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ABSTRACT: Alkyne-based Raman tags have proven their utility for
biological imaging. Although the alkynyl stretching mode is a
relatively strong Raman scatterer, the detection sensitivity of alkyne-
tagged compounds is ultimately limited by the magnitude of the
probe’s Raman response. In order to improve the performance of
alkyne-based Raman probes, we have designed several tags that
benefit from π−π conjugation as well as from additional n−π
conjugation with a sulfur linker. We show that the sulfur linker
provides additional enhancement and line width narrowing, offering
a simple yet effective strategy for improving alkyne-based Raman
tags. We validate the utility of various sulfur-linked alkyne tags for
cellular imaging through stimulated Raman scattering microscopy.

■ INTRODUCTION
Microscopic imaging with vibrational contrast derived from
Raman spectroscopic signatures has proven itself as a label-free
microscopy approach with important applications in cellular
imaging. However, since the Raman spectral features of
biological cells originate from the vibrational modes of
common chemical motifs of bio-organic compounds, vibra-
tional lines of a given molecular target inevitably show
considerable overlap with the composite spectrum produced
by all other molecular constituents in the cell. Against this
background spectrum, identifying a particular biomolecular
compound of interest can be challenging. This complication
also limits the ability of Raman imaging to track the
participation of a molecular target of interest in a given
metabolic pathway.
An attractive route to overcome this limitation is to tag the

molecule of interest with a small chemical motif, which exhibits
a strong Raman response, yet shows a minimum spectral
overlap with the Raman spectral background of the cell.
Among the different chemical motifs used for Raman tagging,
the alkyne moiety has been particularly successful. First
introduced in 2011 as a Raman tag,1 the strong alkyne
stretching vibration is found at a frequency in the 2000−2400
cm−1 range where the cellular background spectrum is
minimal.1 In addition, the alkyne unit is small and shows
essentially no biological activity, classifying it as a bioorthog-
onal probe.2,3 The alkyne tag and its derivatives have been
used extensively for linear and nonlinear Raman imaging of
small molecules such as nucleic acids,1,4−6 amino acids,4,5

glucose,7 fatty acids,5−9 and more, in cells and tissues.

Although the alkyne stretching mode has a relatively high
Raman cross-section, the detection sensitivity, i.e., the lowest
concentration at which the tagged compound can be
registered, is ultimately limited by the magnitude of the
mode’s Raman response. In order to improve the detection
sensitivity, alternative alkyne-based motifs have been intro-
duced that feature higher effective cross-sections. It is well-
known that the Raman signal of alkynyl stretching modes can
be enhanced through π−π conjugation.10,11 This can be
achieved by coupling the alkyne unit to a conjugated system of
sp2-hybridized carbon such as an aromatic ring, or by
conjugating it with a system of sp-hybridized carbon, or a
combination of both. For instance, diyne tags and polyyne tags,
which exhibit alternating triple/single carbon−carbon bonds,
have enabled Raman imaging with higher sensitivity relative to
a single alkyne group.10,12,13 However, a trade-off exists
between the strength of the Raman response and the size of
the chemical motif, as well as its influence on the metabolic
activity of the biomolecular target.
From a spectroscopic point of view, a good Raman tag

exhibits an isolated vibrational band of high amplitude as well
as a narrow line width. Narrow vibrational lines minimize
overlap between adjacent spectral features and facilitate
spectral multiplexing. Reducing the line width of a Raman
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active mode also steepens the band shape and consequently
increases its observed peak height. In principle, a narrower line
width can be achieved by reducing the coupling of the
vibration to other intramolecular modes, thus suppressing
possible energy relaxation channels. Recent infrared absorption
studies have shown that insulating the alkyne group from the
molecular target with a sulfur atom can extend the vibrational
coherence time, thereby compressing the spectral line width of
the alkyne stretching mode.14,15 However, Raman tag design
efforts have so far paid little attention to line shape
engineering.
In this work, we seek to implement the design principles of

