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Super-multiplexed vibrational probes: Being colorful

makes a difference
Naixin Qian and Wei Min

Abstract

Biological systems with intrinsic complexity require multi-
plexing techniques to comprehensively describe the pheno-
type, interaction, and heterogeneity. Recent years have
witnessed the development of super-multiplexed vibrational
microscopy, overcoming the ‘color barrier’ of fluorescence-
based optical techniques. Here, we will review the recent
progress in the design and applications of super-multiplexed
vibrational probes. We hope to illustrate how rainbow-like
vibrational colors can be generated from systematic studies on
structure—spectroscopy relationships and how being colorful
makes a difference to various biomedical applications.
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Introduction

Working with systems of intrinsic complexity, biologists
have a long-lasting demand for simultaneous detection of
multiple targets of interest. Optical techniques, such as
fluorescence microscopy, have superb biocompatibility
and have become essential in biological studies. Regular
fluorescence microscopy usually enables two to five
resolvable colors for simultaneous detection, which
already gives rise to vast biomedical applications. There
are now powerful multiplexed fluorescence methods in
basic life science for various cell sorting and phenotyping
[1,2], imaging-based in situ multiplexed nucleic acid and
epitope profiling [3—8], which fuel the understanding of
biological heterogeneity. Assays are also developed for
fluorescence-based multiplexed detection of antigens
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and nucleic acids with high throughput and sensitivity
[9,10]. Such techniques present outstanding utility in
medical diagnoses and give birth to a thriving market.

However, fluorescence microscopy runs into a ‘color
barrier’ to further expand the level of multiplexing.
Imaging more than five targets simultaneously is typi-
cally forbidden without specialized instrumentation due
to the broad fluorescence spectrum resulting from the
fundamentally fast electronic dephasing [11]. Unlike
fluorescence spectroscopy, vibrational spectroscopy in-
volves molecular vibrational transitions with much
narrower spectral resonance. Consider a typical fluores-
cent dye, Cy5, for example. The full width at half
maximum (FWHM) of its fluorescence spectrum is
about 50 times larger than that of its Raman peak
corresponding to the conjugated double bonds. Such
sharp spectral resonance gives vibrational microscopy
intrinsic advantages in multiplexing. Many multiplexed
bioassays and bioimaging, mostly based on surface-
enhanced Raman scattering (SERS), have already been
developed to explore this potential in multiplexing
[12,13]. However, as most works use the already-
existing fingerprint signatures of Raman probes, the
achievable level of multiplexing is still hindered by the
inevitable overlapping of multiple peaks crowding in the
fingerprint region. The tipping point came for vibra-
tional microscopy to ultimately overcome the color
barrier when two super-multiplexed vibrational palettes
were designed and synthesized in the cell-silent spectral
region for stimulated Raman scattering (SRS) micro-
scopy (Figure 1a) [14,15].

SRS microscopy involves two synchronized pulsed
lasers. The pump and the Stokes beams are focused
collinearly onto the same focal spot and coherently
excite the target molecular vibration (Figure 1b). The
stimulated Raman scattering effect, analogous to stim-
ulated emission in quantum mechanics, happens when
the energy difference between the pump and the Stokes
laser matches the vibrational energy (w,;;) of the target
chemical bond (Figure 1b). The vibrational activation
rates can be drastically accelerated by 10® than that of
the inherently weak spontaneous Raman scattering,
providing the ultra sensitivity of SRS microscopy for
vibrational bio-imaging in the far-field [16]. Although
SRS microscopy was initially developed as a label-free
technique [17], its utility has gone through an
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Super-multiplexed vibrational palettes in the cell-silent window for SRS microscopy. (a) The typical Raman spectrum of cells contains a spectral
window from 1800 cm™" to 2700 cm™", with no Raman peaks from endogenous biomolecules. Both of the super-multiplexed vibrational palettes, MARS
and Carbow, have been developed within this spectral window. (b) SRS microscopy illustration. Pump laser beam and modulated Stokes laser beam are
combined and focused onto the sample. When the energy difference between the pump and the Stokes laser matches the vibrational energy (w,) of the
chemical bond of interest, vibrational excitation happens. Each event is accompanied by one photon loss in the pump beam (stimulated Raman loss,

