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CONSPECTUS: Innovations in light microscopy have tremendously
revolutionized the way researchers study biological systems with subcellular
resolution. In particular, fluorescence microscopy with the expanding
choices of fluorescent probes has provided a comprehensive toolkit to tag
and visualize various molecules of interest with exquisite specificity and
high sensitivity. Although fluorescence microscopy is currently the method
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of choice for cellular imaging, it faces fundamental limitations for studying - @ Vibrational Tag Chemical
the vast number of small biomolecules. This is because common Imaging
fluorescent labels, which are relatively bulky, could introduce considerable
perturbation to or even completely alter the native functions of vital small
biomolecules. Hence, despite their immense functional importance, these Label-free
small biomolecules remain largely undetectable by fluorescence micros- Imaging

copy.
To address this challenge, a bioorthogonal chemical imaging platform has

recently been introduced. By coupling stimulated Raman scattering (SRS) microscopy, an emerging nonlinear Raman
microscopy technique, with tiny and Raman-active vibrational probes (e.g., alkynes and stable isotopes), bioorthogonal chemical
imaging exhibits superb sensitivity, specificity, and biocompatibility for imaging small biomolecules in live systems. In this
Account, we review recent technical achievements for visualizing a broad spectrum of small biomolecules, including
ribonucleosides and deoxyribonucleosides, amino acids, fatty acids, choline, glucose, cholesterol, and small-molecule drugs in live
biological systems ranging from individual cells to animal tissues and model organisms. Importantly, this platform is compatible
with live-cell biology, thus allowing real-time imaging of small-molecule dynamics. Moreover, we discuss further chemical and
spectroscopic strategies for multicolor bioorthogonal chemical imaging, a valuable technique in the era of “omics”.

As a unique tool for biological discovery, this platform has been applied to studying various metabolic processes under both
physiological and pathological states, including protein synthesis activity of neuronal systems, protein aggregations in Huntington
disease models, glucose uptake in tumor xenografts, and drug penetration through skin tissues. We envision that the coupling of
SRS microscopy with vibrational probes would do for small biomolecules what fluorescence microscopy of fluorophores has done
for larger molecular species.

1. INTRODUCTION

Light microscopy, in particular, fluorescence microscopy, has
been a powerful tool for researchers to study living systems at
the microscopic level.”” However, there remains a fundamental

fluorophore labeling, Raman imaging holds the promise for
probing small molecules.” However, spontaneous Raman
scattering (Figure la) is notoriously feeble, needing long
acquisition time, and is vulnerable to sample autofluorescence.
As a result, conventional Raman microscopy is a less-than-ideal
bioimaging modality, especially for applications demanding
high sensitivity, fast speed, deep tissue penetration, or
correlative fluorescence and Raman imaging.”* An advanced
Raman technique, surface enhanced Raman scattering (SERS),
could provide much higher sensitivity. Nevertheless, its reliance
on metallic nanostructures limits its ability to probe small
intracellular biomolecules.®

Partially overcoming both the sensitivity and biocompatibility
issues, coherent anti-Stokes Raman scattering (CARS)

limitation for fluorescence imaging of small biomolecules, such
as nucleosides, amino acids, fatty acids, choline, glucose,
cholesterol, and small-molecule drugs, in living systems. This is
because most small biomolecules are intrinsically nonfluor-
escent. However, if using fluorescent tagging, fluorescent
probes such as organic dyes, fluorescent proteins, or quantum
dots are all relatively bulkier in size than small biomolecules,
thus often severely compromising the native biochemical or
biophysical properties of these fluorophore-labeled small
biomolecules inside live cells. Therefore, optical imaging

methods offering molecular contrasts other than fluorescence
are needed to study these small chemical species.

