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ABSTRACT: Alkyne has a unique Raman band that does not
overlap with Raman scattering from any endogenous molecule
in live cells. Here, we show that alkyne-tag Raman imaging
(ATRI) is a promising approach for visualizing nonimmobi-
lized small molecules in live cells. An examination of
structure−Raman shift/intensity relationships revealed that
alkynes conjugated to an aromatic ring and/or to a second
alkyne (conjugated diynes) have strong Raman signals in the
cellular silent region and can be excellent tags. Using these
design guidelines, we synthesized and imaged a series of alkyne-tagged coenzyme Q (CoQ) analogues in live cells. Cellular
concentrations of diyne-tagged CoQ analogues could be semiquantitatively estimated. Finally, simultaneous imaging of two small
molecules, 5-ethynyl-2′-deoxyuridine (EdU) and a CoQ analogue, with distinct Raman tags was demonstrated.

■ INTRODUCTION

Imaging of molecules in live cells is an important tool in
biology, chemical biology, and pharmaceutical and medical
sciences. In particular, the use of fluorescent labels has made
possible the sensitive detection of specific molecules in living
cells. For example, green fluorescent protein (GFP) and related
proteins have been widely used as labels for imaging various
proteins. However, the use of fluorescent tags is problematic for
bioactive small molecules, because sensitive fluorescent dyes,
such as derivatives of fluorescein, 4,4-difluoro-4-bora-3a,4a-
diaza-s-indacene (BODIPY), and many others, have a molecular
weight comparable to or even larger than the parent small
molecules (Figure 1a). Consequently, fluorescent tags may alter
the biological activity, cellular localization, and dynamics of the
parent small molecules.1 To address this issue, click chemistry
has recently been employed to introduce a bioorthogonal azide
or alkynyl group as a tag. However, a fluorescent group is
usually introduced after fixation of the cells for detection of the
bioorthogonal tag.
On the other hand, Raman microscopy can visualize the

localization of molecules without a fluorescent tag because of its
ability to detect molecular vibrations.2 Recent developments in
Raman microscopes have made it possible to obtain high-
contrast Raman images of live cells in a reasonable time. But
the observable molecular species have been limited to those
species existing in large amounts in cells, such as proteins and
lipids. Raman signals from small molecules tend to be weak and
may easily be masked by intense overlapping Raman signals

from dominant intracellular species. However, the alkyne
moiety shows a distinct, strong Raman scattering peak in a
cellular silent region (1800−2800 cm−1), where most
endogenous molecules show no Raman scattering. Thus,
alkyne can be used as a tag to image target molecules by
Raman microscopy. Focusing on this idea, we developed
alkyne-tag Raman imaging (ATRI), which is expected to be
applicable to a wide range of molecules. As a proof of concept,
we successfully imaged an alkyne-tagged cell proliferation
probe, EdU (5-ethynyl-2′-deoxyuridine), in live cells by Raman
microscopy3 (Figure 1b). EdU was covalently incorporated into
DNA as a mimic of thymidine, and its localization in the
nucleus was clearly visualized. We considered that ATRI should
be available for imaging a wide range of mobile noncovalent-
bond-forming small molecules, such as specific lipids and drug
candidate molecules, in live cells, as well as for estimation of the
cellular concentration of such molecules and for multicolor
imaging of small molecules in live cells. For these purposes, a
basic knowledge of the relationship between structure and
Raman shift/intensity of alkynes is essential.
In this paper, we first describe an examination of the

structure−Raman shift/intensity relationship of various alkynes.
On the basis of these results, we propose guidelines for
designing appropriate alkyne-tagged molecules for ATRI.
Furthermore, we discuss other candidate small Raman tags
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that exhibit Raman peaks in the cellular silent region (Figure
1c). Using the proposed design guidelines for alkyne tags, we
synthesized a series of mobile small-molecular alkyne-tagged
coenzyme Q (CoQ) analogues and examined their spatial
localization in live cells by Raman microscopy. By calibrating
the alkyne Raman intensity with concentration, the cellular
concentration of the alkyne-tagged CoQ analogues was
semiquantitatively estimated.
Finally, simultaneous multicolor imaging of two small

molecules, EdU and a CoQ analogue, with distinct alkyne
tags was demonstrated. Our results indicate that ATRI would
be a valuable tool for the experimental study of a wide range of
small molecules in living cells.

