M. Jona, Y. Yatomi, Y. Yalikun, Y. Tanaka, T. Sugimura,
N. Nitta, K. Goda and Y. Ozeki, Proc. Natl. Acad. Sci. U. S. A.,
2019, 116, 15842-15848.

N. Nitta, T. Iino, A. Isozaki, M. Yamagishi, Y. Kitahama,
S. Sakuma, Y. Suzuki, H. Tezuka, M. Oikawa, F. Arai,
T. Asai, D. Deng, H. Fukuzawa, M. Hase, T. Hasunuma,
T. Hayakawa, K. Hiraki, K. Hiramatsu, Y. Hoshino,
M. Inaba, Y. Inoue, T. Ito, M. Kajikawa, H. Karakawa,
Y. Kasai, Y. Kato, H. Kobayashi, C. Lei, S. Matsusaka,
H. Mikami, A. Nakagawa, K. Numata, T. Ota, T. Sekiya,
K. Shiba, Y. Shirasaki, N. Suzuki, S. Tanaka, S. Ueno,
H. Watarai, T. Yamano, M. Yazawa, Y. Yonamine, D. Di
Carlo, Y. Hosokawa, S. Uemura, T. Sugimura, Y. Ozeki and
K. Goda, Nat. Commun., 2020, 11, 3452.

L. Wei, Z. Chen, L. Shi, R. Long, A. V. Anzalone, L. Zhang,
F. Hu, R. Yuste, V. W. Cornish and W. Min, Nature, 2017,
544, 465-470.

H. Fujioka, J. Shou, R. Kojima, Y. Urano, Y. Ozeki and
M. Kamiya, J. Am. Chem. Soc., 2020, 142, 20701-20707.
J.-X. Cheng and X. S. Xie, Science, 2015, 350, aaa8870.

A. H. Hill and D. Fu, Anal. Chem., 2019, 91, 9333-9342.

F. Hu, L. Shi and W. Min, Nat. Methods, 2019, 16, 830-842.
L. Shi, A. A. Fung and A. Zhou, Quant. Imaging Med. Surg.,
2021, 11, 1078-1101.

Y. Ozeki, Chin. Opt. Lett., 2020, 18, 121702.

C. H. Camp Jr and M. T. Cicerone, Nat. Photonics, 2015, 9,
295-305.

H. Kano, T. Maruyama, J. Kano, Y. Oka, D. Kaneta,
T. Guerenne, P. Leproux, V. Couderc and M. Noguchi,
OSA Continuum, 2019, 2, 1693-1705.

A. Zumbusch, G. R. Holtom and X. S. Xie, Phys. Rev. Lett.,
1999, 82, 4142-4145.

A. Volkmer, J.-X. Cheng and X. S. Xie, Phys. Rev. Lett., 2001,
87, 23901.

J.-X. Cheng and X. S. Xie, J. Phys. Chem. B, 2004, 108,
827-840.

C. L. Evans, E. O. Potma, M. Puoris’haag, D. Coté, C. P. Lin
and X. S. Xie, Proc. Natl. Acad. Sci. U. S. A., 2005, 102,
16807-16812.

X. Nan, E. O. Potma and X. S. Xie, Biophys. J., 2006, 91,
728-735.

C. L. Evans and X. S. Xie, Annu. Rev. Anal. Chem., 2008, 1,
883-909.

T. Minamikawa, M. Hashimoto, K. Fujita, S. Kawata and
T. Araki, Opt. Express, 2009, 17, 9526-9536.

L. Gong, W. Zheng, Y. Ma and Z. Huang, Nat. Photonics,
2020, 14, 115-122.

C. Krafft, I. W. Schie, T. Meyer, M. Schmitt and J. Popp,
Chem. Soc. Rev., 2016, 45, 1819-1849.

E. C. Le Ru, E. Blackie, M. Meyer and P. G. Etchegoin,
J. Phys. Chem. C, 2007, 111, 13794-13803.

RSC Chem. Biol., 2021, 2,1415-1429 | 1427


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1cb00116g

Open Access Article. Published on 14 July 2021. Downloaded on 7/16/2025 7:06:14 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

52

53

54

55

56
57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

W. Zhang, F. Lin, Y. Liu, H. Zhang, T. A. Gilbertson and
A. Zhou, Proc. Natl. Acad. Sci. U. S. A., 2020, 117, 3518-3527.
Y. Zhou, J. Liu, T. Zheng and Y. Tian, Anal. Chem., 2020, 92,
5910-5920.

