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Abstract. We demonstrate that doubly-resonant coherent anti-Stokes Raman scattering can provide enhanced and
highly specific contrast for molecules containing unique Raman-active small molecular groups. This combination
provides contrast for molecules that can otherwise be difficult to discriminate by Raman spectroscopy. Here,
human monocytes were incubated with either deuterated oleic acid or 17-octadecynoic acid (a fatty acid with an
end terminal acetylene group). The carbon-deuterium stretching vibration of the deuterated fatty acid, as well as
the unique alkyne stretching vibration of the alkyne-containing fatty acid, were used to provide contrast for these
exogenous free fatty acids. The combination of these unique modes with the common aliphatic carbon-hydrogen
stretching vibration inherent to all fatty acid allowed for doubly-resonant detection of these unique molecules and
enabled us to detect the presence of these lipids in areas within a cell where each molecular resonance by itself
did not generate sufficient signal. C 2011 Society of Photo-Optical Instrumentation Engineers (SPIE). [DOI: 10.1117/1.3544585]
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1 Introduction
It is well known that the interaction between cells and dietary
and blood lipids plays a key role in the pathogenesis of many
diseases. In fact, it has been shown that a number of eukaryotic cells,1 such as adipocytes,2 hepatocytes,3 and pancreatic βcells,4 develop lipid accumulations in the form of lipid droplets
when incubated with fatty acids. Such fundamental lipid-cell
interactions have been identified as the main cause of metabolic
diseases, such as nonalcoholic fatty liver disease.5–7 More recently, monocytes have also been observed to develop lipid
droplets in response to direct exposure to a combination of
triglyceride-rich lipoprotein (TGRL) lipolysis products consisting of lipoprotein remnant particles, diglycerides, monoglycerides, phospholipids, and free fatty acids.8–11 Production of
TGRL lipolysis products in high physiological to pathophysiological concentrations of TGRL lipolysis products has been
linked to vascular inflammation and atherosclerosis.6, 8, 10, 11 Obtaining a better understanding of the biogenesis of lipid droplets
and the steps leading to related cellular lipid accumulations in
vitro and in vivo will ultimately allow us to devise therapies for
the avoidance and/or treatment of many lipid-related disorders
and diseases.
Traditionally, hematoxylin and eosin (H&E) staining has
been used to identify lipid inclusions by histopathology. Here,
lipid droplets simply appear as circular cavities in the stained
tissue section. Alternatively, lipid droplets can be better visualized by incubating samples with hydrophobic fluorescent dyes,
such as Oil-Red O, because these dyes preferentially integrate
into hydrophobic regions such as lipid droplets. While these are
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very useful and widely utilized techniques they lack the ability to determine the chemical composition of lipid droplets and
therefore may not provide sufficient information for studying
lipid-cell interactions. Label-free microscopies based on vibrational molecular spectroscopy, such as Raman scattering, on
the other hand, can provide very high spatial resolution and
high spectral resolution which enables the chemically specific
imaging and discrimination of different classes of lipids, e.g.,
saturated versus unsaturated fatty acids,12–15 in vitro and in vivo.
Coherent anti-Stokes Raman scattering (CARS) microscopy has
been shown to be particularly useful for imaging and analyzing
lipid droplets in cells, especially when coupled with traditional
Raman spectroscopy.3, 15 Unfortunately, despite the high spectral
resolution offered by Raman spectroscopy, its ability to distinguish different fatty acids in vitro is limited since many lipid
spectra differ only in relative peak intensities. These similarities
make the analysis of complex lipid droplets composed of many
different types of lipids rather difficult. This ability to discriminate lipids is all the more important in the case of intracellular
lipid droplets formed after lipid-cell interactions, where proper
mapping of the distribution of specific exogenous lipids and an
analysis of their biochemical effects within the cell may be critical. The use of modified lipids that provide specific and unique
Raman-active vibrational signatures, e.g., deuterated lipids, or
alkyne-modified lipids,15, 16 can provide the needed specificity.
The inclusion of such unique molecular bonds is also often referred to as “Raman labeling.”
Raman labeling describes minor chemical modifications
that result in a biologically unique Raman signature but will
otherwise not significantly change the biological or chemical
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nature of the labeled molecule. This is particularly important for
small molecules, such as fatty acids, sugars, and peptides, which,
when labeled with fluorescent moieties, will be significantly altered and may no longer exhibit their particular biochemical
function. Also, fluorescence is a rather short-lived process, limited by permanent photobleaching, which only allows for rather
limited windows of observation of biological samples. Modifications that alter the Raman signature of a molecule can include
isotope substitutions as well as bond substitutions. The results
of these modifications typically present themselves as new vibrational peaks or peak shifts in the resulting Raman spectra.
Ideally, such modifications will lead to new peaks in the 1800 to
2700 cm − 1 region, which is a spectral region with few, if any, vibrational modes for most biomolecules, thus providing excellent
specificity for the labeled molecule. Here, we demonstrate that
Raman labels, detected and amplified by doubly-resonant CARS
(DR-CARS),16, 17 can provide specific contrast for exogenous
lipids. Specifically, we demonstrate this effect on human monocytes, which, when activated by exposure to triglyceride-rich
lipoprotein lipolysis products, can injure monocytes in blood
and increase monocyte binding to vascular endothelial cells and
platelets, two of the cardinal interactions involved in the development of atherosclerotic cardiovascular disease.11 Our demonstration suggests that the combination of DR-CARS with Raman
labels may be a particularly suitable tool for studying lipid-cell
interactions based on the higher sensitivity and specificity afforded by this technique.