π−π conjugation and line shape engineering for improving the
Raman response of the alkyne tag. Using density functional
theory (DFT) simulations, we first explore the Raman
response of the alkyne group when attached to different
chemical motifs that enable conjugation with the carbon−
carbon triple bond while also insulating the tag from the target
molecule through a sulfur linker. After selecting the DFT-
informed designs for maximum polarizability, we synthesize
and experimentally characterize their Raman spectra and
evaluate their performance as a tag for stimulated Raman
scattering (SRS) imaging. We show that this optimization
procedure gives rise to an 8-fold enhancement of the alkyne
stretching cross-section while retaining a narrow line width.
When applied as a tag to palmitic acid, we further demonstrate
that the designed probes are tolerated well by cells and that
they are metabolically esterified in the formation of neutral
lipid.

■ METHODS
DFT Simulations. The DFT simulations are performed in

GaussView 6.0.16 software. The simulations make use of the
PBEPBE method and the tzvp basis set. In all calculations, the
compound is assumed to be in the gas phase. The strength of
the Raman response is expressed in terms of the Raman
activity Si of the mode i, given in units of Å4/amu. Raman
intensity spectra are expressed in arbitrary units and derived
from the Raman activity as follows:11,16

I S ( ) /
i

i i iR 0
4

where ν0 is the optical frequency of the excitation laser. An
excitation wavelength of 1031 nm is assumed in the simulated
spectra. The calculated Raman lines are displayed as
Lorentzian line shapes with a full width at half-maximum of
8 cm−1.
Cell Culturing and Handling. NIH 3T3 cells were

cultured in DMEM/high-glucose media supplemented with
10% fetal bovine serum (FBS) and 1% penicillin/streptomycin.
HeLa cells were cultured in DMEM (Corning) containing 10%
FBS (v/v, Life Technologies), 4.5 g/L glucose, 2 mM L-
glutamine, penicillin (100 U/mL), and streptomycin (100 mg/
mL, Gibco). Cells were passaged using 25 mL flasks.
Synthesized palmitic acid probes were added to cell media as
a 10× solution in DMSO. Prior to imaging, cells were seeded
on glass coverslips (18 mm diameter) sitting in 12 well plates.
After adhering, the cells were fixed using 4% paraformaldehyde
and stabilized on standard microscope slides. The CellTiter-
Glo Luminescent Cell Viability Assay (Promega) was used to
evaluate cell viability.
Raman Spectroscopy Measurements. For Raman

spectroscopy measurements of the probes, a small amount of

the tagged compound was deposited onto a glass coverslip in
solid form. Raman spectra were collected on a Renishaw InVia
Raman microscope, using a 0.75 NA dry objective lens and a 1
s signal integration time. An excitation wavelength of 532 nm
was used for compounds with tags Alk, Ph-Alk, and Ph-Alk-S
(Table I), whereas all other compounds were measured with a

785 nm excitation wavelength in order to reduce the
fluorescence background from impurities. Spectra were
averaged over 30 measurements to improve the signal-to-
noise ratio. For each compound, the strength of the alkynyl
stretching resonance was determined relative to the methylene
symmetric stretching vibration at 2850 cm−1, which was used
as an internal reference.
Stimulated Raman Scattering Imaging Experiments.

The light source for the SRS imaging experiments was an 80
MHz, picosecond optical parametric oscillator (OPO, APE
picoEmerald) synchronously pumped by the frequency-
doubled output of a 2 ps, 1031 nm fiber laser (aeroPULSe,
NKT photonics). The residual 1031 nm light was intensity
modulated at 20 MHz and served as the Stokes beam in the
SRS process. The OPO signal output was tuned in the 833−
855 nm spectral range and served as the pump beam in the
SRS process. The pump and Stokes beams were overlapped in
time, collinearly combined on a dichroic mirror, and directed
to a laser-scanning microscope (Fluoview 300 and IX71,
Olympus). The beams were focused on the sample by a water
immersion 1.15 NA, 40× objective lens (Olympus). The pump
beam was collected in the forward direction by an oil
immersion 1.4 NA condenser (Olympus), filtered by a 960
nm short pass filter, and detected by a wide-area photodiode
(S3634, Hamamatsu). The photocurrent was amplified and
demodulated by a lock-in amplifier (HF2LI, Zurich Instru-
ments) at the 20 MHz reference frequency.

