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ABSTRACT: Lipid metabolism is dysregulated in human
cancers. The analytical tools that could identify and
quantitatively map metabolites in unprocessed human tissues
with submicrometer resolution are highly desired. Here, we
implemented analytical hyperspectral stimulated Raman
scattering microscopy to map the lipid metabolites in situ in
normal and cancerous liver tissues from 24 patients. In contrast
to the conventional wisdom that unsaturated lipid accumu-
lation enhances tumor cell survival and proliferation, we
unexpectedly visualized substantial amount of saturated fat
accumulated in cancerous liver tissues, which was not seen in
majority of their adjacent normal tissues. Further analysis by
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mass spectrometry confirmed significant high levels of glyceryl tripalmitate specifically in cancerous liver. These findings suggest
that the aberrantly accumulated saturated fat may have great potential to be a metabolic biomarker for liver cancer.

Itered metabolic activities and aberrant metabolites are

crucial results of diseases, notably for most cancers.””
Multiple studies have implicated that lipid desaturation and
unsaturated lipid accumulation enhance tumor cell survival and
proliferation.”* Rysman et al. showed an increase in the degree of
lipid saturation in lipogenic tumor tissues compared with
nonlipogenic ones, and such an increase in lipid saturation
protected cancer cells from free radicals and chemotherapeutics.’
However, it is not clear about lipid storage or desaturation in
human liver cancer.’ This is partially due to a lack of suitable tools
to quantitatively map intracellular lipid molecules in intact
human tissues. For quantitative biochemical analysis, mass
spectrometry is often used, but it requires a hundred milligrams
of tissue for the initial homogenization and complex separation
processes. Such limitation makes mass spectrometry impossible
to map intracellular distribution of biomolecules of interest in
intact tissues. As an optical alternative, noninvasive spontaneous
Raman spectroscopy has been practical for cancer diagnosis with
great analytical sensitivity.”~~ However, slow spectral acquiring
speed is persistently the weak point of spontaneous Raman,
largely due to inefficient spontaneous scattering of Stokes
photons. Based on enhanced stimulated emission by phase
locked pulse lasers, coherent anti-Stokes Raman scattering
(CARS)" and stimulated Raman scattering (SRS)"" gained the
Raman transition rate more than 7 orders of magnitude,12 which
offered unprecedented fast vibrational imaging for biomedical
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studies.”” Single frequency CARS'* and SRS were frequently
implemented for a variety of applications with superior
sensitivity, imaging speed, and contrast but lack sufficient
chemical specificity to identify various types of biomolecules in
complex. To enhance imaging selectivity, compound Raman,
which integrated fast single-frequency SRS imaging with confocal
Raman spectral analysis,"” revealed aberrant accumulation of
unsaturated fat in lipid droplets of human prostate cancer
tissues.’® In a recent advance, dual-color SRS microscopy has
successfully determined brain tumor margins'’ and finally
entered into the operating room for intraoperative histopatho-
logic diagnosis and fast decision-making. However, the spectral
resolution is not high enough to discriminate multiple types of
biomolecules due to overlapped spectra. Multiplex,18 hyper-
spectral SRS'*° and broadband CARS microscopy,” have
greatly expanded the capabilities of coherent Raman for real
chemical selective imaging”>** and been straightforward for
unprocessed diseased tissue examinations. However, these
potent spectral imaging tools have not been employed for
assessment of tissues from human patients.

Herein, we performed hyperspectral SRS imaging of normal
and cancerous liver tissues collected from 24 human patients
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diagnosed with hepatocellular carcinoma. Based on characteristic
Raman profiles for saturated fat, unsaturated fat, protein, and
lipofuscin granules, we specifically discovered aberrant accumu-
lation of saturated fat in a large amount in cancerous liver tissues
compared with that in normal liver tissues. Further study by mass
spectrometry showed a significantly higher accumulation of
glyceryl tripalmitate, one typical form of saturated fat, in
cancerous liver tissues compared with that in normal tissues.
These findings suggest that saturated fat plays a critical role in
liver cancer development and could be a potential marker for
liver cancer diagnosis, which breaks conventional wisdom that
cancer cells survive and proliferate depending on unsaturated fat.