■ EXPERIMENTAL SECTION
Cell Culture. HeLa human cervical cancer cell line was cultured in

Dulbeccoʼs modified Eagleʼs medium (DMEM) supplemented with
10% fetal bovine serum (FBS) and antibiotics (penicillin/streptomy-
cin).
Reagents. EdU (5-ethynyl-2′-deoxyuridine) was purchased from

Invitrogen.
Raman Spectra of Compounds. Raman spectra of compounds

were obtained on a slit-scanning Raman microscope (RAMAN-11;
Nanophoton, Osaka, Japan) with excitation at 532 or 660 nm. Samples
were installed on a glass-bottomed dish (Matsunami, multiwell glass-
bottomed dish no. 1S). The laser output was focused into the sample
by a 60×/1.2 numerical aperture (NA) water immersion objective lens
(UPLSAPO 60XW, Olympus, Tokyo, Japan). The slit width of the
spectrograph was 50 μm. The light intensity at the sample plane was 3
mW/μm2 for 532 nm and 0.3 mW/μm2 for 660 nm.

Raman Imaging. Raman imaging experiments were performed on
a slit-scanning Raman microscope built in our laboratory. Basically, we
modified an inverted Nikon Eclipse microscope (TE2000-U, Nikon,
Tokyo, Japan) and introduced slit-scanning excitation and detection
optics. A 532 nm laser (Verdi V-18, Coherent, Santa Clara, CA) was
used for excitation. The laser beam was shaped into a line by a series of
cylindrical lenses and focused into the sample by a 60×/1.2 NA water-
immersion objective lens (UPLSAPO 60XW, Olympus, Tokyo,
Japan). The backscattered Raman signals from the illuminated line
were collected by the same objective lens, passed through several
Raman edge filters (Semrock, Rochester, NY) and imaged at the
entrance slit of a dispersive spectrograph (Bunkoh Keiki, MK-300,
Tokyo, Japan). The Raman signals were then dispersed by a grating
and detected with a cooled charge-coupled device (CCD) camera
(Pixis 400, Princeton Instruments, Trenton, NJ) to obtain the Raman
spectra (600−3000 cm−1) simultaneously from multiple points in the
line.

To acquire a Raman image, the laser line was scanned in one
direction across the sample by use of a single-axis galvano mirror (GSI
Lumonics, Billerica, MA) with a step size of ∼0.33 μm, which is larger
than the lateral resolution (0.27 μm) of our setup. The slit width of the
spectrograph was 40 μm. The laser intensity at the sample plane and
exposure time of each line are indicated in the figure captions. The
laser intensity was calculated by obtaining the ratio of the measured
laser power at the sample position and the area of the illumination line
(width = 0.61λ/NA, length was measured from the bright-field image).
All reported image acquisition times take into account the spectral data
transfer rate of the CCD camera to the PC, which is about ∼3 s/line.

All Raman hyperspectral data sets were postprocessed using the
singular value decomposition (SVD) technique for noise reduction
and a modified polyfit fluorescence technique for removal of the
autofluorescence baseline signal. Finally, the Raman image was
constructed by displaying the Raman intensity of the vibrational
band of interest at each spatial position. All data processing was
performed by in-house image processing software. To remove any
nonresonant Raman contributions to the alkyne images, we subtracted
the Raman image at a neighboring nonresonant wavenumber from the
Raman image at the alkyne peak position.

All cell samples were grown on a quartz substrate. Loading
concentration of the Raman-tagged molecules and incubation times
are indicated in the figure captions. Prior to Raman imaging, the
medium of the cell sample was replaced with a N-(2-hydroxyethyl)-
piperazine-N′-ethanesulfonic acid (HEPES) buffered Tyrode solution
composed of NaCl (150 mM), glucose (10 mM), HEPES (10 mM),
KCl (4.0 mM), MgCl2 (1.0 mM), CaCl2 (1.0 mM), and NaOH (4.0
mM).

Other Methods. Experimental procedures for chemical synthesis
and compound data, including NMR spectra, are given in the
Supporting Information.