Raman microscopy presents an alternative for this purpose.
Based on vibrational spectroscopy without the need for bulky
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microscopy offers an imaging speed close to fluorescence
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Figure 1. Physical principle and instrumental setup for stimulated
Raman scattering microscopy. (a) Energy diagrams for spontaneous
Raman scattering, coherent anti-Stokes Raman scattering (CARS), and
stimulated Raman scattering (SRS). (b) Experimental setup of typical
SRS microscopy. (c) Raman spectrum of mammalian cell samples
designating the crowded fingerprint region and the cell-silent region.

microscopy by virtue of coherent amplification (Figure la).”
Unfortunately, CARS microscopy suffers from spectral
distortion, unwanted nonresonant background and non-
straightforward concentration dependence.”” Although some
of these limitations can be addressed by advanced CARS
derivatives, substantial technical complexity has to be
involved.*'

More recently, stimulated Raman scattering (SRS) micros-
copy emerged to complement and even supersede CARS in
almost all aspects (Figure 1a)."'~"” Spectroscopically, the SRS
spectrum is identical to that of spontaneous Raman without the
complication of nonresonant background, thus offering
straightforward and robust spectral interpretations.'”'® The
detection sensitivity of SRS readily approaches the shot-noise
limit by taking advantage of the high-frequency modulation
transfer scheme.'>'” In addition, SRS signals are strictly linearly
dependent on analyte concentrations, allowing for quantitative
analysis. Moreover, the nonlinear nature and the adoption of
near-infrared laser wavelengths allow SRS 3D optical sectioning
into deep tissues.
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In the most popular narrow-band excitation scheme, SRS
microscopy utilizes two spatially and temporally synchronized
picosecond laser pulse trains (pump and Stokes).'”'*~"” When
the energy gap between two lasers is resonant with the
vibrational level of targeted chemical bonds, the joint action of
the pump and Stokes fields stimulates (i.e., accelerates) the
otherwise slow vibrational transition by 10° times.'>'"
Whenever a molecule is promoted into the vibrational excited
state, the Stokes pulse gains a photon, whereas the pump pulse
loses one (Figure 1b). By modulating the Stokes beam (or the
pump beam) intensity at a high frequency (~megahertz) and
detecting the resulting stimulated Raman loss (or gain) of the
pump beam (or the Stokes beam) with a photodiode fed to a
lock-in amplifier referenced at the same frequency as the
modulation, shot-noise-limited high detection sensitivity is
achieved, circumventing the laser intensity fluctuations
occurring at low frequencieslz’15 (Figure 1b). After raster-
scanning across the sample, one can produce a 3D
concentration map of the targeted chemical bonds.

2. LABEL-FREE CHEMICAL IMAGING

Since the invention of the narrow-band SRS microscopy,'”
label-free imaging has been a central theme of its applications.
A variety of molecular species have been imaged by label-free
SRS targeting their intrinsic chemical bonds at the crowded
cellular fingerprint region (500—1700 cm™) or the high
frequency C—H or O—H region (2800—3200 cm™"). Chemical
bonds frequently probed are O—P—0O, N—C=0, C=C, S=
O, O-H, C—H,, and C—H; (Figure 1c). Notable examples
include (but are not limited to) monitoring DMSO and retinoic
acid diffusion through skins of living mice and human,'? video-
rate imaging for skin sa.mples,14 imaging nucleic acids in vivo,"
delineating tumor margins,” tracking changes of lipid
composition,” imaging intracellular drug distribution in living
cells” and detecting membrane potential.”> The success of
these label-free applications has inspired developments in
spectroscopic imaging and will continue to generate a profound
impact in biomedicine."”

Despite the popularity of label-free imaging for biomedicine,
this strategy has a few limitations. First, the detection specificity
is usually compromised. It is rather difficult to distinguish a
target biomolecule from the sea of the other related species
inside cells since the differentiable vibrational signatures are
finite and many biomolecular species share similar chemical
bonds.”* Second, the Raman scattering cross sections of the
endogenous chemical bonds are usually limited. The resulting
detection sensitivity of label-free SRS is often in the range of
millimolar, not sensitive enough for capturing the activities of
many interesting small biomolecules.”” Third, although the
label-free approach is highly powerful for stationary imaging, it
usually lacks the ability for probing dynamic metabolism
including uptake, trafficking, and turnover of small biomole-
cules. Therefore, there is a strong need for conceptual
innovations to go beyond the label-free strategy to further
boost specificity and sensitivity, as well as to probe dynamics.

