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Abstract: Alkynes can be metabolically incorporated into
biomolecules including nucleic acids, proteins, lipids, and
glycans. In addition to the clickable chemical reactivity, alkynes
possess a unique Raman scattering within the Raman-silent
region of a cell. Coupling this spectroscopic signature with
Raman microscopy yields a new imaging modality beyond
fluorescence and label-free microscopies. The bioorthogonal
Raman imaging of various biomolecules tagged with an alkyne
by a state-of-the-art Raman imaging technique, stimulated
Raman scattering (SRS) microscopy, is reported. This imaging
method affords non-invasiveness, high sensitivity, and molec-
ular specificity and therefore should find broad applications in
live-cell imaging.

The alkyne has been used as a bioorthogonal chemical
reporter that can be metabolically incorporated into various
biomolecules including nucleic acids, proteins, glycans, and
lipids."! In a subsequent step, the alkyne is chemically reacted
with a fluorophore using the copper(I)-catalyzed azide-
alkyne cycloaddition (CuAAC), that is, the click chemistry.
This two-step chemical reporter strategy has emerged as
a powerful tool for fluorescence imaging of biomolecules in
live cells. Besides the clickable chemical reactivity, the alkyne
intrinsically possesses a unique vibrational spectroscopic
signature; the C=C stretching vibration results in a Raman
signal falling into the Raman-silent region, approximately
1800 to 2800 cm™, of a cell (see Figure S1 in the Supporting
Information). Since all natural cellular molecules do not
produce Raman signals in the silent region, the alkyne is
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Raman-spectroscopically bioorthogonal, enabling specific
and background-free detection. In this regard, the alkyne
serves as a bioorthogonal Raman reporter and may be
exploited for visualizing biomolecules using Raman micros-
copy.?¥ Importantly, direct Raman imaging of the alkyne
obviates the burden of the second-step conjugation of
fluorophores by click chemistry. Moreover, the alkyne is
much smaller in size than fluorophores, rendering less
perturbation to the biological systems.

The major obstacle in realizing this potentially powerful
imaging modality is the poor sensitivity because of the
notoriously small cross-section of the spontaneous Raman
scattering. Surface-enhanced Raman scattering (SERS) has
proven to be an effective method to overcome this chal-
lenge.”! SERS improves the sensitivity up to the single-
molecule level, owing to the electromagnetic enhancement.™!
In addition, SERS microscopy can be easily implemented into
the conventional confocal Raman microscopes. However,
SERS relies on the use of metallic nanostructures, commonly
gold or silver nanoparticles, as enhancing substrates,”” which
practically complicate the experimental procedures with the
need of bringing nanoparticles in close proximity to the cells.
Moreover, SERS imaging is usually limited to cell-surface
molecules such as glycans, whereas intracellular biomolecules
like nucleic acids are not amenable to SERS imaging.

Alternatively, the newly emerged coherent Raman scat-
tering microscopies such as stimulated Raman scattering
(SRS) microscopy offer enhanced sensitivity over the sponta-
neous Raman scattering.*”! The sensitivity enhancement of
SRS is achieved by exploiting the coherent nature of signal
generation and does not require enhancing substrates.
Furthermore, the intensity of the SRS signal is proportional
to the analyte concentration, enabling quantitative imaging.®!
In contrast, signal quantification is relatively challenging for
SERS®! as well as coherent anti-Stokes Raman scattering
(CARS),"M another popular coherent Raman scattering
technique. These advantageous features of SRS microscopy
prompted us to explore its use for bioorthogonal Raman
imaging.