■ RESULTS
Relative Raman Intensities of Various Alkynes. To

design optimum tag molecules for ATRI, it is indispensable to
know the Raman shift and intensity characteristics of various
types of alkynes. Although there has been great progress in
theoretical studies of Raman spectroscopy, quantitative data on
Raman intensities of various alkyne-containing molecules are
still very limited, partly because absolute Raman intensities are
not easy to measure,4 and the signal intensity from the same
molecule can change depending on the measurement
conditions and instrument.5 Therefore, measurement of relative
intensities with respect to a standard molecule under the same
conditions is generally used for comparing Raman intensities
between different molecules. In the 1960s, Alaune et al.6

examined the Raman intensities of several alkynes using carbon
tetrachloride as an internal standard. Since our aim is imaging
of bioactive compounds in live cells, a method to measure the
relative Raman intensity of very small amounts of target

Figure 1. Alkyne tag for specific detection of small molecules by ATRI
(alkyne-tag Raman imaging). (a) Comparison of fluorescent tag and
alkyne tag. (b) Structure of EdU. (c) Possible bioorthogonal functional
groups showing a Raman peak in the cellular silent region.
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molecules is needed. In this study, we employed a simple
method for evaluating relative Raman intensity by use of a
Raman microscope instead of a normal Raman spectropho-
tometer. EdU was used as a standard because it has already
been used in live cell imaging,3 and it is chemically stable and
nonvolatile. Briefly, the Raman spectrum of a mixture of test
compound and EdU in dimethyl sulfoxide (DMSO) was
measured, and the relative Raman intensity versus EdU (RIE)
was calculated from the intensity of the two alkyne peaks and
the molar ratio of the molecules (Figure S1, Supporting
Information). Although DMSO shows multiple peaks in the
Raman spectrum, none of them appear in the cellular silent
region. DMSO is commonly used for preparing stock solutions

of bioactive molecules, so it would be convenient if stock
solutions could be used directly for this measurement.
By using the above method, Raman shifts and relative Raman

intensities of 89 alkynes were evaluated. Figure 2 summarizes
the results (for details, see Tables S1−S6 in Supporting
Information). Alkynes were divided into 14 groups based on
the pattern of substituents, and the data were plotted in a
matrix of RIE and Raman shift. The results indicated that
conjugation of alkyne to an aromatic ring greatly increases the
Raman intensity of the alkyne (RIE, group A < B < C), which is
in agreement with previous reports.6 In addition, the type and
position of the substituent in the aromatic ring of π-conjugated
groups, such as phenyl and carbonyl groups, influenced the

Figure 2. Structure−Raman shift/intensity relationship of alkynes. (a) Plot of relative Raman intensity versus EdU (RIE) and Raman shift of various
types of alkynes. (b) Alkynes are divided into 14 groups according to the substitution pattern. Average RIE, range of Raman shift, and representative
alkynes of each group are shown.
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alkyne intensity. For example, the RIE of 4-ethynylbenzalde-
hyde is clearly greater than that of 2-ethynylbenzaldehyde,
though the only difference is the position of the formyl group.
Formyl and ester substituents at the 4-position of the phenyl
group resulted in enhanced intensity, which suggests the
importance of extension of π-orbitals in the direction of alkyne
stretching (Table S2, Supporting Information). It is noteworthy
that iodoacetylene derivatives also showed much higher
intensity [(iodoethynyl)benzene vs (bromoethynyl)benzene].
Besides the Raman intensity, Raman shift also varied greatly
depending on the substitution pattern. The Raman shifts of
terminal alkynes (groups A1 and B1) were generally observed
at lower wavenumbers (2080−2120 cm−1). On the other hand,
those of internal alkynes (groups A2, B2, and C) were observed
at higher wavenumbers (2200 cm−1 and higher). Notably, the
Raman peaks of trimethylsilyl- or halogen-substituted alkynes
appeared between 2150 and 2200 cm−1 (groups A3 and B3).
The Raman shifts of trimethylsilyl and iodide were observed at
2150−2180 cm−1, whereas that of bromide was near 2200
cm−1.
We also investigated conjugated diynes, butadiynes, as

