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Abstract
Current molecular analysis of cells and tissues routinely relies on separation, enrichment, and
subsequent measurements by various assays. Here we demonstrate a platform of hyperspectral
stimulated Raman scattering microscopy for fast, quantitative and label-free imaging of
biomolecules in intact tissues using spectroscopic fingerprints as the contrast mechanism.
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Cholesterol is an indispensable structural constituent of membranes and also plays
prominent roles in biosynthesis of steroid hormones. Excessive cholesterol storage is a
hallmark of atherosclerotic cardiovascular diseases. The cholesterol crystals have not only
been found in advanced atherosclerotic lesions,[1] but also are recognized as inflammatory
stimuli appearing in very early stage of atherosclerosis.[1c, 1d, 2] Abnormal storage of
cholesterol also occurs in steroidogenic cells[3] and Niemann-Pick type C disease.[4]

However, quantitative imaging of cholesterol and its esterified form in an intact biological
tissue remains a challenge. The widely applied hematoxylin & eosin histology only allows
indirect mapping of cholesterol crystal clefts.[1a] Lipid-soluble Sudan dyes such as Oil Red
O and Bromine-Sudan black are widely used to stain neutral lipid droplets containing

**This work was supported by National Institutes of Health grant R21EB015901 and R21GM104681.
*Fax: (+1) 765 496 1902, jcheng@purdue.edu. *msturek@iu.edu.

Supporting information for this article is available on the WWW under http://www.angewandte.org.

NIH Public Access
Author Manuscript
Angew Chem Int Ed Engl. Author manuscript; available in PMC 2014 December 02.

Published in final edited form as:
Angew Chem Int Ed Engl. 2013 December 2; 52(49): 13042–13046. doi:10.1002/anie.201306234.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.angewandte.org


cholesteryl ester and triglyceride,[5] but these dyes neither stain cholesterol crystal nor tell
the composition of lipid droplets. Filipin is a gold standard for staining free cholesterol in
fixed cells but is unable to label either large cholesterol crystal or cholesteryl ester
containing lipid droplets.[6] Confocal laser reflection microscopy[2, 7] and micro-optical
coherence tomography[8] have been successfully implemented to visualize reflective
substances such as cholesterol and silica, but neither has the capability for chemical
identification.

Spontaneous Raman spectroscopy is an established method for imaging cholesterol and
other bio-chemicals in isolated cells or tissue samples in a label free manner,[9] but suffers
from slow imaging speed and strong background auto-fluorescence. Nonlinear coherent
Raman microscopy[10] based on coherent anti-Stokes Raman scattering (CARS)[11] and
stimulated Raman scattering (SRS)[12] significantly improved image acquisition speed.
Furthermore, Multiplex / hyperspectral CARS[13] and hyperspectral SRS[14] have been
developed to resolve spectrally overlapped Raman bands and employed to map cholesterol
in atherosclerotic plaques.[13e, 13g, 14a] So far, CARS and SRS imaging of cholesterol have
predominantly relied on the carbon-hydrogen (C-H) stretching region where lipids exhibit
strong vibrational signals. Nevertheless, quantitative identification of free and esterified
cholesterol from other lipids using C-H stretching bands is difficult because these bands are
highly crowded and spectrally overlapped in the spectral window from 2800 to 3100
cm−1.[14a, 15] Additionally, these overlapped C-H stretching bands, even from the same
molecule, were shown to exhibit varied dependence on excitation polarization,[14a] making
quantitative mapping especially difficult.

Here, we demonstrate label-free quantitative imaging of cholesterol storage in intact
atherosclerotic arterial tissues by detection of fingerprint Raman bands on a hyperspectral
SRS microscope (Supplementary Figure S1). In particular, we employ the sterol C=C band
at 1669 cm−1 as a characteristic band of cholesterol. Other significant Raman bands in the
same spectral window, including the acyl C=C band, the ester C=O band and the amide I
band, were recorded simultaneously. Quantitative chemical maps of each chemical group
were generated by multivariate curve resolution (MCR)[16] analysis (Supplementary Figure
S2). Hyperspectral SRS imaging and multivariate analysis in the fingerprint region, as
reported here, open new research opportunities by providing chemical maps of key
molecules in intact cells and tissues.