Figure la presents the molecular structures of glyceryl
tripalmitate (TP) and glyceryl trioleate (TO), which are
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Figure 1. Hyperspectral SRS imaging of a phantom mixture of TP, TO,
and BSA. (a) Chemical structures of TP and TO. (b) Spontaneous
Raman spectra of them in CH region. The characteristic Raman peaks at
2853, 2885, 2935, and 3007 cm™! are denoted as @, ®, ®, and ®,
respectively. (c) Multicolor image of TP, TO, and BSA obtained by
hyperspectral SRS imaging and MCR reconstruction. (d) MCR
optimized SRS spectra corresponding to part c.

predominant forms of saturated and unsaturated fats in cells.
Figure 1b shows their corresponding spontaneous Raman
spectra in CH region. As indicated by @, Raman band peaked
at 2853 cm™! from symmetric CH, vibration stands out in the
spectra of both TP (dark yellow) and TO (green) as a major
vibrational band for all types of lipids. The Raman band peaked at
2885 cm ™!, indicated as @ in Figure 1a,b, is found in the Raman
spectrum of TP only, which particularly possesses saturated
straight long acyl chain.”*** This specific Raman band possibly
originates from Fermi resonance or asymmetric vibration of CH,
in straight and long acyl chain, such as palmitic acids comprising
(CH,) 4 In contrast to this specific Raman peak for saturated fat,
Raman band at 3007 cm ™" (®) is corresponding to unsaturated
=CH stretch”® in the acyl chain, which appears in spectrum of
TO but not for saturated fat.>* In addition, bovine serum albumin
(BSA), which mimics protein in tissue, has a prominent Raman
band of CHj stretching at 2935 cm™ (®). The complete
spontaneous Raman spectra of TP, TO, and BSA are shown in
Figure SI. Although the differences among their chemical
structures are subtle, Raman spectra separate them by distinct
Raman bands in both fingerprint and CH vibrational regions.
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We employed hyperspectral SRS microscopy (Figure S2, the
setup is detailed in the Supporting Information), which obtains
SRS spectra at all pixels of image with submicrometer resolution,
for analytical imaging of metabolites in unprocessed human
tissues. To validate the feasibility of the method, we performed
hyperspectral SRS imaging of a mixture phantom that consisted
of TP, TO, and BSA. Here, a hyperspectral stack of 100 images
ranging from 2810 to 3025 cm™' was recorded with 400 X 400
pixels at pixel dwell time of 20 us. Despite fairly small differences
among their Raman spectral profiles, the multivariate curve
resolution (MCR) algorithm27 is capable of reconstructing
spatial distribution maps of TP, TO, and BSA (Figure 1c) and
extracting their optimized SRS spectra (Figure 1d). In particular,
SRS spectra preserved key features of all vibrational Raman
bands, including 2885 cm™ (®) for TP and 3007 cm ™" (®) for
TO, and exhibited great consistence with corresponding spectra
measured by spontaneous Raman (Figure 1b). Although
spontaneous Raman has better spectral resolution attributed to
high-performance grating and longer integration time (~10 s),
hyperspectral SRS is a unique spectral imaging tool, and
particularly suited for fast compositional mapping of chemicals
in biological tissues. Thus, we are able to chemically identify and
image saturated and unsaturated fat in biological complex by
their intrinsic chemical vibrations.