SRL) and one photon gain in the Stokes beam (stimulated Raman gain, SRG). SRS signal is detected as the relative intensity change of the pump beam,
which is extracted by the lock-in amplifier to achieve sensitive detection above the low-frequency laser background noise. (c) Classical spring model to
account for the tuning of vibrational frequency. v (Hz) is the vibrational frequency determined by force constant k and reduced mass L, while ma and mg

are the atomic mass of atom A and B from the chemical bond.

astonishing expansion with the development of various
vibrational probes to fulfill the unique chemical speci-
ficity and sharp resonance of vibrational spectroscopy
into valuable biological information [18]. Especially, the
latest biomedical applications, demonstrated by super-
multiplexed vibrational imaging, suggest that more
colors for simultaneous observation is not only a simple
accumulation of quantities but can bring qualitative
transformation as well. This review will focus on how the
super-multiplexed vibrational palettes are systemati-
cally designed and what unique applications such

multiplexing capability has brought to reality during the
past several years.

Development of super-multiplexed
vibrational palettes

The early attempts exploring the systematic strategies
to tune the vibrational frequencies can trace back to the
studies on structure—Raman shift/intensity relation-
ships for alkynes. Alkyne molecules caught researchers’
attention due to their unique sharp Raman single peak
in a spectral region known as ‘cell-silent (1800 cm™! -
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2700 cm ™!, Figure 1a) [19,20]. This region in the Raman
spectrum is particularly favorable, avoiding interference
from biomass’s complicated endogenous Raman signals
and rendering vibrational bioimaging with good contrast.
From the early studies on alkynes, researchers have
accumulated the two key building blocks to systemati-
cally tune vibrational frequencies. One is changing
substitution patterns, which affects the force constant k
(Figure 1c, Equation 1) in the classical spring model of
molecular vibrations [21]. The other is the isotope-
editing, which manipulates reduced mass (Figure lc,
Equation 1, 2) to give different vibrational frequencies
[22]. It turns out to be a general strategy that works for
various vibrational probes to expand the vibrational
colors without changing any chemical properties.
Inspired by these successes, many small biomolecules
were developed with Raman tags of distinct vibrational
colors for multiplexed vibrational bioimaging [23,24].
However, small Raman tags have little room for chemical
structural modifications, resulting in fundamental re-
strictions on generating new vibrational colors or
boosting detection sensitivity. With Raman multiplicity
of around three and detection limit of mM to a few
hundred UM, the actual utility of multiplexed vibra-
tional imaging is unfortunately confined. The break-
through finally comes when two super-multiplexed
vibrational palettes, MARS [14] and Carbow [15], were
developed from systematically modifying a group of
Raman-active molecules of characteristic chemical
structures. The two palettes take advantage of the
nitrile or alkyne triple bonds in the cell-silent region to
ensure the detection sensitivity and the tuning of
vibrational resonance without running into complicated
spectral overlapping in the fingerprint region
(Figure 1a). Nevertheless, each work provides original
solutions to systematically design vibrational probes for
the ultimate realization of super-multiplexed vibra-
tional imaging.