3. BIOORTHOGONAL CHEMICAL IMAGING: SRS
MICROSCOPY OF VIBRATIONAL PROBES

The concept of vibrational probes has been around in the field
of vibrational spectroscopy.”” Indeed, nitriles (C=N) and
carbonyls (C=0) are used to probe local electrostatics and
dynamics in proteins and enzymes through the vibrational Stark
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effect.”® Evolving from spectroscopy to microscopy, the idea of
detecting vibrational probes leads to the initial demonstrations
of spontaneous Raman imaging of Raman active probes
including stable isotopes (Huang et al”” and van Manen et
al.”®) and alkynes, that is, C=C, (Yamakoshi et al. 2939) inside
cells and SERS 1mag1ng of bioorthogonal Raman reporter on
cell surface (Lin et al.’"). Among the probes, alkynes stand out
as widely exploited small molecule handles for imaging and
identification in the booming field of bioorthogonal chem-
istry.”> =" Inspired by these previous efforts and success, a
general bioorthogonal chemical imaging platform has recently
emerged by coupling SRS microscopy with tiny vibrational
probes.”” ™" Such an optical imaging scheme presents a hybrid
strategy between the conventional fluorescence microscopy and
the label-free vibrational imaging approach, thereby offering the
desired combination of high detection sensitivity and
specificity, minimal perturbations, and dynamical analysis
capacity.

Specifically, three distinct classes of bioorthogonal vibrational
probes were explored: alkyne (C=C) moieties, deuterium
isotope, and '’C isotope. Physically, unlike the bulky
fluorophores, these probes consist of only several atoms, thus
exerting little perturbation to the native function of small
biomolecules. Spectroscopically, both C=C (as well as C=N)
carbon-deuterium bonds exhibit Raman peaks at the cell-silent
region where no other peaks from endogenous molecules exist
(Figure 1c), achieving exquisite detection specificity. Biochemi-
cally, these probes are generally absent (or at extremely low
abundance) inside cells, and are inert to cellular reactions or
exchanges. Hence, SRS imaging of these vibrational probes,
which are both spectroscopically and biochemically orthogonal
to the endogenous molecules inside cells, is termed
bioorthogonal chemical imaging. Such a platform is well suited
for probing small-molecule dynamics in living systems with
high spatial and temporal resolution. We herein summarize and
discuss the most recent advances toward this front.

4. SRS IMAGING OF ALKYNES FOR VISUALIZING
SMALL BIOMOLECULES WITH HIGH SENSITIVITY

Alkynes possess desirable features for tagging a wide variety of
small biomolecules with subsequent imaging by SRS micros-
copy. Chemically, they are small (only two atoms),
bioorthogonal, and easy to install.”* ™" Spectroscopically, the
stretching motion of C=C presents a substantial change of
polarizability, displaying a sharp and strong Raman peak around
2125 cm™ in the cell-silent region.”* In fact, Raman scattering
cross sections of alkynes are higher than almost all the
endogenous chemical bonds in label-free imaging. The reported
SRS detection limit for alkynes is down to 200 M under a 100
us acquisition time in S- ethynyl 2'-deoxyuridine (EdU), an
alkyne-tagged thymidine analog,”> much more sensmve than
previous label-free SRS reports in the millimolar range."
Although alkynes have been heavily explored as 1ma%1ng and
identification handles in bioorthogonal chemistry,”™>" clearly
proving their minimal toxicity and high biocompatibility in vivo,
the subsequent visualization by click-reaction between alkyne-
tagged molecules and azide-tagged fluorophores normally
involves the catalysis of copper(I) ion, which is toxic to live
cells. Even for the latest copper-free version, the reaction has
nonideal kinetics and is often associated with high background
originated from nonspecific staining.”’ Moreover, it is a
nontrivial task to homogeneously deliver these fluorophores
to live tissues and animals. To this end, direct SRS imaging of
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alkyne-tagged small molecules is free from all these
complications by bypassing the click reaction and the
fluorophores altogether.