■ RESULTS
Density Functional Theory Informed Optimization of

Alkyne Raman Polarizability. We first used DFT simu-
lations to estimate the Raman response of the alkyne stretching
mode for a variety of different tag designs. Although DFT
simulations are unable to predict line widths, they are a good
start for obtaining estimates of the Raman activity of a given
mode as a function of its immediate intramolecular environ-
ment. Figure 1 shows the chemical structures of several alkyne
tag designs. The basic motif is a single terminal alkyne group,
which in subsequent designs is expanded at its terminus with
different substituents. The predicted resonance frequencies of

Table I. Alkynyl Resonance Frequencies (ωo) and Raman
Activities of Various Raman Tags As Predicted by DFT
Simulations and As Determined Experimentally

ωo (cm−1)
Raman activity
(Å4/amu)

Rel. Raman
intensity

Tag DFT Exp DFT Exp

Alk 2162 2111 283.9 1
Ph-Alk 2262 2234 2931 1.4
Ph-Alk-S 2181 2168 4184 7.9
Pyr-Alk-S 2177 2178 4135 5.5
TP-Alk-S 2158 2157 4966 5.9
TIPS-Alk-S 2106 2097 1650 2.4
Butyl-Alk-S 2206 2186 1293 0.83
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the alkynyl stretching modes and their corresponding Raman
activities are given in Table I.
In the case of Ph-Alk, the substituent is a phenyl ring, which

has already been shown to enhance the alkyne Raman activity
through π−π conjugation.10 The DFT simulations confirmed
the expected enhancement. As a general mechanism, the
enhanced conjugation lowers the energy of the electronic
π−π* transition and thus amplifies the Raman polarizability of
the mode. In addition, the alkynyl vibrational resonance in the
phenylacetylene motif was shifted to higher frequencies,
suggesting a strengthening of the alkyne oscillator’s effective
spring constant.
As the main focus of this work, we examined the implication

of a sulfur linkage between the alkynyl group and the target
molecule, such as in compound Ph-Alk-S. The incorporation of
the sulfur linker produced two effects. First, the resonance of
the alkynyl stretching mode shifted to lower frequencies,
indicative of a loss of rigidity of the carbon−carbon triple
bond. Second, the Raman activity of the mode was increased
even more. The latter effect suggests additional n−π
conjugation between the π-electrons of the alkynyl unit and
the lone electron pair on the sulfur atom.11 The DFT
simulations predicted similar effects when the phenyl group
was replaced by a pyridyl (Pyr-Alk-S) or thiophene (TP-Alk-S)
group.
In addition, we considered an alkyne tag substituted with a

triisopropylsilyl (TIPS) group to test the effect of π-
backbonding of the alkynyl unit with the Si atom (TIPS-Alk-
S). It is known that π-backbonding of the thio-alkyne to the Si
of a substituted trimethylsilyl (TMS) group gives rise to an
enhanced IR transition moment.17 Here we examined the
utility of this mechanism for enhancing the Raman response.
The simulations suggest that π-backbonding with Si provides a
modest enhancement of the alkynyl Raman activity, which is
nonetheless less strong than that of the aromatic substituents.
We also evaluated a butyl-substituted alkyne tag (Butyl-Alk-S),
a probe that lacks additional π-bond conjugation via its
substituent. The simulations predict that the n−π conjugation
with the sulfur linker gives rise to a stronger Raman response
relative to Alk, albeit that the enhancement is less compared to
that of tags with conjugation.
Enhancement of Raman Polarizability and Line