We first demonstrated the feasibility of our method via SRS imaging of a mixture of
cholesterol crystal, glyceryl trioleate, and bovine serum albumin (BSA) powder, for which
the molecular structures are presented in Figure 1a. As indicated, each glyceryl trioleate
molecule has a total of three cis C=C bonds (termed as acyl C=C bond) in the three lipid
acyl chains, and each cholesterol has one C=C bond (termed as sterol C=C bond) in the ring.
Importantly, these two types of C=C bonds are spectrally separated in the Raman spectrum,
peaked at 1655 cm−1 for acyl C=C and 1669 cm−1 for sterol C=C, respectively (Figure 1b).
In the same spectral region, BSA, a protein representative, gives a broad amide I band.
Because these Raman bands have either different peak positions or exhibit different profiles,
selective mapping of triglyceride, cholesterol, and protein is possible through hyperspectral
SRS imaging and MCR analysis. A hyperspectral stack of 60 images at wavenumbers
ranging from 1620 to 1720 cm−1 were obtained in total acquisition time of less than 40 sec
(Supplementary Movie S1). The X-Y-Ω image stack was analyzed by MCR algorithm,
which retrieved both spectra and concentration maps corresponding to glyceryl trioleate,
cholesterol and BSA.[14f] Figure 1c shows the MCR optimized spectra for each component,
which match the spontaneous Raman spectra shown in Figure 1b. The reconstructed
concentration maps of glyceryl trioleate, cholesterol and BSA are presented in Figure 1e–g
and the overlay image is shown in Figure 1d. These data collectively demonstrate the

Wang et al. Page 2

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2014 December 02.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



applicability of SRS microscopy and MCR analysis for mapping biomolecules of overlapped
Raman bands.

We further developed a strategy for quantitation of cholesterol storage in lipid droplets.
Under realistic biological circumstance, excess cholesterol exists either in the form of
cholesterol crystal or in the esterified form in which an acyl chain is linked to the cholesterol
via an ester bond. Cholesteryl ester is usually mixed with triglyceride and stored in lipid
droplets. Quantifying the molar percentage of cholesteryl ester in lipid droplets is important
to evaluate cholesterol metabolism. Though peaks of the acyl and sterol C=C bands are
separated, the triglyceride molecule has various number of acyl C=C bonds in its three acyl
chains depending on the degree of unsaturation. In addition, cholesteryl ester may contain
zero (in cholesteryl palmitate), one (in cholesteryl oleate) or two (in cholesteryl linoleate)
acyl C=C bonds in its acyl chain. Therefore, it is difficult to use the C=C bonds alone to
quantify the molar percentage of cholesteryl ester in a lipid droplet. To address this
difficulty, we developed a new strategy for cholesteryl ester quantification via counting the
ester group C=O bond which gives a Raman band peaked at 1745 cm−1. It is known that
triglyceride molecules have three ester C=O bonds which link glycerol with three acyl
chains as shown in Figure 1a. Meanwhile, each cholesteryl ester molecule contains one
sterol ring and one acyl chain linked by one ester group C=O bond. Given that y is molar
fraction of cholesteryl ester in a triglyceride / cholesteryl ester mixture and x is measured
concentration ratio of sterol C=C to C=O, we can derive the following equation,

(2)

Here, 3(1−y) is the relative concentration of C=O bonds in triglyceride. Based on Eq. (2),
the molar fraction of cholesteryl ester is

(3)

Thus, if we perform hyperspectral SRS imaging and MCR analysis of acyl C=C, sterol C=C,
and ester group C=O bonds, the above model will enable us to calculate the molar fraction
of cholesteryl ester in a mixture. Moreover, the degree of unsaturation of the lipid droplet
can be evaluated as the concentration ratio of acyl C=C to C=O.