Originally developed as a label-free imaging technique,
SRS microscopy has enabled imaging of biomolecules includ-
ing lipids, proteins, and DNA in live cells and in vivo.l*124
Label-free SRS detects vibrational signals from the intrinsic
chemical bonds of biomolecules, and thus suffers from poor
molecular specificity, because many chemical bonds are
shared by different types of biomolecules. We envisioned
that coupling SRS technology with the bioorthogonal Raman
reporters such as the alkyne would enable live imaging of
biomolecules with both high sensitivity and molecular specif-
icity. Herein, we demonstrate SRS imaging of four major
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Figure 1. Live-cell SRS imaging of biomolecules metabolically labeled
with an alkyne. a) Schematic illustration of the SRS process and the
instrumental setup of SRS microscopy. When the pump and Stokes
beams are co-linearly focused onto the sample, with a frequency
difference matching the alkyne vibration, the pump beam experiences
an energy loss —Al, (Stimulated Raman Loss, SRL) while the Stokes
beam an energy gain + Al (stimulated Raman gain, SRG). SU:
scanning unit, PD: photodiode. b) Metabolic labeling of proteins,
lipids, nucleic acids, and glycans by incubating the cells with the
corresponding alkyne-bearing building blocks. The treated cells were
then directly subjected to SRS microscopy. ¢) Chemical structures of 5-
ethynyl-2'-deoxyuridine (EdU), 17-octadecynoic acid (Alk-16), homopro-
parglycine (Hpg), and peracetylated N-(4-pentynoyl)mannosamine
(Ac,;ManNAl).

classes of biomolecules including nucleic acids, proteins,
glycans, and lipids in live cells using the alkyne as the
bioorthogonal Raman reporter (Figure 1).

Our in-house SRS microscope, schematically illustrated in
Figure 1a, was built using a similar setup as previously
reported."™ To detect the vibrational frequency of the alkyne,
we employed an integrated dual-wavelength picosecond
pulsed laser with one beam (Stokes beam) fixed at 1064 nm,
modulated at 10 MHz with an electrical optical modulator
(EOM), and the other beam (pump beam) tuned to 868.2 nm
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through an integrated optical parametric oscillator (OPO).
Two beams, with a frequency difference Aw matching the
vibrational frequency of the Raman reporter, were co-linearly
introduced into a scanning microscope. A lock-in amplifier
was used to extract the forward SRS signal (stimulated
Raman loss, Al,) from the background. The images were
acquired by scanning the focal spot in two dimensions. Optical
sectioning was applied for reconstruction of 3D SRS images.

Live-cell SRS microscopy was first demonstrated for
label-free imaging of lipids using the C—H stretching of CH,
groups at 2850 cm~".'") This strategy collects signals from all
lipids in a cell and has been used for studying fat storage.!"
Using spectrally tailored excitation'’! or hyperspectral
SRS, certain lipids with unique spectral features could be
specifically imaged. However, it remains challenging to
differentiate lipid types with similar chemical structures. For
example, palmitic acid is an important type of fatty acid in
eukaryotes and protein S-palmitosylation is essential for
regulating the localization and function of many membrane-
associated proteins.'”) Another major type of protein lipida-
tion, N-myristoylation, is characterized by the addition of
myristic acids.”” These two saturated fatty acids structurally
differ only in the chain length and therefore are essentially
indistinguishable by the label-free SRS.

We therefore sought to specifically visualize the palmitic
acids in live cells using SRS microscopy coupled with the
alkyne tag. To do so, we employed w-alkynyl palmitic acid
(Alk-16), a palmitic acid analogue functionalized with an
alkyne, as the bioorthogonal Raman reporter for palmitoy-
lomes (Figure 1c¢).?? The spontaneous Raman spectrum of
Alk-16 showed a peak at 2120 cm ™! (Figure 2a). We mapped
the SRS spectrum in a solution of Alk-16 (see Figure S2 in the
Supporting Information) and on a live HeLa cell treated with
Alk-16 (Figure 2a). The SRS spectra showed an alkyne peak
at the same frequency of 2120 cm™', owing to the non-
distorted nature of the SRS spectrum that is almost identical
to the spontaneous Raman spectrum. We then acquired live-
cell SRS images of palmitoylomes at 2120 cm™', which
exhibited a strong signal of the alkyne (Figure 2b). The SRS
microscopy of the alkyne revealed the distribution of the
cellular Alk-16. When Aw was tuned from the on-resonance
of the alkyne (2120 cm™) to the off-resonance (2180 cm™),
a minimal SRS signal was observed (Figure2b and see
Figure S3 in the Supporting Information). In addition, the
control cells treated with natural palmitic acid exhibited
minimal signal at 2120 cm™', confirming the molecular
specificity of the SRS signal from the alkyne.