Wei et al. in 2014 first demonstrated SRS imaging for a broad
spectrum of alkyne-tagged small-molecule building blocks,
including deoxyribonucleosides, ribonucleosides, amino acids,
choline, and fatty acids (Figure 2a) for the de novo synthesis of

(@) 2

I
o NS0 o N0
o. o. . OH
HO HO OH (o}
5-Ethynyl-2’-deoxyuridine S-Ethynyl undlne L-Homopropargylglycine
(EdU) (Hpg)

Jl
2 ”Om
~
J/ .0 OH
OH

3-O-propargyl-d-glucose

o
\\\,H\)L
OH
13

17-Octadecynoic acid Propargylchollne

(17-ODYA) (3-OPG)
(b)
8
— N A EdU
S ¢l
s
> Hpg
02) — N 17-ODYA
£2
0 . e 3-0PG
1200 1600 2000 2400

Raman shift (cm-")

/L

- &
S
o)
[
—
Y

Propargylcholine

Figure 2. Sensitive and specific SRS imaging for diverse alkyne-bearing
small biomolecules. (a) Chemical structures of alkyne-tagged small
biomolecules. (b,c) The corresponding spontaneous Raman spectra
(b) and the SRS images (c) of each alkyne-tagged small biomolecule
after metabolic incorporation into mammalian cells or neurons.
Adapted from refs 39 and 41. Copyright 2014 Nature Publishing
Group and Copyright 2015 John Wiley & Sons, Inc. Scale bar: 10 ym.

DNA, RNA, proteome, triglycerides, and phospholipids (Figure
2b,c).”” Shortly afterward, Hong et al. reported similar
applications with an additional alkyne-tagged glycan.*’ In
addition to small-molecule building blocks, Hu et al. recently
synthesized and evaluated alkyne-tagged glucose (Figure 2a,b)
as an important metabolic probe for interrogating energy
demands in live cells and tissues (Figure 2c) and observed
heterogeneous glucose uptake patterns with clear cell-to-cell
variations in tumor xenograft tissues.”'

Small-molecule drugs represent an important class of targets
for bioorthogonal chemical imaging, since there has been a lack
of nonperturbative imaging technologies with high sensitivity
and specificity as well as fine spatial and temporal resolution.
SRS imaging of alkyne-tagged small-molecule drugs has proven
to be effective by evaluating the pharmacokinetics of terbinafine
hydrochlorlde (TH), a FDA approved antifungal drug (Figure
3a).” Taking advantage of the deep-tissue imaging capability of
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Figure 3. SRS imaging of in vivo delivery of an alkyne-bearing small-
molecule drug, terbinafine hydrochloride (TH), into mouse ear. (a)
Spontaneous Raman spectrum of TH. (b) SRS images at selected
depths for TH at the alkyne channel and for proteins and lipids at
respective label-free amide and lipid channels in mouse ear tissues.
Adapted from ref 39. Copyright 2014 Nature Publishing Group. Scale
bar: 20 pym.

SRS, the drug penetration patterns after topical application to
mouse ear tissues were revealed. The TH images captured at
different depths were all found to highly resemble the lipid but
not the protein distributions in the tissues (Figure 3b),
suggesting that TH penetrates into tissues through the lipid
phase, consistent with its lipophilic nature.*” This demon-
stration suggests that SRS tracking of alkyne probes could be a
general method for drug imaging after proper alkyne
derivatization.

The conjugation system of alkynes can also be slightly
enlarged to gain higher SRS signals in a case-by-case manner.
Along this line, Lee et al. used SRS imaging of phenyl-diyne
tagged cholesterol to assess cholesterol storage in live cells and
Caenorhabditis elegans,” in which phenyl-diyne is found to
exhibit an ~S5-times higher signal than a single alkyne in
EdU.*”* Very recently, Ando et al. synthesized a diyne-tagged
sphingomyelin analog and observed a heterogeneous spatial
distribution of this probe within in vitro raft-like ordered
domains by spontaneous Raman.”” In these cases, the trade-off
between the probe size and the achievable SRS signals needs to
be carefully balanced.