Manhattan Raman scattering (MARS) dyes developed
in 2017 were the first super-multiplexed vibrational
palettes for SRS microscopy [14]. By coupling bond vi-
bration with the electronic transition of particular
chromophores, the electronic pre-resonance (epr) effect
was introduced into SRS microscopy to further enhance
the sensitivity by more than four orders of magnitude.
Obtaining such detection limit down to a few hundred
nanomolar is crucial to image specific molecular targets,
which expands territories for biomedical applications.
The designing intuition for MARS palettes is to conju-
gate the alkyne or nitrile group onto the 9-position of
xanthene scaffolds. This structural feature not only
ensures the coupling enhancement but also allows
adjustment on force constant k for vibrational frequency
tuning by modifying the electron density on the xan-
thene ring. With the additional isotope-editing strategy,
the single sharp Raman peak of the triple bond can be
appropriately tuned to give a full palette, which enabled
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the first super-multiplexed vibrational imaging of cells
labeled by 16 colors simultaneously. A more recent paper
did a comprehensive investigation on 9-Cyanopyronins
as typical MARS structures, providing solutions for
chemical synthesis, vibrational frequency tuning, and
versatile labeling modalities [25]. Such probe develop-
ment work establishes robust synthetic methods to ac-
count for essential structural features of a MARS probe
(Figure 2a). The systematically synthesized palettes
allow quantitative evaluation of the tuning effects from
isotope editing, core atom substitution, and ring
expansion (Figure 2a). The contribution from the three
tuning strategies turned out to be additive, which pro-
vides a quantification model for structural-frequency
prediction. Finally, functionalization is another critical
issue to address by chemical synthesis, turning the
premature vibrational colors into actual target-specific
probes to convey biological information. Super-
multiplexed biological imaging naturally requires mul-
tiple compatible labeling modalities integrated into the
vibrational palettes to encode different information
detected simultaneously. Up to now, abundant biological
probing functionalities have been explored taking the 9-
Cyanopyronins as structural templates, including
epitope immunostaining (Figure 3b), organelle targeting
(Figure 3d), metabolic imaging through click chemistry
(Figure 3i,j), as well as enzymatic activity profiling
(Figure 3k,l) [25,26].

The other super-multiplexed vibrational palettes,
termed Carbon rainbow (Carbow), are based on poly-
ynes, which were brought to the field in 2018 [15].
Polyynes contain a special linear structure of an sp-
hybridized carbon chain with alternating single and
triple bonds, presenting unique properties on Raman
spectroscopy. A thorough investigation of the structure—
spectroscopy relationship, founded by chemical syn-
thesis and modification of the various polyyne mole-
cules, allows rational engineering to create the most
extensive super-multiplexed vibrational palette on
record now. Polyynes are particularly preferential in
Raman detection for their intrinsically strong peak with
narrow linewidth (13 em™!) in the cell-silent window.
Both Raman intensity and frequency vary according to
different conjugation lengths of different polyynes. The
Raman intensity also grows superlinearly as the triple
bonds increase from two to six, rendering the detection
limit down to sub-uM for polyynes beyond 4-ynes.
Other than the intrinsic coarse tuning capability from
various conjugation lengths, the general isotope-editing
strategy also works to tune the vibrational frequency in a
relatively moderate way. Substituents on the phenyl cap
of the polyyne molecules can further be modified to
influence the force constant, providing capacities for
frequency fine-tuning. With such rational frequency-
tuning strategies (Figure 2b), Carbow palettes contain
20 well-resolved vibrational colors, perfectly filling the
spectral window from 2000 em ! to 2280 cm”!
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Figure 2
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Structural features and structure-spectroscopy relationship for MARS and Carbow palettes. (a) Schematic illustration of 9-Cyanopyronin based
MARS dyes. From coarse tuning to fine tuning of the vibrational frequencies, isotope editing, central atom variation, and ring expansion can be used. The
latter two rely on the specific chemical modification to xanthene rings to influence the k of the vibrational mode. (b) Schematic illustration of polyyne-based
Carbow dyes. Other than common isotope editing, two other tuning strategies on modifying conjugation lengths and end-capping variations are identified

to be characteristic in engineering the Raman frequencies of polyynes.

(Figure 1a). The further functionalization of organelle-
targeting side chains on the Carbow molecules turn
these vibrational colors into organelle-specific probes
(Figure 3c). The neutral and non-polar polyyne back-
bones turn out to be preferential for the probe’s superb
biocompatibility and labeling specificity in live-cell
organelle imaging (Figure 4a).

However, sub-uM sensitivity is still not enough to
visualize low-abundance molecular targets in the bio-
logical system. Thus, a recent study introduced a nano