ation of oleic acid (dOA – Oleic Acid 9,10-D2, Cambridge
Isotope), which provided a unique Raman signature at ∼2200
cm − 1 , and the second was bond substitution by the incorporation of an acetylene group into an otherwise saturated fatty
acid similar to palmitic acid (17-ODYA – 17-Octadecynoic
Acid, Sigma-Aldrich), which provided a unique Raman signature at ∼2100 cm − 1 , see Fig. 1(a). It should be noted that
the alkyne-modification results in a significantly more intense
Raman peak even though it represents just a single bond modification, whereas two hydrogen bonds are substituted in the
deuterated oleic acid. As described above, monocytes were incubated with either dOA or 17-ODYA, fixed, and then allowed
to settle on a glass coverslip for high-resolution DR-CARS
imaging. Images of the treated monocytes were taken with
a doubly-resonant CARS microscope that utilizes a 1064 nm
ND:Vanadate laser with 7 ps pulses (HighQ Laser) as primary
laser.18 The initial beam is divided into three components, two
of which synchronously pump two optical parametric oscillators
(OPO’s) that are tunable from 780 to 920 nm (Levante, APE).
The three beams, L1 from OPO 1, L2 from OPO 2, and L3 from
the ND:Vanadate laser, are then recombined before entering the
microscope, providing four detectable four-wave mixing signals, including two CARS signals, a three-color CARS signal,
and a DR-CARS signal.17 In DR-CARS, three nondegenerate
input photons follow two different parametric mixing pathways

2 Materials and Methods
2.1 Preparation of Human Monocytes
THP-1 human monocytes were purchased from American
Type Culture Collection and maintained in suspension between
5×104 and 8×105 cells/ml in RPMI 1640 medium supplemented
with 2 mM L-glutamine and containing 10 mM HEPES [4-(2hydroxyethyl)-1-piperazineethanesulfonic acid], 1 mM sodium
pyruvate, 4.5 g/L glucose, 1.5 g/L bicarbonate, 10% fetal bovine
serum, and 0.05 mM 2-mercaptoethanol. Monocytes were incubated in 5% CO2 and 95% O2 at 37◦ C during growth and
treatment. THP-1 monocyte treatments were conducted at a cell
density of 1×106 cells/ml for the times indicated. Monocyte
viability was monitored after all treatments using trypan blue
exclusion, and remained above 90% for all treatments. THP1 cells were treated with the synthetic fatty acids deuterated
oleic acid (Cambrige Isotope Labs) or 17-octadecynoic acid
(Sigma-Aldrich), at 150 μM each, for 3 h. This concentration
is representative of the physiological fatty acid concentration in
blood during the post-prandial phase, approximately 3 h after
consumption of a moderately high-fat meal. These free fatty
acids were first dissolved in phosphate buffered saline solution, then added to the cell’s growth medium. The existence of
lipid droplets was independently confirmed by differential interference contrast microscopy using a 40× objective or phase
contrast microscopy using a 60× objective.