Two-color SRS imaging was performed by using
2120 cm™! for the alkyne and 2850 cm™' for CH, (Figure 2b
and c). The SRS imaging at 2850 cm ™' presumably reflected
the distribution of the total lipids in the cells, while the SRS
imaging of the alkyne specifically exhibited the cellular
location of palmitic acids. The SRS signal intensity of Alk-16
increased in a dose-dependent manner, highlighting the
quantitative feature of SRS microscopy (Figure 2d). The
palmitic acid distribution revealed by the SRS images are
similar to the fluorescence images obtained on cell treated
with Alk-16, followed by fixation, permeabilization, and click-
labeling (see Figure S4 in the Supporting Information)."
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Figure 2. SRS imaging of Alk-16 in live cells. a) Spontaneous Raman
spectrum of pure Alk-16 (black line), with respect to the SRS spectrum
of Alk-16 in live cells (green circle). b) SRS images of HelLa cells
treated with 100 um Alk-16 for 16 h. Images shown from left to right
are the alkyne on-resonance (2120 cm™), alkyne off-resonance

(2180 cm ™), total lipids (2850 cm™'), and merged image of Alk-16 and
total lipids. c) SRS images of Hela cells fed with natural palmitic
acids. d) SRS images of cells treated with Alk-16 at varied concen-
trations. All images (256 x256 pixels) were obtained using a 40 us
pixel dwell time. Scale bars: 20 um.

Importantly, the SRS imaging of the alkyne not only affords
a more convenient imaging procedure by virtue of requiring
no additional click-labeling steps, but also enables live-cell
imaging that is implausible by fluorescence microscopy in this
case because of the need of fixation and permeabilization.

This methodology can be readily applied to visualize other
types of lipids, given the availability of a variety of alkyne-
containing lipid analogues.’® As an additional showcase of
SRS imaging of lipids using the alkyne reporter, we visualized
the choline-containing phospholipids in live cells using the
propargylcholine, an alkyne-functionalized choline analogue
(see Figure S5 in the Supporting Information).?* Notably, the
alkyne peak of propargylcholine shifts to 2138 cm™!, probably
because of the neighboring chemical environment. In agree-
ment with our observation, an array of alkyne-containing
compounds with different neighboring functional groups were
reported to exhibit varied alkyne frequencies.” This feature
highlights the potential applications of multi-color SRS
imaging of the alkyne for simultaneous visualization of
multiple lipids with molecular specificity in live cells.

We next sought to extend the bioorthogonal SRS imaging
to other classes of biomolecules. To image DNA, we
employed 5-ethynyl-2’-deoxyuridine (EdU), an alkyne-bear-
ing thymidine analogue, which is metabolically incorporated
into replicating DNA by partly substituting thymidine.”"! The
alkyne of EdU also processes a SRS peak at 2120 cm™
(Figure 3a). SRS imaging of HeLa cells treated with EAU
revealed intense alkyne signals in the nuclei (Figure 3b). The
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Figure 3. SRS imaging of EdU in live cells. a) Spontaneous Raman
spectrum of pure EdU (black line), with respect to SRS spectrum of
EdU in live cells (cyan circle). b) SRS images of Hela cells treated with
200 pum EdU for 18 h. Images shown from left to right are the alkyne
on-resonance (2120 cm™), alkyne off-resonance (2180 cm™), total
lipids (2850 cm™') and merged images of EdU and total lipids. c) SRS
images of Hela cells cultured in the absence of EdU. d) SRS images
of cells treated with EdU at varied concentrations. All images
(256 x 256 pixels) were obtained using a 40 ps pixel dwell time. Scale
bars: 20 um.