method, providing a simple intuition to overcome the
long-lasting sensitivity bottleneck for Raman micro-
scopy. The study makes use of Carbow dyes and in-
corporates them into small polymeric nanoparticles to
generate ultrabright Raman dots (Rdots) as new imaging
reagents for SRS microscopy [27]. 20 nm polystyrene
nanoparticles turned out to concentrate the hydropho-
bic Carbow dyes through a simple swell-diffusion
strategy so effectively that single-particle sensitivity
was accomplished under the SRS microscope. With
negligible spectral shift and broadening, this method
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Figure 3
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Functionalized library of vibrational probes. (a) o-tubulin immunostaining with functionalized Rdots2177. Scale bar, 20 um. (b) Vimentin immuno-
staining with functionalized Rdots2220. Scale bar, 20 pm. (¢) MBP (myelin basic protein) in mouse cerebellum labeled by immunostaining with
MARS2176 antibody conjugate. Scale bar, 50 um. ¢. SRS imaging of plasma membrane (PM) in live Hela cells labeled by Carbow2141 PM. (d) Imaging
mitochondria with MARS2237 in live cells. (e) SRS imaging of lysosomes in Hela cells labeled by PDDA-P2. (f) IR imaging of glucose anabolic activity in
the whole brain with d;-glucose, integrating the C—D band as 2060-2220 cm~". Scale bar, 1 mm. (g) SRS imaging of fatty acid metabolism with fatty acyl
derivatives 17-ODYA. (h) Spontaneous Raman imaging of alkyne-labeled coenzyme Q (AltQ2) in live cells. (i) SRS imaging of DNA synthesis in Hela cells
with EdU and MARS2238-Azide through click reaction. (j) SRS imaging of protein synthesis in Hela cells with AHA and MARS2184-PEG2-Alkyne through
click reaction. (k), Simultaneous detection of four enzyme activities in live A594 cells with SRS microscopy using four activable probes: gGlu-9CN-JCP,
Leu-9C "®N-JCP, EP-9 '®CN-JCP, and BGal-9'*C"®*N-JCP. Scale bar, 10 um. (I). SRS spectra of enzyme activities obtained from A549 cells (left).
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Figure 4

Nucleus/

Cl ER/Tubulin

n/Tubulin

b Color barrier
° % RADIANT with uDISCO
Control seo
>2.0 % RADIANT with rDISCO
1 L Content rich
0.9 ] Context rich O SeeDB 4 MIBI
08
07 1.0 ° * 0 Ce3D 4 MIBI-TOF
06 - 0 PACT ¢ CyTOF
I 05 g
04 ¥ OCLARITY ¢ CODEX
Lyso - 03 3 £
205 f - £ 5 ScalkeS + MxIF
_ e 01 £ = eiDisSCO ¢ CyclF
’ 0 g |&
225 WA ER 0542 e ® SHANEL ¢ DNA exchange
= Nucleus PM Tubulin Actin Mito Lyso LD ’ % ® oFLASH ¢ Immuno-SABER
- o
FBS-free High-OA o CUBIC-HY © SWITCH
¢ SHIELD
& MAP
Og 00 Content rich, context poor
u 0 4 . 4444
0 5 10 15 20 >30
e

Multiplexicity

NeuN/GFAP/Vimentir ITO-PRO/ GS-lI/

Endocytosis
1 Rdots2207 (40 nm) 1
| Rdots2118 (70 nm) |
| Rdots2096 (120 nm) |

Metabolism

N
=3
=3
S

EdU/Nestin/GFAP

i
Mitochondria 5 \uﬁ

Lipid Droplet Ribosome

Raman Intensity (a.u.)

1500 2000 Wavenumber (cm™) 2500 3000

1 2940 cm-1 Decoded map

01210 12121 21112

2000 2100 2200 2300 2000 2100 2200 2300 2000 2100 2200 2300
Wavenumber (cm™)

Current Opinion in Chemical Biology

Biomedical applications enabled by super-multiplexed vibrational microscopy. (a) Ten-color optical imaging of PM (Carbow2141), ER
(Carbow2226), Golgi (BODIPY TR), Mito (Carbow2062), LD (Carbow2202), Lyso (Carbow2086), nucleus (NucBlue), tubulin (SiR650), actin (GFP) and
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serves as a general and robust way to boost the sensi-
tivity down to the sub-nM level while preserving the full
super-multiplexed capability of Carbow palettes. La-
beling functionality can also be realized by conjugating
PEGs and antibodies with the abundant carboxyl groups
on the particle surface, allowing further biomedical ap-
plications such as multiplexed immunostaining protein
imaging (Figure 3a).