potential Raman tags for ATRI. Interestingly, conjugated
diynes (groups D−F) showed much higher intensity
(approximately 5 times greater) and higher wavenumbers
(2200 cm−1 <) compared to simple alkynes (groups A vs D, B
vs E, and C vs F). As expected, conjugation of the diyne to an
aromatic ring resulted in enhanced intensity (RIE, group D < E
< F). Bisaryl-substituted diynes (group F) were found to show
the greatest RIE, being about 25 times more intense than EdU
on average. Raman shift of these diynes also varied depending
on the substitution pattern. Although the peaks of the bisaryl-
substituted diynes (group F) appeared at similar wavenumbers
(2210−2220 cm−1) to those of the bisaryl-substituted alkynes
(group C), peaks of the other types of diynes (groups D and E)
appeared at higher wavenumbers compared to those of the
simple alkynes (groups A and B).
The results of the evaluation of Raman shifts and Raman

intensities of different alkynes enabled us to develop guidelines
for designing alkyne-tagged molecules for ATRI. The
introduction of the smallest ethynyl group at an appropriate
position in the aromatic ring would be a good choice for
aromatic compounds. On the other hand, diyne would be a
suitable sensitive tag for nonaromatic compounds such as lipids.
Diyne may not be a common functional group, but it can easily
be prepared from terminal alkyne by cross-coupling reaction
(see Supporting Information).7 Simple two-carbon elongation
can afford a 5 times stronger Raman signal. We anticipated that
probes with small alkyne tags designed according to these
guidelines would be likely to retain the biological activity of the
parent molecule and, at the same time, have a sufficiently strong
Raman intensity to be detectable with currently available
Raman microscopes.
In addition to the alkynyl group, other functional groups,

such as nitrile, azide, and deuterium, are expected to show
Raman scattering in the cellular silent region (Figure 1c).
Nitrile seems to be a promising candidate as a tag because the
nitrile group is small and is often used in medicinal chemistry.8

Azide is also an attractive functional group because it is widely
used as a tag for click chemistry. Deuterium is expected to be a
good Raman tag because of its small size and limited effects on
biological activities. Indeed, Raman imaging of fully deuterated
fatty acids has already been reported.9 We compared these
groups on the same scaffold to answer the question “Is alkyne

the best tag?” To this end, alkyne-, nitrile-, and azide-tagged
hexanoic acids were synthesized and their Raman intensities
were compared with that of commercial hexanoic acid-d11
(Figure 3a; Scheme S1, Supporting Information). Figure 3a

shows the RIE and Raman shifts of the tagged hexanoic acids.
As expected, all the tags showed a Raman peak in the cellular
silent region (1800−2800 cm−1), indicating their potential
value as Raman tags. Compared with alkyne-tagged hexanoic
acid, the RIE of nitrile-tagged hexanoic acid was slightly less
than half, whereas the RIE of azide-tagged hexanoic acid was
quite low. In contrast, hexanoic acid-d11 produced multiple
signals that overlapped with the EdU peak, and hence
evaluation of its RIE was difficult (Raman spectra of tagged
hexanoic acids in DMSO are shown in Figure S2 in Supporting
Information). Furthermore, we compared the Raman signal of
tagged hexanoic acids in a mixture with nitrile as a benchmark,
because the Raman shift of nitrile was easy to differentiate
among the tags (Figure 3b). The results accord well with the

Figure 3. Alkyne is the best tag among the candidate groups. (a)
Relative Raman intensities and Raman shifts of tagged hexanoic acids.
(b) Comparison of Raman intensity at 500 mM after equal amounts of
two hexanoic acid derivatives were mixed in DMSO. (c) Structure−
Raman shift/intensity relationship of nitriles. G1, aliphatic nitriles; G2,
aromatic nitriles.
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RIE values. To further examine the relative intensity of
deuterium, the Raman spectrum of acetonitrile-d3 was
measured (Figure S3, Supporting Information). The Raman
intensity derived from the three identical C−D bonds was
comparable with that of nitrile. The small size and relatively
high Raman intensity of deuterium appear promising, but the
complexity of the signal severely limits its potential for
multicolor imaging. In view of the above results, we concluded
that alkyne tags are the most suitable for Raman imaging
among the functional groups evaluated.
Although the Raman intensity of nitrile was lower than that

of alkyne, it might still be useful as a Raman tag. Since
information about the relative Raman intensity of nitriles is
limited,10 we examined the relative Raman intensities of 28
nitriles (Figure 3c; Table S7, Supporting Information). As was
the case with alkyne, conjugation to an aromatic ring amplified
the intensity (group G1 < G2). Nevertheless, the intensity of
the nitrile signal was generally weaker than that of the
corresponding terminal alkyne (groups A1 vs G1 and B1vs G2)
(Figure S4, Supporting Information).
Overall, not only alkyne but also nitrile and deuterium appear