alkyne staining of nuclei exhibited a positive correlation
between the SRS signal intensity and the concentration of
EdU (Figure 3d). The incorporation of EAU was abolished by
treatment with hydroxyurea (see Figure S6 in the Supporting
Information), indicating that the SRS signal of the alkyne
observed in the nuclei resulted from EdU incorporation
during the DNA synthesis. It should be noted that despite its
popular use, EAU exhibits toxicity and causes cell-cycle arrest
over prolonged experimental periods.””*! As a potential
alternative, another recently developed alkyne-containing
thymidine, (2'S)-2'-deoxy-2'-fluoro-5-ethynyluridine (F-ara-
EdU), which exhibited less toxicity, may be exploited for SRS
imaging of DNA for experiments requiring long-term obser-
vation.””!

The alkyne is not only chemically stable towards the
reactive species in a cell, but also photostable, that is, the
Raman signal intensity of the alkyne does not decay upon
continuous monitoring for a prolonged time (see Figure S7 in
the Supporting Information). The photostability of the alkyne
in SRS makes it a valuable alternative for applications where
photobleaching of fluorescence is problematic. Furthermore,
we determined the SRS detection limit of EdU to be at the
level of hundreds of uMm, that is, tens of thousands of EAU
molecules inside the focal volume, in our experimental setup
(see Figure S8 in the Supporting Information). In addition,
the SRS microscopy has the intrinsic optical sectioning
capability, as demonstrated by the 3D imaging of EdU-
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treated HeLa cells (see Figure S9 in the Supporting Informa-
tion).

Compared with imaging EdU using the slit-scanning
Raman microscopy,”) SRS offers a much faster imaging
speed. Each image (256 x 256 pixel) requires an acquisition
time less than 1 s, which is over 1000-fold faster than the slit-
scanning Raman microscopy. The fast imaging speed and the
near-infrared excitation of SRS imaging renders minimal
photodamage to the cells. Notably, the slit-scanning or
conventional Raman microscopy records wide-range spectra
for each pixel, while our SRS method uses narrow-band
signals for image reconstruction.

Finally, we demonstrated the SRS imaging of proteins and
glycans using the alkyne as the Raman reporter (Figure 4). To
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Figure 4. SRS imaging of Hpg and Ac,;ManNAl in live cells. a) Sponta-
neous Raman spectra of pure EdU and Ac,ManNAI (black lines), with
respect to SRS spectra of Hpg (orange circle) and Ac;,ManNAI
(magenta circle) in live cells. b) SRS images of Hela cells treated with
4 mm Hpg or with vehicle for 24 h. Images shown from left to right
are the alkyne on-resonance (2120 cm™), total lipids (2850 cm™) of
respect sample. c) SRS images of K20 cells treated with 400 um
Ac,ManNAI or with vehicle for 72 h. Images shown from left to right
are the alkyne on-resonance (2120 cm™'), total lipids (2850 cm™') of
respect sample. All images (256 x 256 pixels) were in using a 40 us
pixel dwell time. Scale bars: 20 um.