In general, building successful super-multiplexed
vibrational palettes have three critical criteria to
consider: superb detection sensitivity, tunable and
resolvable vibrational signatures, and labeling function-
alities. Superb sensitivity sometimes originates from
intrinsic large Raman cross-sections of certain vibra-
tional bonds that are susceptible to polarization.
Coupling vibrational modes with the electronic transi-
tion will further boost the sensitivity by orders of
magnitude depending on electronic resonance
enhancement [28—30]. Even single molecules can be
observed with vibrational signature when fluorescence
signals are induced for detection in Stimulated Raman
excited fluorescence spectroscopy (SREF) [31—33].
Nano strategy provides an alternative solution to com-
plement sensitivity by increasing the local concentration
of the Raman active bonds in the focal volume. Polymer
chemistry also makes notable demonstration on its
profound utility in making Raman-active bonds
condensed imaging probes with devised functional mo-
dalities for biomedical applications, such as live-cell
organelle imaging (Figure 3e) and multiplexed tumor
detection [34,35]. Distinct and resolvable Raman sig-
natures, fundamental to super-multiplexed palettes
development, are more accessible in the cell-silent
window, free from complicated peak interferences.
Investigation on the structure—spectroscopy relation-
ship is helpful to rationalize frequency tuning on
different molecular templates (Figure 2). Despite some
modifications unique to certain structural features,
adjusting the force constant and the reduced mass
provides a relative general intuition. Isotope-editing can
serve as a universal strategy to expand the vibrational
palettes in a relative coarse-tuning manner with negli-
gible alternation on chemical properties. Targeting
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functionalities to label with specificity is the ultimate
step for vibrational colors to become real imaging probes,
whose intrinsic properties in the biological system
render specific applications under different biological
scenarios (Figure 3). We also want to note some recent
efforts on developing photo-switchable Raman probes,
which greatly enrich the Raman toolbox for bio-imaging
and potentially expand the utility for vibrational mi-
croscopy to decipher complex biological systems [36—
38].

Biomedical applications

Super-multiplexed vibrational probe development lays a
solid foundation for various interesting biomedical ap-
plications. From structural imaging to metabolic
profiling, super-multiplexed vibrational microscopy fos-
ters powerful new techniques to visualize and under-
stand complex biological systems. The unique optical
multiplexing capability of vibrational microscopy out-
stands current multiplexed imaging techniques. Espe-
cially when it comes to tricky yet valuable scenarios,
such as working with living cells or thick tissues, one-
shot imaging becomes essential as iterative or destruc-
tive methods no longer apply [7,8,39,40] (Figure 4d).
The expanded available multiplexing colors also give
rise to barcoding applications with impressive potential
in optical data storage and identification for high-
throughput biomedical analysis. Here, we highlight
some latest super-multiplexed biomedical applications
based on vibrational microscopy, hoping to illustrate the
idea of how advances in optical multiplexing capabilities
can bring a revolutionary difference.

Supermultiplexed structural imaging of biological
system

On establishing the Carbow palette, researchers func-
tionalized five Carbow dyes with different organelle
targeting groups for specific organelle imaging.
Combining with another five compatible fluorescent
reporters, researchers first achieve 10-color optical im-
aging of specific subcellular structures in vivo
(Figure 4a) [15]. Simultaneous visualization of multiple
organelles and skeleton proteins in living Hela cells was
demonstrated with high quality, which is particularly