Width Control. We next compared the predictions from
DFT with experimental Raman spectra. Figure 2 shows the
simulated and experimental Raman spectra of the basic alkyne

tag and the phenylacetylene tag (Ph-Alk) and the sulfur-linked
phenylacetylene (Ph-Alk-S) tag in the alkynyl stretching range.
We selected palmitic acid as the molecular target. Similar to
the simulations, the alkynyl stretching mode shifted to higher
frequencies when the phenyl group was linked to the alkyne
terminus. The observed enhancement is, however, a rather
modest 1.4 times, which is less than predicted by the DFT
simulations. In addition, the line width increased and the line
shape appeared to reveal a shoulder on the low energy side.
The appearance of a broad single line or double peaks has been
reported before for different substituted phenylacetylenes and
different origins of the broad spectral features have been
suggested, among which is the presence of a possible Fermi
resonance.18 From the perspective of Raman tag design, line
broadening is unattractive as it increases the possible spectral
overlap between different tags.
In agreement with the simulation, the incorporation of the

sulfur linker shifted the Raman resonance to lower frequencies.
At the same time, the peak height increased and the line shape
narrowed relative to the Raman signature of the phenyl-
acetylene tag. It is possible that the additional n−π conjugation
introduced by the sulfur atom alters the resonance and
steepens the line. Alternatively, the sulfur atom has been
suggested to act as an insulator that effectively decouples the
alkynyl stretching mode from vibrational modes in the
molecular target (here palmitic acid). By limiting vibrational
energy relaxation channels, the lifetime of the alkynyl
stretching mode is expected to increase, resulting in a narrower
line. We observed the same trend for the TP-Alk-S tag, which
also showed a narrower line at lower vibrational energies
compared to the same structure without the sulfur linker (see
Supporting Information Figure S1).
The observation of line steepening relative to the phenyl-

acetylene tag makes the resulting motif a good candidate for
Raman imaging studies. The Ph-Alk-S tag offered an 8 times
stronger Raman signal compared to the standard Alk tag
without the sulfur linker. To emphasize the relative Raman
response of the tag, we further compared the alkynyl stretch
with the asymmetric methylene resonance of the tagged
palmitic acid in Figure 3. We observed a three times stronger
spectral peak for the tag compared to the total peak height of
the 2880 cm−1 resonance of palmitic acid, underlining the
brightness of the probe.

Figure 1. Alkyne-based tags studied in this work.

Figure 2. (a) Simulated resonance frequencies and Raman intensities
of palmitic acid tagged with Alk (blue), Ph-Alk (magenta), and Ph-
Alk-S (brown), as well as natural palmitic acid (red). (b)
Experimental Raman spectra of the same compounds.
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Figure 4 shows Raman spectra of various thio-alkyne probes,
using different substituents to tune the resonance frequency of

the alkynyl stretching mode. We note that the thiophene and
pyridyl substituents provide enhancement factors comparable
to that of the sulfur-linked phenylacetylene tag due to π−π
conjugation; see Table I. The butyl-substituted thio-alkyne tag,
on the other hand, lacks such conjugation and represents a
much weaker Raman tag. In addition, the line-narrowing effect
seen for the sulfur-linked phenylacetylene tag is absent for the
alkyl-substituted thio-alkyne, indicating that the alkyl group
provides an efficient pathway for vibrational energy relaxation
of the alkynyl stretching mode. We note that the Pyr-Alk-S
probe shows an additional strong peak at 2220 cm−1 in the
Raman spectrum of the crystal form (not shown), which is not
predicted by the simulations and which is absent when the
probe is absorbed by cells. It is possible that this extra
resonance originates from stacking effects in the solid phase.
We also tested experimentally whether the mechanism of π-

backbonding can provide a means for enhancing the Raman
activity of the alkynyl stretching mode. In line with the DFT
simulations, our experiments with the triisopropylsilyl (TIPS)
substituent confirmed that the Raman enhancement is present
but modest (see Table I). These observations suggest that the
mechanism of π-backbonding is less effective at boosting the
alkynyl Raman response compared to its enhancement effect in
IR absorption.
In general, we observed that the DFT simulations correctly

predicted the overall trends in terms of the spectral shift of the
alkynyl mode upon different substitutions. On the other hand,
the experimentally observed enhancement of the tags relative

to Alk was generally lower than what was predicted by the
calculations.
Cellular Uptake and Esterification of Tagged Palmitic