Z. Zhang, K. Bando, K. Mochizuki, A. Taguchi, K. Fujita
and S. Kawata, Anal. Chem., 2019, 91, 3254-3262.

Y. Zhang, H. Hong, D. V. Myklejord and W. Cai, Small,
2011, 7, 3261-3269.

J. Kneipp, ACS Nano, 2017, 11, 1136-1141.

X. Zheng, C. Zong, M. Xu, X. Wang and B. Ren, Small, 2015,
11, 3395-3406.

S. Laing, L. E. Jamieson, K. Faulds and D. Graham, Nat.
Rev. Chem., 2017, 1, 60.

T. Morimoto, L. Chiu, H. Kanda, H. Kawagoe, T. Ozawa,
M. Nakamura, K. Nishida, K. Fujita and T. Fujikado,
Analyst, 2019, 144, 2531-2540.

C. Krafft, M. Schmitt, I. W. Schie, D. Cialla-May,
C. Matthédus, T. Bocklitz and J. Popp, Angew. Chem., Int.
Ed., 2017, 56, 4392-4430.

D. Fu, W. Yang and X. S. Xie, J. Am. Chem. Soc., 2017, 139,
583-586.

A. J. Hobro, N. Pavillon, K. Fujita, M. Ozkan, C. Coban and
N. I. Smith, Analyst, 2015, 140, 2350-2359.

A. Hashimoto, Y. Yamaguchi, L. Chiu, C. Morimoto,
K. Fujita, M. Takedachi, S. Kawata, S. Murakami and
E. Tamiya, Sci. Rep., 2015, 5, 12529.

A.]. Chen, J. Li, A. Jannasch, A. S. Mutlu, M. C. Wang and
J.-X. Cheng, ChemPhysChem, 2018, 19, 2500-2506.

C.-S. Liao, P. Wang, P. Wang, J. Li, H. J. Lee, G. Eakins and
J.-X. Cheng, Sci. Adv., 2015, 1, €1500738.

K. Ishitsuka, M. Koide, M. Yoshida, H. Segawa, P. Leproux,
V. Couderc, M. M. Watanabe and H. Kano, J. Raman
Spectrosc., 2017, 48, 8-15.

T. Sugimura, S. Kajimoto and T. Nakabayashi, Angew.
Chem., Int. Ed., 2020, 59, 7755-7760.

H. Yamakoshi, K. Dodo, M. Okada, J. Ando, A. Palonpon,
K. Fujita, S. Kawata and M. Sodeoka, J. Am. Chem. Soc.,
2011, 133, 6102-6105.

T. Weeks, 1. Schie, L. J. den Hartigh, J. C. Rutledge and
T. Huser, J. Biomed. Opt., 2011, 16, 21117.

Z. Zhao, Y. Shen, F. Hu and W. Min, Analyst, 2017, 142,
4018-4029.

A. F. Palonpon, M. Sodeoka and K. Fujita, Curr. Opin.
Chem. Biol., 2013, 17, 708-715.

Y. Shen, F. Xu, L. Wei, F. Hu and W. Min, Angew. Chem.,
Int. Ed., 2014, 53, 5596-5599.

A. A. Garcia, S. G. Pfisterer, H. Riezman, E. Ikonen and
E. O. Potma, J. Biomed. Opt., 2015, 21, 1-8.

Y. Shen, Z. Zhao, L. Zhang, L. Shi, S. Shahriar, R. B. Chan,
G. Di Paolo and W. Min, Proc. Natl. Acad. Sci. U. S. A., 2017,
114, 13394-13399.

K. Dodo, A. Sato, Y. Tamura, S. Egoshi, K. Fujiwara,
K. Oonuma, S. Nakao, N. Terayama and M. Sodeoka, Chem.
Commun., 2021, 57, 2180-2183.