FM 4-64 in living Hela cells. Scale bar, 10 um. (b) Super-multiplex time-lapse imaging of live cells simultaneously showing shortening of Mito along the
actin and small movement of large LD. The arrows indicate the initial positions of the mitochondria edge and the large LD. Scale bar, 1 um. (¢) Single-cell
analysis of organelle interactome by super-multiplex image-based cytometry of live cells. The matrix representation of medians of organelle correlation
coefficients here reveals cell-to-cell heterogeneity for live HeLa cells grown in different culture conditions. (d) lllustration on the content-context trade-off in
immunohistochemistry-based protein imaging for current techniques. (e) One-shot eleven-target volumetric imaging of 1-mm thick mouse cerebellum
sections by RADIANT. Fluorescence: ConA (Concanavalin A), GS-Il (Griffonia simplicifolia lectin), TUBB3, TO-PRO-3 (cell nuclei); epr-SRS: NeuN, LEL
(Lycopersicon Esculentum lectin), MBP, GABBR2, WGA, Vimentin, GFAP. Z-step: 5 um. Scale bars, 50 um. (f) Eight-color epr-SRS imaging of DNA
replication and protein synthesis in hippocampal neuronal cultures epr-SRS: B—IllI-tubulin (neurons, green), myelin basic protein (MBP; oligodendro-
cytes, orange), glial fibrillary acidic protein (GFAP, astrocytes and neural stem cells, magenta), EAU (newly synthesized DNA, gray), AHA (newly syn-
thesized proteins, red). Fluorescence: Nucblue (total DNA, cyan), NeuN (neurons, blue) and nestin (neural stem cells and astrocytes, yellow). Scale bars,
10 pum. (g) Diagram illustrating of 14 Raman probes for multiparameter live-cell profiling and their subcellular targets and the resulting 14-plexed live-cell
Raman spectra with unmixing processing. (h) Typical Carbow barcoded cell IDs read out by spontaneous Raman measurement. (i). Decoding and spatial
visualization of barcoded beads in live cells with SRS microscopy. Scale bars, 10 pum.
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favorable in studying organelle interactome. Organelle
interactome regarding cellular organization and dy-
namics has been recognized as an important question in
cell biology [41]. With recent instrumental advances of
integrated stimulated Raman and fluorescence micro-
scopy, visualization of dynamic organelle interactomes
are enabled using Carbow probes at seconds level tem-
poral resolution for image-based cytometry (Figure 4b),
unveiling the dynamics and heterogeneity in live cells
(Figure 4c) [42].

Highly multiplexed-epitope imaging, which provides
comprehensive, spatially resolved information on cell
types and cell states in tissues, is pivotal to compre-
hending the complex biological system [7]. With the
organization being 3D by its nature, structural mapping
of the biological system, especially for the nervous
system, where cells extend over large distances [43],
requires volumetric imaging techniques [44,45]. How-
ever, there is a general trade-off between contents (high
multiplexing) and context (thick tissues) (Figure 4d),
leaving highly multiplexed protein imaging in large 3D
volumes out of reach. Recently, researchers addressed
this challenge with SRS microscopy by integrating
multiplexed imaging enabled by well-engineered MARS
palettes and inspiration for large context imaging from
Raman-tailored tissue clearing. They developed a
method of Raman Dye Imaging and Tissue Clearing
(RADIANT) optimized for immunostaining based on
MARS labeled antibodies [46]. Combining with fluo-
rescence microscopy, up to 11 targets in millimeter-
thick brain slices were imaged in one shot (Figure 4e),
which outperformed prior multiplexed protein imaging
methods by 10- to 100- fold on imaging depths [40,47—
50]. Valuable system information extracted from such
multiplexed volumetric data can reveal region-specific
correlation network and their topology during life
development, facilitating the comprehensive under-
standing of 3D protein interaction in the complex bio-
logical system.

Supermultiplexed metabolic imaging and profiling

Metabolism is also one of the defining characters of life,
which fundamentally requires multiplexing techniques
for a thorough description of the synthesis, trans-
formation, and degradation of various biomolecules
inside cells. There have long been small metabolic
Raman probes developed from stable isotope labels (C-
D) or triple-bond vibrational tags (C=C, C=N) to
image the metabolic activity with minimized perturba-
tion [23] (Figure 3). Multiplexed application of meta-
bolic probes is beneficial in single-cell profiling on
metabolic activity to disclose cell heterogeneities.
Integrating instrumental advances, a technique, meta-
bolic activity phenotyping (MAP), was developed to
quantitatively measure lipid and protein synthesis at
high throughput (6000 cells/hour) for single-cell

profiling with micro-Raman spectroscopy [51]. Much
higher throughput (over 10,000 cells in several minutes)
can be achieved when applying IR-active metabolic
vibrational probes to mid-infrared microscopy [52].
Multiplexed imaging of metabolic activity was demon-
strated with large field of view and short data acquisition
time, reporting the intricate heterogeneity in various
biological systems (Figure 3f).