5. SRS IMAGING OF ISOTOPE LABELS

Although alkyne tagging has been proven to be effective and
generally applicable, the chemical modifications inevitably
introduce a variable degree of alteration to the rates of
biosynthesis and metabolism for the tagged biomolecules
compared with their natural counterparts. For example, cells
incorporate Hpg (homopropargylglycine), an alkyne-bearing
methione analogue, about 500 times slower than Met.>* In this
regard, stable isotopes (e.g, deuterium and C') emerge as
better vibrational probes, since they only differ from their

1497

natural counterparts by neutron numbers and thus closely
mimic the corresponding physicochemical properties.

5.1. Carbon—Deuterium Probes (C—D)

Carbon—deuterium bonds (C—D) are a type of particularly
suited vibrational probe. Chemically, deuterium is a stable
isotope of hydrogen without any radioactivity and has an
extremely low natural abundance (~0.016%). Thus, replacing
the naturally occurring carbon—hydrogen bonds (C—H) with
C—D introduces stable labels with minimum physicochemical
alterations. As a matter of fact, the FDA is considering the first
approval of a deuterated drug.”® The kinetic isotope effect is
usually negligible for the incorporation and imaging duration of
typical experiments. Spectroscopically, C—D bonds also display
Raman peaks centered around 2100 cm™" in the desired cell-
silent spectral region, shifting the vibrational frequency, Q.,
away from that of C—H by modulating the reduced mass, y, in

k/u
surprising that C—D bonds have been harnessed by Raman
spectroscopists and microscopists for decades.

Earlier SRS microscopy of C—D has been convincingly
demonstrated for tracking deuterated DMSO penetration in
skin tissues and for imaging cellular uptake of deuterated fatty
acids.'>** In 2013, Wei et al. reported that C—D bonds are
especially suitable for tagging amino acids on the stable side-
chains and for subsequent SRS imaging of protein synthesis
activities.** Although the Raman cross-section of C—D is about
30—40 times lower than that of alkynes,30 39 the particular
setting of labeling amino acids by C—D is more ideal, thanks to
the enormous number of stable C—H (up to ~molar in
concentration) in multiple amino acids that make up proteins.

De novo protein synthesis is the last step of the central
dogma, responsible for basic cell survival and proliferation and
various cellular responses to environmental stimuli. For
instance, this process is closely related to long-term memory
formation in neuroscience.”*>> When deuterated amino acids
(d-AAs) are supplied to the cell growth medium, they will be
metabolically incorporated by cells’ natural translational
machineries as essentlal building blocks into newly synthesized
proteins (Figure 4a).* Therefore, sensitive and specific SRS
imaging of newly synthesized proteins enriched with C—D can
be achieved by targeting the unique vibrational signature of C—

the classical mechanics equation € ; o . Hence it is not
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Figure 4. SRS imaging of new protein synthesis by metabolic
incorporation of deuterated amino acids (d-AAs). (a) A cartoon
illustrating the metabolic enrichment of d-AAs into cells’ nascent
proteins. (b) SRS images of newly synthesized proteins in live neurons,
brain slices, and animals by targeting the C—D vibrational peak.
Adapted from ref 46. Copyright 2015 American Chemical Society.
Scale bar: 10 ym.
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D.* As a contrast, the unincorporated d-AAs in the free amino
acid pool are too dilute to be detected. Because of such high
signals and biocompatibility offered by d-AA labeling, high-
quality SRS imaging of protein synthesis has been demon-
strated ranging from live mammalian cells and neurons to live
brain tissues and to zebrafish and mice in vivo (Figure 4b). 5
Particularly, fast mapping of protein synthesis activities has
been achieved across a lar(ge—area of brain tissue (4 mm by 3
mm) within only 2.2 min.** Such valuable information on when
and where new proteins are actively synthesized in living
systems is hard to obtain by other means, such as stable isotope
labeling by amino acids in cell culture coupled with mass
spectrometry (SILAC-MS).*