To experimentally validate the above strategy, we performed hyperspectral SRS imaging of
emulsions composed of known molar ratios of glyceryl trioleate as a triglyceride
representative and cholesteryl oleate as a cholesteryl ester representative. The spectral
window covered Raman shift from 1620 to 1800 cm−1 for quantitative imaging of acyl C=C,
ester group C=O, and sterol C=C bond. Figure 2a shows their SRS spectra recorded from
pure glyceryl trioleate and pure cholesterol crystal. The ester group C=O band was found to
be 5.4 times weaker in amplitude than the C=C band and has a separated single peak at 1745
cm−1. Hyperspectral SRS imaging of emulsions with various molar ratios of glyceryl
trioleate to cholesteryl oleate produced spectra for all emulsions as shown in Figure 2b. With
the increasing percentage of cholesteryl oleate in emulsion, SRS spectra exhibited a
transition from a single narrow peak of acyl C=C bond (1655 cm−1, FWHM =17 cm−1) to an
overlapped peak consisting of both acyl and sterol C=C bands. In the emulsion of pure
cholesteryl oleate which contains one acyl and one sterol C=C bond, we observed a
relatively broad Raman band contributed by acyl C=C band and sterol C=C band at equal
intensity (colored magenta in Figure 2b). Such spectral profiles were confirmed by
spontaneous Raman spectroscopy (Supplementary Figure S3). To quantify the cholesteryl
ester percentage in mixed emulsions, hyperspectral SRS spectra of emulsions and the
standard SRS spectra of acyl C=C, sterol C=C, and C=O bond were used as inputs to the
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MCR algorithm, serving as data matrix and initial spectra estimation, respectively. The
concentration ratio of sterol C=C to C=O are plotted in Figure 2c as a function of actual
cholesteryl ester percentage in each emulsion. The results are in good agreement with the
calculation based on Eq. (2). By calculating the concentration ratio of acyl C=C to C=O,
MCR quantification also provided the lipid unsaturation degree in all emulsions (Figure 2d).
The degree of unsaturation is close to 1.0 for all emulsions. This result is consistent with the
composition of the emulsions where both cholesteryl oleate and glyceryl trioleate are mono-
unsaturated. These results collectively established an approach for quantifying the
percentage of cholesteryl ester and degree of unsaturation in a lipid droplet based on SRS
imaging of C=O and C=C bonds. Of note, Raman shift of the ester group C=O slightly
varied with increasing percentage of cholesteryl ester, as shown in Figure 2b. However,
MCR as a soft-modeling approach[17] allowed treatment of varying spectra in data sets and
derivation of correct concentration profiles.

With the method established through the phantom studies, we further demonstrated
quantitative concentration mapping of cholesterol crystal, lipid droplets, and proteins in
intact arteries harvested from an atherosclerotic pig. An XY-Ω image stack was recorded
(Supplementary Movie S2) in the fingerprint window between 1620 and 1800 cm−1. We
then decomposed this stack into concentration maps of cholesterol crystal (Figure 3a), lipid
(Figure 3b), and protein (Figure 3c), respectively. The overlay of three maps is shown in
Figure 3d. Specifically, Figure 3a demonstrates the reconstructed concentration map of
cholesterol crystal formed in the atherosclerotic plaque. The corresponding MCR optimized
spectrum of sterol C=C band is peaked at 1669 cm−1 (Figure 3e, colored in orange), in
accordance with the SRS spectrum recorded from pure cholesterol crystal (orange dashed
line). Abundant needle-like cholesterol crystals are recognized in the reconstructed image.
Such capability is important because cholesterol crystallization is well recognized to be a
major determinant of plaque rupture in acute coronary syndrome[1b]. Figure 3b presents the
map of lipid droplets, with corresponding MCR retrieved spectrum shown in Figure 3e
(colored in green). Compared with the Raman spectrum of acyl C=C in pure glyceryl
trioleate (black dashed line), the lipid spectrum exhibited a significantly broadened profile
towards higher wavenumber, which implies that these lipid droplets contain a significant
amount of cholesteryl ester. Figure 3c shows the concentration image of protein, which is
ubiquitous but more concentrated in cholesterol crystal rich area. Taken together, the MCR
analysis allowed distinctive mapping of cholesteryl ester rich lipid droplets, cholesterol
crystal and protein in an intact atherosclerotic artery.

Using the strategy shown in Figure 2, we further quantified the molar fraction of cholesteryl
ester and the degree of unsaturation for the lipid droplets in the atherosclerotic artery. Figure
4a shows an area with abundant lipid droplets (colored in green), distributed protein (colored
in cyan), and a few cholesterol crystals (colored in yellow). To quantify the fraction of
cholesteryl ester in these lipid droplets, concentration maps of acyl C=C, sterol C=C and
ester group C=O bonds (Figure. 4b–d) were reconstructed from the hyperspectral SRS stack
(Supplementary Movie S3) and the SRS spectra of pure component shown in Figure 2a. The
corresponding MCR optimized spectra are shown in Figure 4e. Compared to the input
spectrum, we note that the C=O band is slightly shifted to lower wavenumber due to
presence of cholesteryl ester in the lipid droplets.