2.2 Imaging
Two different Raman labels were used to provide contrast for
exogenous lipids. The first was isotope substitution by deuterJournal of Biomedical Optics

Fig. 1 (a) Raman spectra of lipid droplets within monocytes treated
with 17-ODYA (top), deuterated oleic acid (middle), and naturally occurring lipid droplets (phosphate-buffered saline–no treatment, control, bottom). (b) Energy diagram of the DR-CARS process indicating
that both parametric pathways result in the same signal frequency but
probe different Raman resonances.
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Fig. 2 (a) DR-CARS image of THP-1 monocytes incubated with deuterated oleic acid, resonant with both the ∼2200 cm − 1 CD stretch and
the 2845 cm − 1 CH2 stretch. (b) CARS image of the same monocytes,
resonant with just the 2845 cm − 1 CH2 stretch. (c) Difference image
between (a) and (b) highlighting contrast for the CD stretch resonance.
(d) DR-CARS image of monocytes incubated with 17-Octadecynoic
acid, resonant with both the ∼2100 cm − 1 alkyne stretch and the
2845 cm − 1 CH2 stretch. (e) CARS image of the same monocytes,
resonant with just the 2845 cm − 1 CH2 stretch. (f) Difference between
(d) and (e) highlighting the contrast for the alkyne stretch resonance.
Note the intensity scales for (c) and (f) have been adjusted to highlight
contrast for the lipids.

that probe distinct Raman resonances while resulting in the same
signal photon, see Fig. 1(b). The OPO’s were tuned such that the
combination of L1 and L3 probed the 2845 cm − 1 CH2 stretch
and the combination of L2 and L3 probed either the ∼2100 cm − 1

alkyne stretch or the ∼2200 cm − 1 CD stretch. This tuning resulted in CARS signals that were resonant with each vibration
individually and a DR-CARS signal that was resonant with both.
For DR-CARS imaging of monocytes the laser powers are adjusted to 40 mW (OPO1, pump 1), 11 mW (OPO2, pump 2), and
12 mW (Nd-Vanadate laser, probe). Initially, images are scanned
at an image size of 80 μm × 80 μm at 256×256 pixels with
typical pixel dwell times of 1 ms to identify interesting parts of a
sample. The zoomed parts of the initial image are then rescanned
with 256×256 pixels and image sizes according to the scale bars
shown in each figure, respectively. Spontaneous Raman spectra
are acquired with an integration time of 10 s/spectrum, while
DR-CARS signal spectra are acqiured at 0.5 s/spectrum. By taking the difference between the DR-CARS (resonant with Raman
label and 2845 cm − 1 CH2 stretch) and CARS (resonant with
2845 cm − 1 CH2 stretch) images, signal contributions from the
Raman labels were extracted and highlighted.16, 17

3 Results and Discussion
Images of monocytes incubated with 17-ODYA and monocytes
incubated with dOA both exhibit a large number of lipid droplets
that appear to reside in the cytoplasm of the cells, see Figs. 2(a),
2(b), 2(d), and 2(e). DR-CARS images [Figs. 2(a) and 2(d)]
provide contrast similar to CARS images [Figs. 2(b) and 2(e)]
because the labeled fatty acids provide both the Raman label and
a contribution to the 2845 cm − 1 CH2 resonance. However, the
difference images, obtained by subtracting a normalized CH2
CARS image from the corresponding DR-CARS image, reveal
enhanced contrast for the Raman label for both groups of cells,