to be suitable for use as Raman tags, but among them, alkyne
has clear advantages in terms of high signal intensity, narrow
line width, and suitable wavenumber of the signal.
Alkyne-Tag Raman Imaging of Coenzyme Q Ana-

logues. With these basic structure−Raman intensity relation-
ships in hand, we set out to test the validity of our approach for
the live cell imaging of mobile small molecules, focusing on
lipids as typical mobile molecules that are not immobilized
under normal fixation conditions.11 In particular, we are
interested in the mitochondrial lipid CoQ, which is an essential
and abundant molecule in cells, functioning as an electron
transporter in the mitochondrial respiratory chain and an
endogenous antioxidant.12 Because endogenous CoQ species,
such as CoQ10, are too hydrophobic to be incorporated into
cells exogenously, many low-molecular-weight analogues, such
as decylubiquinone and idebenone, have been developed and
investigated.13 In many cases, the length of the side chain
affects the biological activity, indicating that their cellular
uptake and accumulation might be dependent upon their
hydrophobicity.14 Nevertheless, information about cellular
uptake of CoQ analogues is quite limited,15 mainly because
of the lack of a quantitative detection method for small
molecules in living cells. Therefore, CoQ analogues would be
suitable target molecules to demonstrate the value of ATRI.
First, we designed and synthesized several alkyne-tagged

CoQ analogues, AltQ1−8, with different types of alkyne tag
and appropriate hydrophobicity (i.e., cLogP values similar to
those of idebenone and decylubiquinone) (Figure 4a; Scheme
S2, Supporting Information). HeLa cells were incubated in the
presence of 20 μM AltQs for 1 h, and averaged Raman spectra
were obtained by irradiation at 532 nm with scanning at 3 s/
line. The averaged Raman spectra obtained from 10 × 10 pixels
(3.6 μm × 3.6 μm) in the cytoplasmic regions of 21 living cells
and the relative Raman intensity are shown in Figure 4 panels b
and c, respectively (averaged Raman spectra of the extracellular
region are shown in Figure S5 in Supporting Information). The
Raman signals of alkynes with RIE values larger than ca. 0.5
(AltQ1−6) were easily detected in live cells (Figure 4c).
Furthermore, we observed a rough correlation between the
relative Raman intensity of the AltQs in DMSO and those in
cells, except for AltQ1 (Figure 4c). The observed Raman signal
of AltQ1 in cells was much weaker than expected from the RIE

value measured in DMSO. This may be due to poor uptake of
AltQ1, which has a high cLogP value. This point will be
discussed in detail in the next section. The alkyne peak of
AltQ8 with a simple terminal alkyne was not observed under
these conditions (3 s/line irradiation, 20 μM concentration),

Figure 4. Relative Raman intensity of AltQs in live HeLa cells. (a)
Structures and RIE and predicted cLogP values of AltQs. cLogP values
were predicted by ChemBioDraw Ultra 12.0. (b) Average Raman
spectra of cytoplasmic region (3.6 μm × 3.6 μm) of 21 cells cultured
with AltQs. Sample concentration was 20 μM, the light intensity at the
sample plane was 3 mW/μm2, and the exposure time for each line was
3 s with the exception of AltQ8HL (HL = high concentration and long
exposure). In the case of AltQ8HL, the sample concentration was 60
μM. The light intensity at the sample plane was 3 mW/μm2, and the
exposure time for each line was 5 s. Spectra are vertically offset for ease
of viewing. (c) Relative Raman intensity of AltQs in DMSO and in
cells.
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but the peak was clearly observed when the cells were treated
with 60 μM AltQ8 for 1 h and scanned at 5 s/line. Hence, even
the weakest-intensity class of alkyne (RIE = 0.17) can still be
used as a Raman tag, if it is sufficiently accumulated in cells and
scanning conditions are set appropriately. The results obtained
with the alkyne-tagged CoQ analogues in cells were consistent
with the RIE values obtained in DMSO, validating our
guidelines for designing alkyne tags.
After confirming the Raman shifts/intensities of the alkyne-