Moving beyond fatty acids and amino acids, very recently,
Hu et al. used dy-choline for imaging choline metabolism in live
cells and C. elegans,’” Li et al. implemented d,-glucose for
tracing de novo lipogenesis,*® and Alfonso-Garcia et al. adopted
ds-cholesterol to assess intracellular cholesterol storage.*’ All
these applications prove the universal effectiveness and the
superb biocompatibility of SRS imaging with C—D tagging.
5.2. *C Probe

BC could also serve as an effective bioorthogonal probe due to
its low natural abundance (~1.109%) and its ability to shift the
vibrational frequency from the '>C counterparts. Indeed, *C-
tagged metabolites have been used in spontaneous Raman for
probing cell metabolism.””*” Coupling with SRS microscopy,
Shen et al. recently demonstrated use of '*C-tagged phenyl-
alanine for quantitative imaging of proteome degradation.’’ By
employing the characteristic ring-breathing modes of endoge-
nous '’C-phenylalanine (**C-Phe) at 1004 cm™ and the
metabolically incorporated '*C-Phe at 968 cm™ as the
spectroscopic markers for the old and new proteome,
respectively, one can image proteomic degradation by SRS in
living cells through ratio maps of '*C/(">C + '*C), in which the
total proteome is represented by the sum of '*C-Phe and "*C-
Phe (Figure 5).%°

Proteome degradation is a key process to regulate cellular
response under pathological or dysfunctional states.”® Shen et
al. applied the method to study the impact of protein

Figure S. SRS imaging of quantitative proteome degradation by
metabolical incorporation of '*C-Phe. Time-dependent images at both
12C-Phe and *C-Phe channels in live HeLa cells are obtained and the
ratio maps of '*C/(**C+"C) show quantitative decay of the pre-
existing proteome. Adapted from ref 50. Copyright 2014 John Wiley &
Sons, Inc. Scale bar: 20 ym.
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aggregation on proteomic degradation of mutant hungtingtin
proteins in a mammalian cell model.”® The obtained results
from correlative SRS microscopy and fluorescence imaging of
GFP-labeled hungtingtin support the emerging hypothesis that
while the diffusive oligomers of aggregation-prone proteins
might be toxic by gradually interfering with the proteasome
machinery, the formation of inclusion bodies could be
neuroprotective by sequestering the diffusive toxic species.””

6. FUNCTIONAL IMAGING OF DYNAMIC
SMALL-MOLECULE METABOLISM IN LIVE SYSTEMS

A distinct advantage for the bioorthognal chemical imaging
platform is its superb biocompatibility. Therefore, real-time
dynamic analysis is achievable by SRS imaging of vibrational
probes to track the intracellular fates of small biomolecules in
live systems. Such a capability is beyond the reach of competing
techniques, such as click-chemistry followed by fluorescence
visualization,****! SILAC-MS,*® and multi-isotope imaging
mass spectrometry.”’ To this end, Wei et al. demonstrated the
dynamic tracking of cell division after incorporation of either
EdU into newly synthesized DNA (Figure 6a)*” or d-AAs into

0 min

oboh e® 0"

©) p=
D-AA 10 min

Figure 6. Bioorthogonal chemical imaging for the dynamic
metabolism of small biomolecules. (a,b) Cell division tracking after
incorporated with EdU for newly synthesized DNA (a) and d-AAs for
newly synthesized proteins (b). Panel a is adapted from ref 39.
Copyright 2014 Nature Publishing Group. Panel b is adapted from ref
4S. Copyright 2013 National Academy of Sciences. (c) Time-lapse
imaging from 10 min to S h for protein synthesis with metabolic
labeling of d-AAs. Adapted from ref 46. Copyright 2015 American
Chemical Society. Scale bar: 10 ym.
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new proteome (Figure 6b).” In addition, time-lapse imaging
from 10 min to S h of active de novo protein synthesis on the
same set of mammalian cells was also shown (Figure 6¢).%