We then used the map of ester bond C=O as an internal standard to normalize maps of both
acyl C=C bond and sterol C=C bond. The ratio between maps of sterol C=C bond and ester
bond C=O (sterol C=C/C=O) represents the number of sterol C=C bond per fatty acid chain.
According to Eq. (3), we obtained the map of cholesteryl ester molar fraction (Figure 4f).
The mean cholesteryl ester level (presented by M) and its standard deviation (σ) are given in
the indicated areas. Our data show that the lipid droplets in the imaged area are highly
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abundant in cholesteryl ester. Figure 4g maps the ratio between maps of acyl C=C and ester
group C=O, which reflects the unsaturation degree of the lipid droplets. The measured
unsaturation degrees of indicated lipid droplets are close to 1.0. This result is consistent with
literature showing that cholesteryl oleate is the major component inside the lipid droplets of
atherosclerotic arteries.[18] These results together show that hyperspectral SRS and MCR are
capable of compositional analysis of lipid droplets in intact biological specimens.

Methods
Details about experimental setup, specimen preparation, and MCR algorithm can be found
in Supporting Information.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Hyperspectral SRS imaging and MCR analysis of mixture of cholesterol, triglyceride and
BSA. a) Chemical structure of glyceryl trioleate, Cholesterol and BSA. Acyl C=C bond,
sterol C=C bond, and amide I group are indicated. b) Spontaneous Raman spectrum for each
chemical group in the spectral window from 1620 to 1720 cm−1. c) Output spectra from
hyperspectral SRS imaging and MCR analysis. d) Color overlay image produced by
combining images e–g, which are MCR retrieved concentration maps of triglyceride
(liquid), cholesterol (crystal) and BSA (powder). Scale bar: 50 µm.
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Figure 2.
Quantification of cholesteryl ester molar percentage in a lipid emulsion. a) SRS spectra of
acyl C=C bond (black), sterol C=C bond (red) and ester group C=O bond (green). b) SRS
spectra of emulsions composed of glyceryl trioleate and cholesteryl oleate at molar ratio of
10:0, 8:2, 6:4, 4:6, 2:8 and 0:10, respectively. Spectra were obtained from averaging of
spectra in 100 pixels for each emulsion. Inset: SRS image of emulsion at TG and CE ratio of
8:2. CE and TG represent cholesteryl ester and triglyceride, respectively. Scalar bar: 5 µm.
c) MCR quantification of cholesteryl ester molar fraction in emulsion. Red solid curve
shows the calculation from Eq. (2). d) MCR measured unsaturation degree of emulsions.
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Figure 3.
Hyperspectral SRS imaging and MCR analysis of atherosclerotic artery. a–c) Reconstructed
concentration images of crystalized free cholesterol (yellow), lipid droplets (green) and
protein background (cyan). d) Overlay image of a–c. Scalar bars: 20 µm. e, MCR output
spectra of cholesterol crystal, lipid droplets, and protein. Orange and dark dashed lines
represent SRS spectra of acyl C=C and sterol C=C bonds, respectively.
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Figure 4.
MCR Quantitation of cholesteryl ester level and unsaturation degree in lipid droplets of
intact atherosclerotic artery. a) Overlay map of cholesterol crystal (yellow), lipid droplets
(green) and protein (cyan). b–d) Concentration maps of acyl C=C, sterol C=C, and ester
C=O bonds reconstructed by MCR. e) MCR output spectra corresponding to maps b–d. f)
Image of lipid droplets based on molar fraction of cholesteryl ester in each lipid droplet.
Calibrated cholesteryl ester level for some Lipid droplets is shown. g) Image of lipid
droplets based on ratio between concentration of acyl C=C and that of ester group C=O.
Unsaturation degree for some lipid droplets is shown. Scalar bars: 20 µm. M: mean value of
cholesteryl ester percentage. σ: standard deviation.
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