tagged CoQ analogues, we use ATRI to visualize the
distribution of CoQ molecules in cells. Endogenous CoQ10 is
known to exist mainly in mitochondria, where it is synthesized
and works as an electron transporter in the respiratory chain.
Moreover, the cellular distribution of exogenously added
CoQ10 was examined by differential centrifugation,15b and
CoQ10 was reported to be enriched mainly in the mitochondrial
fraction. These results imply the existence of a molecular
mechanism of mitochondrial accumulation of CoQ-related
compounds. However, the distribution of short-chain CoQ
analogues in living cells has not been studied due to the
difficulty in fluorescent labeling of CoQ. Therefore, we
attempted Raman imaging of AltQ in live cells. Figure 5
shows Raman imaging of AltQ4 in live HeLa cells as a
representative example (see also Figures S6 and S7 in

Supporting Information). Live HeLa cells were treated with 6
μM AltQ4, and after 50 min, a Raman image of the cells was
obtained with 532 nm excitation.
Images were reconstructed from the distribution of Raman

peaks at 752, 2258, and 2851 cm−1, which were assigned to
cytochrome c, AltQ4 (diyne tag), and lipid molecules (CH2
stretching), respectively. As is evident in Figure 5, no signal at
2258 cm−1 was observed in the nontreated control HeLa
cells.3,16 In contrast, AltQ4-treated cells showed a clear signal at
2258 cm−1 due to the alkyne. AltQ4 was colocalized with
cytochrome c to a considerable extent, indicating that AltQ4
was mainly accumulated in mitochondria. However, the
accumulation of AltQ4 seemed not to be specific to
mitochondria under these conditions, and it was also
colocalized with lipids. This is consistent with the reported
distribution of CoQ.15b These results confirm that ATRI is a
promising tool for studying cellular uptake and accumulation of
small molecules.

Estimation of Cellular Concentration of CoQ Ana-
logues. Following the successful imaging of AltQs, we set out
to estimate the concentration of AltQs in cells by using Raman
microscopy. Cellular accumulation of fluorescence-labeled
molecules is expected to be markedly influenced by the
fluorescent moiety due to its bulkiness relative to the parent
compound. In contrast, a diyne tag (molecular weight 48) is
considered to be sufficiently small and may have relatively little
influence on the properties of the parent compound. Therefore,
the dynamics of cellular accumulation of the tagged compound
may well reflect that of the parent compound.
As previously mentioned, the efficiency of cellular uptake of

CoQ analogs is believed to be dependent on their cLogP
values. To confirm this, we prepared a series of diyne-tagged
CoQ analogues, AltQ4 and AltQ9−16, which have side chains
of different lengths (C9∼C17) (Figure 6a; Scheme S3,
Supporting Information). As expected, the relative Raman
intensities of the alkyne in these analogues were similar,
whereas the cLogP values increased with increasing length of
the side chain.
For the estimation of cellular accumulation, HeLa cells were

incubated in the presence of 20 μM diyne-tagged CoQ
analogues for 1 h, and averaged Raman spectra were obtained
by excitation at 532 nm with scans of 10 s/line. Cellular
concentration of diyne-tagged CoQ analogues was derived by
measuring the alkyne signal intensity of the averaged Raman
spectra from 10 × 10 pixels (3.6 μm × 3.6 μm) in the
cytoplasmic regions of 21 living cells and using a calibration
curve obtained from the Raman spectra of diyne-tagged CoQ
analogues in solution (Figure 6b; Figure S8, Supporting
Information).
The cytoplasmic concentration of the shortest analogue,

AltQ9, was estimated to be about 2 mM, which is up to 100
times higher than the treatment concentration, indicating
efficient uptake and accumulation of this molecule. The
estimated cytoplasmic concentrations of the analogues
apparently decreased in proportion to the chain length (and
cLogP value). These results are in agreement with reported
findings that the cellular activity of shorter side chain analogues
such as decylubiquinone and idebenone is greater than that of
exogenously added superhydrophobic CoQ10.