7. MULTICOLOR BIOORTHOGONAL CHEMICAL
IMAGING

A recurring and powerful theme in fluorescence microscopy is
the creation of a fluorescent palette, enabling multicolor
analysis for separation, colocalization, and interactions. Inspired
by the success of fluorescent palettes, a vibrational palette for
multicolor bioorthogonal chemical imaging of small biomole-
cules has also been created. Chen et al. reported isotopic
edition of alkynes by modulating the reduced mass of the triple
bonds.** The resulting vibrational frequencies €.y, are shifted
from ~2125 cm™" of the original C=C bond to 2077 cm™" of
BC=C and to 2053 cm™' of “C="C. With this novel
vibrational palette, previously nondifferentiable small biomole-
cules bearing the same alkynes could now be spectrally
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Figure 7. Multicolor bioorthogonal chemical imaging. (a) Multicolor SRS imaging of isotope-edited (EdU—"C, EU-"C,) and unedited (17-
ODYA) alkyne-tagged small biomolecules after metabolic incorporation into new DNA (EdU-'2C), RNA (EU-'3C,), and triglycerides (17-
ODYA). Adapted from ref 43. Copyright 2014 American Chemical Society. (b) Subgrouping of d-AAs with similar chemical environments. (c) Two-
color pulse-chase imaging for the protein aggregation formation of mutant huntingtin proteins by metabolic labeling of two groups of d-AAs. Panels
b and ¢ adapted from ref 46. Copyright 2015 American Chemical Society. Scale bar: 10 ym.

separated and imaged simultaneously (Figure 7a),*’ paving the
way for multiplex chemical imaging. Since triple bonds present
an inherent narrow Raman peak (~14 cm™) and the cell-silent
spectral window is rather wide (~1700—2800 cm™), we
envision many more vibrational colors could be created upon
further chemical manipulations.

In addition to multicolor SRS imaging of isotopic alkynes,
Wei et al. performed two-color pulse—chase proteome imaging
with d-AAs by rationally dividing all d-AAs with analogous
chemical structures into two subgroups. By this method,
aggregation formation of mutant huntingtin proteins was
studied by pulse—chase labeling and imaging (Figure 7b,c),"
demonstrating the ready applicability of the method to untangle
complex and dynamic aspects of proteome metabolism. These
vibrational palettes created by chemical editing and spectro-
scopic regrouping empower bioothogonal chemical imaging to
be a more versatile platform, allowing for comprehensive study

of small biomolecules.
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8. SUMMARY AND OUTLOOK

SRS microscopy was invented almost a decade ago. These
passing years have witnessed the booming advances of SRS
microscopy from instrumental developments to biomedical
applications. Technically, fast and hyperspectral SRS 1mag1n§
modalities have been developed by several groups.’’ ~°
Biomedically, SRS imaging was applied to various studies
such as successful delineation of tumor margins.”” What was
relatively lagging behind for the further developments of SRS
imaging platform, however, was the contribution from
chemistry to create more sensitive and versatile vibrational
probes. To this end, we believe the chemical installments of
vibrational probes to small biomolecules bridge such a gap
between physics/engineering and biomedicine in a timely
manner. In retrospect, this evolution path also echoes with the
advance of fluorescence microscopy where the imaging probe
development gradually becomes the center of the stage and
drives innovation forward.

We anticipate the future development for the bioorthogonal
chemical imaging platform on several fronts. First, chemical
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derivatization of alkynes (or nitriles) could be expanded to
more small biomolecules, such as neurotransmitters, coen-
zymes, and secondary messengers. Moreover, we expect this
platform could be applied to interrogate and potentially offer
new biological insights about more complex biological
processes including tumor metabolism, long-term memory
formation, and neurodegenerative diseases in which the
involvement of small molecule metabolism is critical yet hard
to study, especially by fluorescence microscopy. Third, thanks
to the high nontoxicity of stable isotope labeling, therapeutic
imaging and clinical diagnostics, such as intraoperative tumor
detection in vivo even in humans, could be expected in the near
future.
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