After proof of concept, we obtained specimens of cancerous
liver tissues and their adjacent normal tissues from 24 patients,
who were diagnosed with hepatocellular carcinoma. The
cancerous liver tissues were inspected by hyperspectral SRS
microscopy and MCR analysis. MCR algorithm derived three
prominent chemical compositions in the imaged tissue section.
Figure 2c—e illustrates MCR reconstructed concentration maps
of the main metabolic compositions, and their color overlay
image is presented in Figure 2a for better understanding of their
relative spatial distributions. As shown, we directly observed
significant accumulation of two types of fats (indicated in yellow
and green) in cancerous liver tissue, and their MCR decomposed
SRS spectra are shown in Figure 2b. The first type of lipid
composition is mapped in Figure 2¢, and it existed as irregular
shaped bulk and droplets. The corresponding MCR spectrum
exhibited a particular strong Raman band peaked at 2885 cm ™,
appearing as a key feature of saturated fat (®). As a separate
proof, the desaturation band at 3007 cm™ (@) represented a flat
profile, suggesting that there was no vibrational bond of =CH
reflected in the spectrum. For the second identified lipids, the
MCR retrieved spectrum is plotted in green curve, and the
corresponding concentration map is depicted in Figure 2d. The
spectrum showed distinctive Raman band at 3007 cm™ for
unsaturated lipids as TO. Thus, we suggest that the second
abundant lipids are unsaturated fat, and they are mainly stored in
intracellular lipid droplets.

MCR algorithm output the third chemical composition to be
protein, and the spectrum primarily comprised a CHj stretching
mode at 2935 cm™' (® in magenta, Figure 2b). Protein
distributed more evenly in the MCR reconstructed concen-
tration map (Figure 2e), except for the locations where were
occupied by saturated fat (Figure 2c).

For better understanding of composition variation, we
collected SRS spectra at five different locations marked in Figure
2¢,d. At specific locations of S1, S2, and S3, saturated fat was
prominent owing to a significant band at 2885 cm™' (®) and
absent band at 3007 cm™"' (@) in the SRS spectra (Figure 2f).
Their microscopic shapes were more close to densely packed
round lipid droplets (Figure 2c). However, at locations of S4 and
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Figure 2. Hyperspectral SRS imaging of saturated and unsaturated fat in
cancerous liver tissue. (a,b) Overlay image and MCR retrieved SRS
spectra of saturated fat (yellow), unsaturated fat (green) and protein
(magenta) in cancer tissue. (c—e) MCR reconstructed concentration
maps of saturated fat, unsaturated fat and protein, respectively. (f,g) SRS
spectra at indicated locations in parts c and d (normalized by intensity at
2853 cm™).

S5, the Raman band at 3007 cm ™ showed up independently. It
implies that the lipids on those positions were mixture of both
saturated and unsaturated fat. Meanwhile, from morphology,
they typically had irregular shapes and existed as large sized lipid
bulks in the concentration map. In the MCR reconstructed image
of unsaturated fat shown in Figure 2d, we also found some extent
of spectral variation at different locations. At locations of U1, U2,
and U3, SRS spectra exhibit a very steady profile with prominent
Raman band indicated by ®, which are characteristic of
unsaturated fat (Figure 2g). With an appearance in the SRS
concentration map, they were smaller with a regular round shape
and potentially were lipid droplets. Nevertheless, the unsaturated
fat at locations of U4 and US had a stronger vibrational signal at
2935 cm™ in the spectra. Meanwhile, the Raman band at 3007
cm™!, which represents unsaturation degree, kept almost the
same intensity for all spectra. This trend suggests that protein,
comprising strong CH, vibrational stretching (2935 cm™), may
overlap with unsaturated fat spatially. To test this hypothesis, we
calculated spectra differences between locations at U4, US, and
Ul, and the resulting spectra were well consistent with the
spectrum of BSA (Figure S3). Thus, we concluded these lipids
were aggregations of lipids and protein, and they also emerged as
unregularly shaped plaques shown in the SRS image (Figure 2d).

From above analytical results, hyperspectral SRS uncovered
substantial amount of two types of lipids in cancerous liver
tissues. Saturated fat was found abundantly in lipid droplets and
they mixed with some amount of unsaturated lipids in bulks. The
second resolved lipid component was unsaturated fat. They were
mostly accompanied by intracellular protein.
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To confirm that cancerous liver tissue indeed stored
substantial more saturated fat comparing with normal liver
tissue in larger area, we did hyperspectral SRS imaging of both
cancerous and normal tissue with size of about 500 X 500 ym?. In
Figure 3a, 16 hyperspectral SRS images were obtained and their

a Cancer b Normal

100 ym 100 -

Figure 3. Comparison of cancerous and their adjacent normal liver
tissues by hyperspectral SRS imaging. (a,b) Large scale images (~500
um) of cancerous and normal tissues of patient no. 25 obtained by
hyperspectral SRS imaging and MCR decomposition. Saturated fat,
unsaturated fat, lipofuscin granules, and protein are colored in yellow,
green, cyan, and magenta, respectively.