17 Remarkably,
the observed differences in accumulation of CoQ analogues
imply that a slight change in the side chain length of CoQ
analogues, even a one-carbon difference, greatly affects the
efficiency of cellular uptake. Although, as shown in Figure 5, the

Figure 5. Raman imaging of AltQ4 in living HeLa cells. (A) Raman
image obtained from HeLa cells treated with 6 μM AltQ4. Images at
752, 2258, and 2851 cm−1 are shown in the lower panels. The overlay
images at 752, 2258, and 2851 cm−1 (top panels) were assigned to the
red, green, and blue channels, respectively. The light intensity at the
sample plane was 3 mW/μm2. The exposure time for each line was 5 s.
The total number of lines of exposure was 95. The image acquisition
time was 13 min. (B) Raman image obtained from control HeLa cells
under the same conditions.
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distribution of the molecules in cells is not uniform and the
calibration curve in DMSO may not accurately reflect the
cellular environment, ATRI can nonetheless provide approx-
imate values of concentration. This ability to semiquantitatively
estimate cellular accumulation of small molecules represents a
major advantage of ATRI.
Two-Color Alkyne-Tag Raman Imaging. Finally, we

attempted simultaneous two-color imaging with ATRI. For this
purpose, we selected two alkyne-tagged molecules, EdU and
AltQ2, which show alkyne signals at different wavenumbers.
HeLa cells were treated with 40 μM EdU for 1 day, and then
excess EdU was washed out and Raman images of live HeLa
cells were obtained in the presence of 2 μM AltQ2 with
excitation at 532 nm and scanning at 10 s/line.
Two different alkyne peaks at 2122 and 2248 cm−1,

corresponding to EdU and AltQ2, respectively, were easily
discriminated (Figure S9, Supporting Information). Raman
images reconstructed from the distribution of Raman signals at
2122 and 2248 cm−1 clearly indicated different localization
patterns of these two molecules (Figure 7). EdU was localized
in the nucleus, whereas AltQ2 was localized in the cytoplasm.18

An advantage of using Raman microscopy is that recording of
the Raman spectrum at various regions of interest in the cell is
possible. Therefore, multiple Raman peaks derived from

exogenous molecules as well as various endogenous bio-
molecules such as cytochrome c can be detected and imaged
simultaneously. In comparison, Raman imaging of control
HeLa cells confirmed that the signals at 2122 and 2248 cm−1

were derived from alkyne-tagged molecules and that the
cytochrome c signal was from the endogenous compound.
Since we already know the structure−Raman shift relationships
of various alkyne molecules, simultaneous multicolor imaging
of more than two alkyne-tagged molecules should be possible
by selecting appropriate combinations of alkyne tags. This
would make ATRI a useful imaging platform for studying
interactions of multiple small molecules in cells.

■ DISCUSSION
Our recently developed alkyne-tag Raman imaging (ATRI)
method permits visualization of small molecules in living cells
by using very small Raman-active tags that lack the
disadvantages of larger fluorescent tags, which may markedly
influence the chemical and biological properties of the parent
molecule.3 Here, to extend the scope of our method to
nonimmobilized small molecules, such as lipids, we first
examined the structure−Raman intensity relationships of a
series of alkynes to provide a basis for the molecular design of
efficient ATRI probes. The results clearly showed the efficacy of
both an alkyne moiety conjugated to an aromatic ring and a
conjugated diyne. Thus, if the parent compound has an
aromatic moiety, the introduction of the small ethynyl group at
an appropriate position on the aromatic ring would be an
excellent choice and might have relatively little effect on the
biological properties. In the case of aliphatic molecules, diyne
may be a suitable choice as a tag. Since various synthetic

Figure 6. Relative Raman intensity of diyne-tagged analogues in live
HeLa cells. (a) Structures and RIE and predicted cLogP values of
diyne-tagged analogues. cLogP values were predicted by use of
ChemBioDraw Ultra 12.0. (b) Estimation of cellular concentration of
AltQs. Averaged Raman spectra of cytoplasmic region (3.6 μm × 3.6
μm) of 21 cells cultured with AltQs were used. Sample concentration
was 20 μM. Incubation time was 60 min. The light intensity at the
sample plane was 3 mW/μm2, and the exposure time for each line was
10 s.