image proteins, we treated HeLa cells with homopropargyl-
glycine (Hpg), an alkyne-containing noncanonical amino acid
serving as a surrogate for methionine.’” SRS imaging at
2120 cm™! showed the distribution of the newly-synthesized
proteins that were metabolically labeled with Hpg (Fig-
ure 4b). The alkyne signal appears to condense in nucleolar
structures, in agreement with the previous observation using
click-labeling.”? To demonstrate glycan visualization, we
performed SRS imaging on K20 cells treated with peracety-
lated N-(4-pentynoyl)mannosamine (Ac,ManNAl), which
can be metabolically converted to the corresponding sialic
acid (SiaNAl) and incorporated into the sialylated glycans.
SRS imaging at 2120 cm™" exhibited the cellular distribution
of the alkyne, which probably included the free ManNAlI,
metabolic intermediates, and sialylated glycans (Figure 4c).
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In summary, we have developed a bioorthogonal SRS
imaging method for visualizing various biomolecules in live
cells. The alkyne, which is small, non-perturbative, and
possesses a Raman signal in the silent region, functioned as
a bioorthognal Raman reporter. Lipids, nucleic acids, pro-
teins, and glycans were metabolically labeled with the alkyne,
which enables live-cell SRS imaging with molecular specific-
ity. In addition to an alkyne, the carbon—deuterium (C—D)
bond also processes a Raman resonance within the silent
region and isotopic substitution with deuterium has been
explored for cellular imaging of lipids, proteins, and small
molecule drugs.”'~" While the C—D bond requires only
isotopic substitution and thus is more biocompatible, the
alkyne offers a greater Raman cross-section.””! Notably, there
are some alkyne-bearing drugs that are in current clinical use
and our SRS imaging method will be valuable for the
pharmacological studies. Furthermore, many other functional
groups fulfil the criteria of the bioorthogonal Raman
reporters such as azide and nitrile, and isotopic substitution
with deuterium, carbon-13, or nitrogen-15 can further expand
the “color palette”. The bioorthogonal SRS imaging method-
ology complements the fluorescence and label-free micros-
copies by offering a new imaging modality that combines
some advantageous features from both. With further
improvements on the detection sensitivity, it will become
achievable to specifically image the low abundant biomole-
cules in live cells with SRS microscopy.
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Supporting Figures
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Figure S1. Spontaneous Raman spectrum acquired from a single live HeLa cell

illustrating a Raman-silent region (1800 to 2800 cm™).
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Figure S2. The non-distorted SRS spectrum of Alk-16 that is identical to

spontaneous Raman spectrum.



Figure §3. The low off-resonance background of SRS images of HeLa cells treated
with Alk-16. The same images as Figure 2b were shown using an adjusted intensity
scale to show the background noises (right panel, alkyne off-resonance at 2180 cm™).
Note that the alkyne signal (left panel, on-resonance, 2120 cm™) is saturated under
this intensity scale and the structural features are not distinguishable. Scale bar: 20

um.



N3-Alexa Fluor 488

Figure S4. Confocal fluorescence imaging of Alk-16 in live HeLa cells. Cells
were treated with 100 uM Alk-16 or with 100 uM palmitic acid for 16 h, followed by
fixation with 3.7 % paraformaldehyde and permeabilization with 0.1% Triton X-100.
Cells were then reacted with 50 uM Ns-Alexa Fluor 488 using click chemistry. After
washed with PBS for three times, cells were imaged by scanning confocal

microscope. Scale bar: 20 um.
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Figure §5. SRS imaging of propargylcholine in live Hela cells. a) Spontaneous
Raman spectrum of pure propargylcholine (green line). b) SRS images of HeLa
cells treated with 2 mM propargylcholine or with vehicle for 24h. Images shown from
left to right are the alkyne on-resonance (2138 cm™), total lipids (2850 cm™). All

images (256 x 256 pixels) were using a 40 ps pixel dwell time. Scale bars: 20 um.



Hydroxyurea |2

Figure S§6. SRS imaging of EAU in live HeLa cells. SRS images of HeLa cells
treated with 100 pM EdU, and without (left) or with (right) 12.5 mM hydroxyurea for
24 h. Scale bar: 20 um.
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Figure S7. The photostability of alkyne in solution and in cell culture. a) The SRS
images of 40 mM EdU in solution were acquired continuously over a long period of
time (one acquisition every 3 s for 150 min) under various conditions (in the air or in
vacuo, pH = 6.0, 7.4, or 8.0). The intensity was calculated as the total intensity of all
pixels of every image, which was plotted over time. No significant change of the
SRS signal was observed (signal fluctuation less than 2%, which probably resulted
from thermal or laser intensity fluctuation). One representative curve (in the air and
pH = 7.4) is shown. b) The SRS images of EdU-treated HeLa cells were was
acquired continuously at 2120 cm™ for over 30 min.  The intensity was calculated as
the total intensity of all pixels of every image. No significant change of the signal