Acid. To demonstrate the practical utility of the sulfur-linked
alkyne probes, we examined the uptake and esterification of
tagged palmitic acid by various cell types. In Figure 5, we show

SRS images of NIH 3T3 cells that were incubated with 25−50
μM tagged palmitic acid in the growth medium for at least 12
h. We observed that all probes were taken up by cells and that
the majority of the tagged compounds ended up in lipid
droplets (LDs). Lipid droplets serve as reservoirs of neutral
lipids, where fatty acids are found in esterified form such as
triglycerides or cholesteryl esters.19 In particular, we found that
the sulfur-linked thiophene and phenylacetylene-tagged
compounds showed especially high levels of accumulation in
LDs, suggesting efficient metabolic conversion of the tagged
fatty acid to neutral lipid. Compared to the Ph-Alk-S and TP-
Alk-S probes, we observed that the accumulation of the TIPS-
Alk-S probe in LDs was generally less, indicating a somewhat

Figure 3. Raman spectrum of Ph-Alk-S-tagged palmitic acid in the
2000−3000 cm−1 range, comparing the intensity of the alkynyl-
stretching mode with the CH-stretching modes of palmitic acid.

Figure 4. Normalized experimental Raman spectra of TIPS-Alk-S
(orange), TP-Alk-S (blue), Ph-Alk-S (brown), Butyl-Alk-S (magenta),
and Pyr-Alk-S (green).

Figure 5. SRS images of NIH3T3 cells incubated with select palmitic
acid probes Ph-Alk-S (top), TP-Alk-S (middle), and TIPS-Alk-S
(bottom). Left column shows the SRS images taken at 2848 cm−1,
whereas the right column shows images taken at the maximum of the
alkynyl stretching mode (bar = 10 μm).
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lower affinity of the cell for the uptake and metabolic
conversion of the triisopropylsilyl-substituted alkyne tag.
Importantly, the probes were well tolerated at standard

imaging doses. To examine cell viability, we incubated HeLa
cells for 24 h with varying concentrations of tagged palmitic
acid probes. Cell viability was then measured with a standard
ATP-based assay. Figure 6 shows the results for cells treated

with Ph-Alk-S, TP-Alk-S, or Pyr-Alk-S. These probes were well
tolerated by cells at concentrations of 50 μM or less. Decreased
cell viability was observed at higher probe doses.
A good probe traverses the same metabolic pathways as the

native species. We used the sulfur-linked phenylacetylene
probe for palmitic acid to test its metabolic properties. First,
for low dosages of the tagged compound, we expect an increase
in the amount of esterified fatty acid in the cell as its dosage in
the growth medium is raised. Figure 7a shows that the ratio of
the signals at the alkynyl stretching resonance over the C−H

stretching resonance indeed grew as the tag concentration was
increased from 0 to 50 μM. This observation indicates that the
tagged fatty acid is metabolically processed and stored as
neutral lipid in a manner proportional to its medium
concentration, as would be expected for natural palmitic acid
within this concentration range. Second, if the tagged
compound follows the same metabolic pathway as natural
palmitic acid, we expect that the relative amount of esterified
lipid observed at the alkynyl stretching frequency in a given
droplet decreases as natural palmitic acid is added to the
medium in increasing quantities. Figure 7b confirms that the
relative concentration of tagged lipid diminished with an
increasing concentration of the competing, natural palmitic
acid. This result suggests that the uptake and esterification
process of the tag follows the natural lipid storage pathway for
palmitic acid.