MCR reconstructed images were stitched to generate a mosaic
large scale concentration map. In cancerous tissue, saturated fat
(yellow) was widely spread (Figure S4). However, in adjacent
normal liver tissue (Figure 3b), saturated fat was less spotted. In
addition, we observed that liver cells in normal tissue were well
organized with clear cellular morphology. Also, lipofuscin
granules were frequently distributed in the examined area
(Further discussion about lipofuscin granules was detailed in
Supporting Information and Figure S5).

We therefore examined tissue samples from 24 patients to
affirm the above findings (Table S1 and Figure S6). For each
sample, we randomly selected 1—-3 different locations for SRS
imaging. In each location, the saturated fat was quantitated by
their occupied area normalized to the total area in each MCR
reconstructed image. Figure 4a shows the statistical data that the
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Figure 4. Saturated fat quantitation by hyperspectral SRS imaging and
mass spectrometry. (a) Area fraction of saturated fat statistically
measured by hyperspectral SRS imaging in normal and cancerous liver
tissues from 24 patients. The average is indicated by the red line. (b) TP,
TO, and TL in extracted lipids from normal and cancerous liver tissues
from 11 patients measured by mass spectrometry. Error bars represent
standard error of the mean.

quantified amount of the saturated fat in viewed areas in each
sample. For cancerous liver tissue, we found that the averaged
area fraction of saturated fat is ~12.21% in liver cancer, while
only ~0.17% in the normal liver. Particularly in two patient cases,
area fractions of saturated fat were up to ~40% at examined
locations (Figure S7). For most normal tissues, we did not
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observe saturated fat accumulation at examined locations. To
validate this observation, we quantitatively analyzed both
cancerous liver tissues and their normal counterparts from 11
patients by a mass spectrometer (Figure 4b). Lipids contents
including glyceryl tripalmitate (TP, 16:0/16:0/16:0), glyceryl
trioleate (TO, 18:1/18:1/18:1) and glyceryl trilinoleate (TL,
18:2/18:2/18:2) were extracted and quantified. Cancerous liver
tissue indeed contained ~6-fold of TP than that in normal tissue.
On the contrary, the levels of unsaturated lipids including TO
and TL in mass data showed relatively higher in normal liver
tissue (see more mass data in Figure S8). In fact, we found
heterogeneity among patients and did visualize large-sized lipid
droplets containing unsaturated fat in normal liver tissues from
some patients (Figure S9). Because we observed unsaturated fat
in both cancerous and normal liver tissues, unsaturated fat is
probably not specific for cancerous tissues. However, both
hyperspectral SRS imaging and mass data have found significant
higher content of saturated fat specifically in cancerous live
tissues than that in normal tissues, suggesting that saturated fat
has a great potential to be a metabolic biomarker for liver cancer.

Different cancer types reprogram their metabolic pathways
and store metabolites distinctively. By detecting intrinsic
vibrational signatures of biomolecules, SRS has allowed
molecular identification of aberrant metabolic accumulation in
situ in unprocessed tissues of human. For a long time, fat
saturation in liver cancer is rarely studied due to lack of effective
tools. In this work, we found that the cancerous liver tissues from
patients stored significantly higher saturated fats in lipid droplets
and aggregated lipid bulks than their adjacent normal tissues. In
normal liver tissues, we also chemically visualized a large amount
of lipofuscin granules. With capability of chemical analysis and
high-resolution imaging, metabolites alternations in cancerous
lesions can be readily determined in the molecular level, which is
a promise to yield new insight into cancer diagnosis and
prognosis related clinical applications.
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