Figure 7. Two-color alkyne-tag Raman imaging. (A) Raman image
obtained from HeLa cells treated with 40 μM EdU for 1 day and 2 μM
AltQ2 for 30 min. (B) Control HeLa cells. Images at 747, 2122, and
2248 cm−1 are shown at the lower panels. The overlay images at 747,
2122, and 2248 cm−1 (top panels) were assigned to the blue, red, and
green channels, respectively. The light intensity at the sample plane
was 3 mW/μm2. The exposure time for each line was 10 s. The total
number of lines of exposure was 170. The image acquisition time was
38 min.
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methods for alkynes conjugated to an aromatic ring19 and
conjugated diynes7 are well established, synthesis of appropri-
ately tagged molecules should not present much difficulty (see
also Supporting Information).
In this report, the Raman intensities of various alkyne tags

were evaluated by use of EdU as standard. In order for other
researchers to better evaluate our approach for their own
applications, it is useful to compare the Raman intensity of
alkyne with typical biological molecules. One such molecule is
phenylalanine, an amino acid found in cells that exhibits a
strong Raman peak around 1000 cm−1, assigned to the ring
breathing mode (Figure 4b).16b The Raman intensity of
phenylalanine was compared with that of EdU by measuring
the Raman spectrum of an equimolar mixture (Figure S11,
Supporting Information). Clearly, the EdU signal was about 5
times stronger than the phenylalanine signal. Hence, the Raman
intensities of various alkyne tags could be estimated relative to
the intensity of the phenylalanine ring breathing mode peak,
based on the RIE values reported here.
To evaluate our design strategy for ATRI probes, we

performed Raman imaging of a series of CoQ analogues. The
relative Raman intensities of CoQ analogues having various
alkyne tags in live cells were first compared with the RIE values
in DMSO, and the results indicated that RIE in DMSO is a
good index for evaluating potential Raman tags. We then used
the ATRI method to visualize diyne-tagged AltQ4 in live cells,
confirming the utility of ATRI for imaging small mobile
molecules. Furthermore, the cellular accumulation of CoQ
analogues with different lengths of side chain (diyne-tagged
CoQ analogues) was estimated semiquantitatively with ATRI,
and the results indicated that uptake of the CoQ analogues is
dependent on their cLogP value, as expected. Finally, we
successfully demonstrated simultaneous imaging of EdU and
AltQ2 in live cells, indicating the potential of ATRI for
multicolor imaging. It is important to note that although
mammalian cells do not normally contain molecules bearing an
alkynyl group, many alkyne-containing natural products have
been found, for example, in plants.20 Also, many pharmaceutical
molecules studied in medicinal chemistry contain an alkyne
moiety.21Therefore, it should be possible to perform Raman
imaging of such molecules without any modification.
As an imaging technique, ATRI has several advantages over

conventional fluorescence microscopy. Aside from its main
advantage of using a very small tag, the alkyne tag signal does
not degrade over repeated scans, unlike fluorescent probes,
which suffer from photobleaching. Moreover, since a Raman
spectrum is obtained at each pixel, ATRI has the ability to
delineate many other cellular structures in addition to the
alkyne-tagged structures in one scan. On the other hand, the
fluorescence technique can only show stained structures.
However, in terms of sensitivity and imaging speed, ATRI is
a much less sensitive technique than fluorescence imaging.
With the current Raman instrument, the sensitivity of Raman
detection for alkyne tags approaches the submillimolar range
(about 0.1−0.2 mM for the more intense diynes), whereas
recent fluorescence techniques can detect down to a single
molecule.22 Furthermore, image acquisition for ATRI takes
several tens of minutes, while video-rate speed is easily
achievable for fluorescence imaging.
All the results presented here were obtained by spontaneous

Raman imaging microscopy, but the concept of ATRI is also
applicable to nonlinear Raman imaging techniques, such as
coherent anti-Stokes Raman scattering (CARS)23 and stimu-

lated Raman scattering (SRS)24 microscopy. These nonlinear
techniques should offer faster image acquisition and greater
detection sensitivity.

■ CONCLUSIONS
In conclusion, we examined the structure−Raman shift/
intensity relationship of various alkynes that resulted in
guidelines for designing appropriate alkyne tags. With the aid
of the obtained relationships, we have achieved live cell imaging
of alkyne-tagged CoQ analogues as examples of mobile small
molecules and the simultaneous two-color imaging of two small
molecules. To our knowledge, this is the first example of direct
multicolor imaging of small molecules without fluorescent
labels in living cells. We believe there is enormous potential for
application of ATRI in biological research in the near future.
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