Moving from small vibrational tags, specific functional-
ization of the current super multiplexed vibrational
palettes paves another way for more multiplexed
detection and better imaging sensitivity. Click chemis-
try combined with metabolic labeling reagents (e.g.,
AHA and EdU) enable MARS dyes to visualize meta-
bolic activities, such as DNA replication and protein
synthesis [25] (Figure 3i,j). With other biomarkers
stained simultaneously, super-multiplexed vibrational
imaging is prone to give a multi-omics view of the mo-
lecular heterogeneity in situ (Figure 4f) [14]. Harness-
ing the unique epr-SRS spectroscopy, a new study
invented a set of activatable Raman probes for multi-
plexed sensing of enzymatic activities. Appropriate
enzyme—substrate moieties were conjugated onto 9-
Cyanopyronin via an amide bond, giving switchable
SRS contrasts. After enzymatic bond cleavage, the ab-
sorption of the fluorophore red-shifts from electronic
non-resonance condition to electronic pre-resonance
condition. Isotope-editing helps expand the vibrational
colors and enables multiplexed SRS imaging of enzy-
matic activities (Figure 3k,1) [26].

Multiplexed Raman techniques have been widely used
to detect specific biomarkers and endocytosis for live-
cell imaging using nanoparticles [12,35,53—55]. To
fulfill the powerful multiplexing potential, a live-cell
profiling  technology based on Raman micro-
spectroscopy came to place this year, combining the
surface marker detection and metabolic activities eval-
uation of individual live cells [56]. In total 14-plexed
live-cell profiling was demonstrated, which includes
ten modified super-multiplexed Rdots quantifying sur-
face protein markers and probing the endocytosis ac-
tivities plus four compatible Raman-tagged metabolites
revealing cellular metabolism simultaneously
(Figure 4g). The single-cell multiparameter measure-
ment platform on a simple instrument enables infor-
mative clustering, correlation, and network analysis
regarding single-cell phenotyping of general biolog-
ical interests.

Supermultiplexed information barcoding

Multiplexing capability also promotes creating barcodes
for data storage, which set platforms for high throughput
biomedical analysis to inventory biological molecules,
cells, or even spatial relationships. With Carbow palettes,
the researchers have explored its utility in optical
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barcoding by incorporating specified polyyne mixtures
into micro-size polystyrene beads via swell-diffusion. The
researchers showcased that using ten distinct vibrational
colors at three intensity levels (digitized levels 0, 1, 2) can
generate up to 59,048 (319 — 1) unique spectral barcodes
to tag individual cells with unique IDs (Figure 4h,i) [15].
Recently, such color-intensity coding strategies have also
been applied to covalent polymer nanoparticles to effec-
tively expand the Raman-active codes for multiplexed
SRS imaging of the biological system [57]. More ambitious
intensity-coding and more mindful Raman frequency
combination can further leverage vibrational barcoding
capability, yielding the largest capacity of optical barcodes
to date (524,288) [58].

Conclusion and outlook

Super-multiplexed vibrational imaging has unique ad-
vantages working with biological systems with intrinsic
complexity. Microscopy is intrinsically complementary to
the popular approaches for “omics” which have massive
multiplexing ability but poor spatiotemporal resolution.
The recent two years have witnessed blooming applica-
tions with super-multiplexed vibrational microscopy,
coming after the development MARS and Carbow pal-
ettes. Nevertheless, potential challenges are to be
addressed for further expanding the vibrational palettes.
Vibrational probes with frequencies in the uncharted
region of the cell-silent window are waiting for explora-
tion, which might require specialties in chemical syn-
thesis to cope with the relatively uncommon chemical
bonds [59]. New vibrational color alone does not readily
become an imaging probe without sufficient sensitivity
and proper functionalities. As typical chemical bonds
have detection limits at millimolar magnitude with SRS
microscopy, strategies enhancing the sensitivity might be
necessary to visualize specific targets. Finally, the unique
utility of super-multiplexed vibrational microscopy for
biological systems is to visualize multiple aspects of the
same sample simultaneously. Proper functionalization of
the probes are substantial to ensure the multi-parameter
measurement is bio-compatible, and the detection re-
sults together provide meaningful information to resolve
true biological questions. We envision that with the
field’s effort being dedicated towards vibrational probe
development, the ultimate super-multiplexed vibra-
tional techniques will present their power in biomedical
applications far beyond our imagination.
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