■ DISCUSSION
In this work, we studied the Raman response of the alkynyl
stretching mode as a function of its immediate intramolecular
chemical environment, in an effort to further optimize the
alkyne group for use as a Raman tag. Using DFT simulations,
we confirmed that π−π conjugation gives rise to a significant
enhancement of the Raman polarizability, primarily due to the
lowering of the electronic π−π* transition. The DFT results
also point to the additional enhancement that can be achieved
when the alkyne group is connected with a sulfur linker to the
molecule of interest, a phenomenon that is attributed to n−π
conjugation with the lone electron pair on the sulfur.
Experiments confirmed the predicted enhancement. In

addition, the incorporation of the sulfur linker steepens the
alkynyl resonance line shape of the phenylacetylene moiety, a
possible indication that the sulfur atom limits vibrational
energy relaxation of the alkynyl stretching mode into the
tagged molecule. This observation is in agreement with the
observed narrowing of the IR line shape of the TMS-
substituted alkynyl stretching mode. In that work, the sulfur
atom was identified as a thermal insulator that partially
decouples the tag from the rest of the molecule.14,15 Our
current work shows that a similar mechanism is likely to play a
role in controlling the width of the Raman resonance. On the
other hand, we have found that the mechanism of π-
backbonding with a silicon atom, which has been suggested
to be responsible for the enhanced IR response of the
otherwise low infrared activity of the alkyne group, does not
similarly improve the Raman response to the same extent.
Given the symmetry of the alkyne group, it is perhaps not
surprising that π-backbonding has a more dramatic effect on
the IR activity of the mode compared to its effect on the
corresponding Raman response.
In addition to the observed enhancement, the incorporation

of a sulfur linker also gives rise to a shift in the alkyne
resonance frequency. The ability to shift the resonance is
relevant for multiplexed Raman imaging, in which multiple
targeted compounds are differentiated through spectrally
distinct Raman tags.20 Numerous strategies for spectrally
shifting alkyne-based Raman probes exist, including deutera-
tion,21 phenylation,18 or silylation22 of terminal alkynes. The
use of a sulfur linker constitutes an additional strategy for
spectral shifting of Raman tags probes, which can be helpful for
generating expansive Raman tag libraries.
We find that most sulfur linked alkyne tags are tolerated well

by cells. When linked to palmitic acid, the probes undergo the

Figure 6. Viability of HeLa cells as a function of probe concentration
for tagged palmitic acid. Thio-alkyne probes were incubated for 24 h
(Ph-Alk-S) or for 48 h (TP-Alk-S, Pyr-Alk-S) at 37 °C.

Figure 7. (a) Ratio of the SRS signal from the alkynyl stretch of Ph-
Alk-S-tagged palmitic acid and the methylene stretch at 2845 cm−1 as
a function of probe concentration in the medium. Ratio is determined
at the location of lipid droplets. (b) SRS ratio as in panel a measured
as a function of the concentration of natural palmitic acid in the
medium while keeping the medium concentration of tagged palmitic
acid at 25 μM.
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expected esterification to neutral lipid after cellular uptake. The
brightest probe, equipped with a sulfur-linked phenylacetylene
tag, is three times as bright as palmitic acid’s strongest
methylene stretching resonance. In addition, our experiments
show that the probe follows the same lipid storage pathway as
natural palmitic acid and that the tag remains stable over a time
span of days in the cellular environment (see Supporting
Information Figures S2 and S3). These observations suggest
that the spectroscopic advantages afforded by sulfur-linked
phenylacetylene tags translate into an attractive strategy for
practical Raman label studies.

■ CONCLUSION
Informed by DFT simulations, we have found that sulfur-
linked alkyne tags offer additional advantages over existing
alkyne-based Raman tags. The n−π conjugation provided by
the sulfur linker combined with π−π conjugation through
aromatic and heteroaromatic substituents gives rise to
significant enhancement of the Raman signal from the alkynyl
stretching mode. In addition, the sulfur linker reduces the line
width of aromatic substituted alkyne tags, rendering them
attractive for multiplex Raman labeling studies. Using tagged
palmitic acid as a model system, we obtained an 8-fold signal
enhancement by replacing the alkyne tag with a sulfur-linked
phenylacetylene tag, while preserving cellular uptake and
metabolic properties. We anticipate that enhancement of
alkyne tags with a sulfur-linker offers a simple and general
strategy for improving the performance of alkyne-based Raman
probes, which may benefit a wide range of biological imaging
studies.
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