Fig. 3 (a) Difference images of monocytes incubated with deuterated oleic acid as the DR-CARS system was tuned across the CD stretch resonance.
(b) Difference images of monocytes incubated with 17-ODYA as the system was tuned across the alkyne stretch resonance. (c) Comparison of
DR-CARS intensities derived from the average intensity across the entire interior of the cell in each image in (a) and the spontaneous Raman peak
for the CD resonance. (d) Comparison of DR-CARS intensities derived from the average intensity across the entire interior of the cell in each image
in (b) and the spontaneous Raman peak for the alkyne resonance.
Journal of Biomedical Optics
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see Figs. 2(c) and 2(f). Interestingly, although the deuterated
oleic acid is present in the intracellular droplets, the bright rings
around each cell indicate that much of this exogenous lipid may
be located in the cytoplasm near the plasma membrane, see
Fig. 2(c). Alternatively, while the monocytes treated with
17-ODYA also appear to develop a limited number of lipid
droplets, only a small number of cells seem to incorporate the
exogenous saturated free-fatty acid into the intracellular lipid
droplets. Here we do not observe any notable lipid concentration near the plasma membrane, see Fig. 2(f). The “shadows”
surrounding each cell are due to the interference of resonant and
nonresonant signals near the edge of each cell.
To further validate that the measured difference images in
Figs. 2(c) and 2(f) represent contrast for the respective Raman
labels the system was tuned across each resonance, respectively,
and compared with the spontaneous Raman signal of either the
alkyne resonance or the CD resonance, see Figs. 3(a) and 3(b). In
both cases, contrast for the Raman label was minimized as the
system was tuned away from the resonance. When compared
with the spontaneous Raman peaks, the peak intensity of the
difference images corresponded to the expected maximum, see
Figs. 3(c) and 3(d). The dependence of the contrast on the tuning
of the system relative to either the alkyne or the CD stretch
vibrational resonance suggests that it is indeed a result of probing
the respective Raman labels.
Differences in the distribution of the Raman label between
the two groups of cells may also serve to validate the observed
contrast. Known lipid-cell interactions suggest that saturated
fatty acids may be more toxic to cells than unsaturated fatty
acids.9, 19, 20 A natural response of monocytes exposed to exogenous molecules is cell activation.8–11 Here the result is the
generation of intracellular lipid droplets, which may incorporate both endogenous and exogenous lipids. In particular, unsaturated lipids, such as oleic acid, are thought to enter cells
by penetrating the plasma membrane through a flip-flop mechanism, which might explain the apparent high accumulation of
deuterated oleic acid near the plasma membrane. However, exposure to more saturated fatty acids, such as 17-ODYA (except
for the terminal group), leads to an overall higher lipotoxicity
and apoptosis of cells, which we assume accounts for the perturbed morphology and relative low density of the cells observed
after incubation with 17-ODYA, as seen in Fig. 2(d). The apparent rough shape of the cell shown in Fig. 3(b) may be due to a
mechanism known as blebbing, which occurs in the late stages
of apoptosis. While the monocytes treated with deuterated oleic
acid appear to contain lipid droplets, they maintain their round
shape and an intact plasma membrane typical of healthy human
monocytes. Close inspection of Fig. 3(a) suggests that diffusion
of unsaturated fatty acids across the plasma membrane leads
to a locally higher oleic acid concentration near the plasma
membrane, but lipid droplets are ultimately formed in the cytoplasm, likely by the endoplasmic reticulum as is the case in
many other mammalian cells. The different entry pathway of unsaturated fatty acids might partially explain their overall lower
lipotoxicity.

4 Conclusions
We have shown that Raman labels can provide a valuable contrast for small molecules such as lipids as they interact with
Journal of Biomedical Optics

cells. This contrast is generally difficult to achieve with traditional fluorescent labels without perturbing the interaction.
Although Raman-based microscopies are much less sensitive
than fluorescence-based microscopies, they do provide signals
that are much more spectrally narrow which enable better chemical analysis of particular molecules and could also be exploited
in terms of broad spectral multiplexing. Furthermore, the use
of doubly-resonant CARS can serve to enhance sensitivity for
the Raman label without the use of complicated heterodyning
or lock-in schemes. Difference imaging, as demonstrated here,
however, cannot completely remove background contributions
(e.g., nonresonant background or laser fluctuations) from DRCARS images. We expect the combination of DR-CARS with a
modulation and lock-in detection scheme to lead to completely
background-free detection. Although the central motivation in
the development of Raman microscopy has traditionally been
its use as a label-free technique, we anticipate that Raman labels
may become a powerful, if not necessary, complement to labelfree sources of contrast since they can provide true chemical
specificity.
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