H. Yamakoshi, A. F. Palonpon, K. Dodo, J. Ando, S. Kawata,
K. Fujita and M. Sodeoka, Chem. Commun., 2014, 50, 1341-1343.

1428 | RSC Chem. Biol., 2021, 2,1415-1429

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

View Article Online

RSC Chemical Biology

K. Aljakouch, T. Lechtonen, H. K. Yosef, M. K. Hammoud,
W. Alsaidi, C. Kétting, C. Miigge, R. Kourist, S. F. El-
Mashtoly and K. Gerwert, Angew. Chem., Int. Ed., 2018,
57, 7250-7254.

J. C. Mansfield, G. R. Littlejohn, M. P. Seymour, R. J. Lind,
S. Perfect and J. Moger, Anal. Chem., 2013, 85, 5055-5063.
D. Lee, C. Qian, H. Wang, L. Li, K. Miao, ]J. Du,
D. M. Shcherbakova, V. V. Verkhusha, L. V. Wang and
L. Wei, J. Chem. Phys., 2021, 154, 135102.

J. Shou and Y. Ozeki, Opt. Lett., 2021, 46, 2176-2179.

L. Lin, X. Tian, S. Hong, P. Dai, Q. You, R. Wang, L. Feng,
C. Xie, Z.-Q. Tian and X. Chen, Angew. Chem., Int. Ed., 2013,
52, 7266-7271.

F. Hu, M. R. Lamprecht, L. Wei, B. Morrison and W. Min,
Sci. Rep., 2016, 6, 39660.

H. C. Kolb, M. G. Finn and K. B. Sharpless, Angew. Chem.,
Int. Ed., 2001, 40, 2004-2021.

J. M. Baskin, J. A. Prescher, S. T. Laughlin, N. J. Agard,
P. V. Chang, I. A. Miller, A. Lo, J. A. Codelli and
C. R. Bertozzi, Proc. Natl. Acad. Sci. U. S. A., 2007, 104,
16793-16797.

J. C. Jewett and C. R. Bertozzi, Chem. Soc. Rev., 2010, 39,
1272-1279.

P. Shieh and C. R. Bertozzi, Org. Biomol. Chem., 2014, 12,
9307-9320.

C. J. Pickens, S. N. Johnson, M. M. Pressnall, M. A. Leon
and C. J. Berkland, Bioconjugate Chem., 2018, 29, 686-701.
L. Wei, F. Hu, Z. Chen, Y. Shen, L. Zhang and W. Min, Acc.
Chem. Res., 2016, 49, 1494-1502.

L. Wei, F. Hu, Y. Shen, Z. Chen, Y. Yu, C.-C. Lin,
M. C. Wang and W. Min, Nat. Methods, 2014, 11, 410-412.
J. Ando, M. Asanuma, K. Dodo, H. Yamakoshi, S. Kawata,
K. Fujita and M. Sodeoka, J. Am. Chem. Soc., 2016, 138,
13901-13910.

K. Koike, K. Bando, J. Ando, H. Yamakoshi, N. Terayama,
K. Dodo, N. I. Smith, M. Sodeoka and K. Fujita, ACS Nano,
2020, 14, 15032-15041.

H. Yamakoshi, K. Dodo, A. Palonpon, J. Ando, K. Fujita,
S. Kawata and M. Sodeoka, J. Am. Chem. Soc., 2012, 134,
20681-20689.

J. Ando, K. Dodo, K. Fujita and M. Sodeoka, in Methods in
Molecular Biology, ed. S. Ziegler and H. Waldmann,
Springer, New York, 2019, pp. 99-114.

F. Hu, C. Zeng, R. Long, Y. Miao, L. Wei, Q. Xu and W. Min,
Nat. Methods, 2018, 15, 194-200.

Z. Chen, D. W. Paley, L. Wei, A. L. Weisman, R. A. Friesner,
C. Nuckolls and W. Min, J. Am. Chem. Soc., 2014, 136,
8027-8033.

H. Yamakoshi, A. Palonpon, K. Dodo, J. Ando, S. Kawata,
K. Fujita and M. Sodeoka, Bioorg. Med. Chem. Lett., 2015,
25, 664-667.