intensity was observed. Three representative images are shown.
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Figure S8. The sensitivity of SRS imaging of alkyne. a) The SRS spectra of EAU
in solution were acquired at varied concentrations. b) The SRS peak intensity of
alkyne was plotted over the concentrations of EAU. The detection limit of EAU was
estimated at the level of hundreds of uM, i.e., tens of thousand of EdU molecules
inside the focal volume, in our experimental setup. The plot also shows the linear

dependence of SRS signals with EAU concentrations.



Figure §9. Two-color 3D reconstructed image of EAU (cyan) and lipids (CHa,

magenta) acquired from a group of HeLa cells using a Z-step of 1 um. The

dimensions of the frame are 70 x 70 x 18 wm.



Experimental Procedure

Stimulated Raman scattering microscopy. A pump laser integrated Optical
Parametric Oscillator (OPO), also known as onebox OPO (APE, Berlin, Germany)
was employed as light source. It provided synchronized and spatially overlapped
pump and Stokes pulse trains at repetition rate of 76 MHz. The pump beam was
continuously tunable from 780 nm to 990 nm; the Stokes beam was fixed at 1064 nm.
The Stokes beam was modulated by an electro-optic modulator (EO-AM-NR-C2,
Thorlabs, USA) at frequency of 9.825 MHz. The collinearly overlapped beams were
introduced into an inverted multi-photon microscope (IX81/FV1000, Olympus,
Japan). Lasers are focused on the sample by a 60x water immersion objective
(UPLSAPO 60XW, Olympus, Japan) and scanned to acquire images. The
transmission light was collected by an oil immersion condenser (N.A. 1.4, Olympus,
Japan), and then filtered by a bandpass filter (890/220m, Chroma, USA) to remove
the Stokes beam. The pump beam was detected by a large area photodiode (FDS1010,
Thorlabs, USA). The voltage signal generated by this photodiode was sent into a
lock-in amplifier (SR844, Stanford Research, USA). Demodulated signal is fed back

into the microscope for image reconstruction.

Spontaneous Raman spectrascopy. The spontaneous Raman spectra were acquired
using a confocal laser Raman spectrometer (LabRam HR 800, Horiba, Japan) at room
temperature. A 20 mW (after objective), 532 nm diode laser was used to excite the
sample through a 50%, N.A. 0.75 objective (MPlan N, Olympus, Japan). Spectra were
recorded by integrated software, Labspec 5, and analyzed in MATLAB (Mathworks,

USA).
Chemical synthesis of alkyne-containing analogs. 17-octadecynoic acid
(Alk-16)1, propargylcholine!, 5-ethynyl-2'-deoxyuridine (EdU)"!,

homopropargylglycine (Hpg)'*! and peracetylated N-(4-pentynoyl)mannosamine
(AcsManNAD™! were synthesized as previously described.
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Cell culture. HeLa cells were cultured in DMEM media supplemented with 10%
FBS, 100 units/mL penicillin, and 100 pg/mL streptomycin. K20 cells were cultured
in the RPMI 1640 media supplemented with 10% FBS, 100 units/mL penicillin, and
100 pg/mL streptomycin. Before the metabolic glycan labeling experiments, K20
cells were passaged into RPMI 1640 media supplemented with the serum-free media
suplement solution (Nutridoma-SP, Roche). The cells were maintained at 37 °C and

5% CO, in a water-saturated incubator.

Metabolic incorporation. The cells were seeded into the LabTek chambers and
incubated with Alk-16, propargylcholine, EAU, Hpg, or AcsManNAl at the designated
concentrations for 16, 24, 18, 24, or 72 h, respectively. The cells were washed with

PBS for 3 times and subjected to SRS microscopy.
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