K. Bae, W. Zheng, Y. Ma and Z. Huang, Anal. Chem., 2020,
92, 740-748.

C. Ding, Y. Chen, H. Li, B. Wang, Q. Wei, H. Tang, S. Jia,
Z. He, P. Wang and X. Zhou, Chin. Chem. Lett., 2019, 30,
1393-1396.

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1cb00116g

Open Access Article. Published on 14 July 2021. Downloaded on 7/16/2025 7:06:14 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Chemical Biology

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

S. Tian, H. Li, Z. Li, H. Tang, M. Yin, Y. Chen, S. Wang,
Y. Gao, X. Yang, F. Meng, J. W. Lauher, P. Wang and L. Luo,
Nat. Commun., 2020, 11, 81.

S. Hong, T. Chen, Y. Zhu, A. Li, Y. Huang and X. Chen,
Angew. Chem., Int. Ed., 2014, 53, 5827-5831.

H.]. Lee, W. Zhang, D. Zhang, Y. Yang, B. Liu, E. L. Barker,
K. K. Buhman, L. V. Slipchenko, M. Dai and J.-X. Cheng,
Sci. Rep., 2015, 5, 7930.

S. Yamaguchi, T. Matsushita, S. Izuta, S. Katada, M. Ura,
T. Ikeda, G. Hayashi, Y. Suzuki, K. Kobayashi, K. Tokunaga,
Y. Ozeki and A. Okamoto, Sci. Rep., 2017, 7, 41007.

J. Cui, S. Matsuoka, M. Kinoshita, N. Matsumori, F. Sato,
M. Murata, J. Ando, H. Yamakoshi, K. Dodo and
M. Sodeoka, Bioorg. Med. Chem., 2015, 23, 2989-2994.

J. Ando, M. Kinoshita, J. Cui, H. Yamakoshi, K. Dodo,
K. Fujita, M. Murata and M. Sodeoka, Proc. Natl. Acad. Sci.
U. S. A., 2015, 112, 4558-4563.

L. E. Jamieson, ]J. Greaves, J. A. McLellan, K. R. Munro,
N. C. O. Tomkinson, L. H. Chamberlain, K. Faulds and
D. Graham, Spectrochim. Acta, Part A, 2018, 197, 30-36.

F. Hu, Z. Chen, L. Zhang, Y. Shen, L. Wei and W. Min,
Angew. Chem., Int. Ed., 2015, 54, 9821-9825.

R. Long, L. Zhang, L. Shi, Y. Shen, F. Hu, C. Zeng and
W. Min, Chem. Commun., 2018, 54, 152-155.

F. de Moliner, K. Knox, D. Gordon, M. Lee, W. J. Tipping,
A. Geddis, A. Reinders, J. M. Ward, K. Oparka and
M. Vendrell, Angew. Chem., Int. Ed., 2021, 60, 7637-7642.
S. Egoshi, Y. Takaoka, H. Saito, Y. Nukadzuka, K. Hayashi,
Y. Ishimaru, H. Yamakoshi, K. Dodo, M. Sodeoka and
M. Ueda, RSC Adv., 2016, 6, 19404-19412.

M. Ueda, S. Egoshi, K. Dodo, Y. Ishimaru, H. Yamakoshi,
T. Nakano, Y. Takaoka, S. Tsukiji and M. Sodeoka, ACS
Cent. Sci., 2017, 3, 462-472.

M. Ueda, K. Hayashi, S. Egoshi, Y. Ishimaru, Y. Takaoka,
H. Yamakoshi, K. Dodo and M. Sodeoka, Org. Biomol.
Chem., 2018, 16, 3348-3352.

M. M. Gaschler, F. Hu, H. Feng, A. Linkermann, W. Min
and B. R. Stockwell, ACS Chem. Biol., 2018, 13, 1013-1020.
S. F. El-Mashtoly, D. Petersen, H. K. Yosef, A. Mosig,
A. Reinacher-Schick, C. Kotting and K. Gerwert, Analyst,
2014, 139, 1155-1161.

K. Sepp, M. Lee, M. T. J. Bluntzer, G. V. Helgason, A. N. Hulme
and V. G. Brunton, J. Med. Chem., 2020, 63, 2028-2034.

W. J. Tipping, M. Lee, A. Serrels, V. G. Brunton and
A. N. Hulme, Chem. Sci., 2017, 8, 5606-5615.

J. Seidel, Y. Miao, W. Porterfield, W. Cai, X. Zhu, S.-J. Kim,
F. Huy, S. Bhattarai-Kline, W. Min and W. Zhang, Chem.
Commun., 2019, 55, 9379-9382.

© 2021 The Author(s). Published by the Royal Society of Chemistry

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

View Article Online

Review

X. Qin, Y. Si, Z. Wu, K. Zhang, J. Li and Y. Yin, Anal. Chem.,
2020, 92, 924-931.

M. Tanuma, A. Kasai, K. Bando, N. Kotoku, K. Harada,
M. Minoshima, K. Higashino, A. Kimishima, M. Arai,
Y. Ago, K. Seiriki, K. Kikuchi, S. Kawata, K. Fujita and
H. Hashimoto, JCI Insight, 2020, 5, €133348.

X. Li, Y. Li, M. Jiang, W. Wu, S. He, C. Chen, Z. Qin,
B. Z. Tang, H. Y. Mak and ]. Y. Qu, Anal. Chem., 2019, 91,
2279-2287.

S. Vanden-Hehir, S. A. Cairns, M. Lee, L. Zoupi,
M. P. Shaver, V. G. Brunton, A. Williams and
A. N. Hulme, Biomacromolecules, 2019, 20, 4008-4014.

Y. Chen, J.-Q. Ren, X.-G. Zhang, D.-Y. Wu, A.-G. Shen and
J.-M. Hu, Anal. Chem., 2016, 88, 6115-6119.

Q. Jin, X. Fan, C. Chen, L. Huang, ]J. Wang and X. Tang,
Anal. Chem., 2019, 91, 3784-3789.

J. Wang, D. Liang, Q. Jin, J. Feng and X. Tang, Bioconjugate
Chem., 2020, 31, 182-193.

J. Zhang, S. Yan, Z. He, C. Ding, T. Zhai, Y. Chen, H. Li,
G. Yang, X. Zhou and P. Wang, J. Phys. Chem. Lett., 2018, 9,
4679-4685.

C. Zeng, F. Hu, R. Long and W. Min, Analyst, 2018, 143,
4844-4848.

L. T. Wilson, W. J. Tipping, L. E. Jamieson, C. Wetherill,
Z. Henley, K. Faulds, D. Graham, S. P. Mackay and
N. C. O. Tomkinson, Analyst, 2020, 145, 5289-5298.

Y. Si, L. Li, X. Qin, Y. Bai, J. Li and Y. Yin, Anal. Chim. Acta,
2019, 1057, 1-10.

X. Qin, M. Lyu, Y. Si, J. Yang, Z. Wu and J. Li, Anal. Chim.
Acta, 2018, 1043, 115-122.

X. Qin, Y. Si, D. Wang, Z. Wu, J. Li and Y. Yin, Anal. Chem.,
2019, 91, 4529-4536.

J. Ao, X. Fang, X. Miao, J. Ling, H. Kang, S. Park, C. Wu and
M. Ji, Nat. Commun., 2021, 12, 3089.

D. A. Orringer, B. Pandian, Y. S. Niknafs, T. C. Hollon,
J. Boyle, S. Lewis, M. Garrard, S. L. Hervey-Jumper,
H. J. L. Garton, C. O. Maher, J. A. Heth, O. Sagher,
D. A. Wilkinson, M. Snuderl, S. Venneti, S. H. Ramkissoon,
K. A. McFadden, A. Fisher-Hubbard, A. P. Lieberman,
T. D. Johnson, X. S. Xie, J. K. Trautman, C. W. Freudiger
and S. Camelo-Piragua, Nat. Biomed. Eng., 2017, 1, 27.

T. C. Hollon, S. Lewis, B. Pandian, Y. S. Niknafs,
M. R. Garrard, H. Garton, C. O. Maher, K. McFadden,
M. Snuderl, A. P. Lieberman, K. Muraszko, S. Camelo-
Piragua and D. A. Orringer, Cancer Res., 2018, 78,
278-289.

H. Abramczyk and B. Brozek-Pluska, Chem. Rev., 2013, 113,
5766-5781.

RSC Chem. Biol., 2021, 2,1415-1429 | 1429


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1cb00116g



