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Coherent anti-Stokes Raman scattering (CARS) is be- Control Camptothecin Etoposide
coming an established tool for label-free multi-photon
imaging based on molecule specific vibrations in the sam-
ple. The technique has proven to be particularly useful
for imaging lipids, which are abundant in cells and tis-
sues, including cytoplasmic lipid droplets (LD), which are
recognized as dynamic organelles involved in many cellu-
lar functions. The increase in the number of lipid dro-
plets in cells undergoing cell proliferation is a common
feature in many neoplastic processes [1] and an increase
in LD number also appears to be an early marker of
drug-induced cell stress and subsequent apoptosis [3]. In
this paper, a CARS-based label-free method is presented
to monitor the increase in LD content in HCT116 colon
tumour cells treated with the chemotherapeutic drugs
Etoposide, Camptothecin and the protein kinase inhibi-
tor Staurosporine. Using CARS, LDs can easily be distin-
guished from other cell components without the applica-
tion of fluorescent dyes and provides a label-free non-
invasive drug screening assay that could be used not only

with cells and tissues ex vivo but potentially also in vivo.

Staurosporing

Series of CARS images of HCT 116 cells after treatment
at the specified times after drug treatment.
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1. Introduction

Coherent anti-Stokes Raman spectroscopy (CARS)
experienced a revival in the late nineties [2] and is
now being increasingly applied for label-free bio-
imaging [4]. In contrast to the weak Raman scatter-
ing, where one in ten million photons is scattered in-
elastically, CARS utilizes a non-linear four-wave
mixing process to enhance the Raman signal to en-
able fast imaging (pixel dwell times <10 ps). This
third order non-linear process generates blue-shifted
light at the anti-Stokes frequency w,s on the interac-
tion of three photons at two different frequencies ws,
wyp (Figure 1A) through the third-order susceptibility
(x®) of the material. The CARS signal is spectrally
separated from single photon fluorescence although
it is accompanied by a non-resonant background.
The latter is minimized by use of appropriate pulse
duration, collection geometry and polarization-sensi-
tive detection [4]. The CARS intensity is dependent
on the cube of the input intensities:

Icars = NIy Istokes (1)

Furthermore, the CARS signal has quadratic depend-
ence on the number of oscillators (Raman vibration
modes) N in the focal volume. Thus intense signals
can be obtained for high local concentrations of vi-
brational oscillators; CARS of —CH,; bonds in bulk
sample of lipid molecules has been observed to be
nine orders of magnitude stronger than their sponta-
neous Raman signal [5]. Moreover small molecules
such as lipids, triglycerides, drugs and many other
metabolites are difficult to label without loss of func-
tionality. CARS imaging is ideally suited to. provide
an insight into biochemical phenomena invelving
such molecules.

It is for this reason that lipid metabolism, espe-
cially in the context of obesity and diseases such as
diabetes and atherosclerosis, has become one of the
major areas of investigation using CARS imaging,
offering significant opportunities and advantages
over conventional fluorescence based methods [5, 6].
For example CARS imaging has allowed study of li-
pid absorption in the intestine of living mice [2]; the
impact of cholesterol lowering drugs in C. elegans
[7]; helped establish the link between lipid metabo-
lism and tumour aggressiveness [8, 9]; used to evalu-
ate the effect of diet on formation of arterial plaques
that cause thrombosis [10] and also helped unravel
the chemical composition of plaques upon variation
in diet [11]. Besides these demonstrations of the uti-
lity of CARS microscopy, one of the most attractive
applications is the imaging of lipid droplets [12, 13],
which contain exceptionally high local concentra-
tions of lipids inside cells and tissues.

Nan et al. paved the way for live cell LD imaging
and compared CARS to conventional dye based

fluorescence [14]. More recently, Paar et al. observed
LD growth by CARS. They demonstrated that LDs
grow by transfer of lipids between individual dro-
plets [15]. The LD composition in adipocytes and
HELA cells was investigated using hyperspectral
CARS microscopy and maximum entropy method to
retriecve LD Raman spectra [16]. Furthermore, an
emerging area of applications for CARS microscopy
is the imaging of drugs and drug delivery. Apart
from being able to track penetrating oil-rich oint-
ments applied to skin [17] CARS has also been used
to track deuterated drug particles in mouse tissue
[18].

1.1 Lipid droplet generation and apoptosis

Cytoplasmic lipid droplets are considered to be dy-
namic organelles responsible not only for energy sto-
rage’ but many other important cellular functions.
CARS imaging presents a unique opportunity to im-
age lipids (and LDs), especially in live cells. Various
studies have shown that measuring lipid quantities
by applying well-known fluorescent stains such as
Nile Red is unreliable as a consequence of non-spe-
cific lipid labelling, a problem thatis alleviated with
CARS imaging [19-21]. However, LipidTOX, a la-
belled phospholipid based stain, and Oil Red have
been shown to be more reliable than the conven-
tional Nile Red staining for neutral lipids [22].

LDs, which are bound by a monolayer of phos-
pholipids, represent the major cellular storage loca-
tion for neutral lipids, such as triacylglycerols (TAG)
and sterol .esters [23] and contain several enzymes
involved in‘their metabolism, including enzymes re-
sponsible  for lipid synthesis (acetyl-coenzyme A,
acyl-COA). [24, 25] and triacylglycerol breakdown
(lipases). LDs are thought to originate from the
cells” endoplasmic reticulum (ER) since multiple stu-
dies [5, 26-29] suggest an association between LDs
and the ER, although other investigations have
shown that there is a difference between the phos-
pholipid monolayer of LDs and the phospholipids
found in the ER [30].

LDs have long been known to accumulate in tu-
mour cells undergoing drug-induced cell death or
apoptosis. 'H NMR detection of the mobile lipids in
these droplets has been used as a non-invasive meth-
od for detecting tumour cell death in vivo [31-33].
A recent study suggested that this LD accumulation
is due to inhibition of fatty acid oxidation in the mi-
tochondria, as a result of an increase in intra-mito-
chondrial reactive oxygen species (ROS), which di-
verts fatty acids away from oxidation and towards
the synthesis of triacylglycerols which are the major
lipid constituent of the LDs [3].

© 2013 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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In this work we show here that CARS can be
used to rapidly image the sub-cellular accumulation
of LDs in tumour cells undergoing drug-induced cell
death. We show that it achieves a chemical specifi-
city for neutral lipids that is comparable to (or better
than) LipidTox staining. The role of ROS in LD bio-
genesis was confirmed by knocking down the expres-
sion of the cytoplasmic isoform of superoxide dismu-
tase using shRNA, which increased the number of
LDs in the drug-treated cells. This study demon-
strates the potential of CARS imaging to provide ra-
pid label-free cell and tissue-based assays for meas-
uring the time dependence and dose response to
drug treatment.

2. Experimental

2.1 Compact, high power CARS laser
scanning system

CARS is a 4-photon process that requires excitation
by two laser beams at two different frequencies (see
Figure 1A). We used a Chameleon Ultra titanium-
sapphire (Ti:Sa) pulsed femtosecond laser (Coher-
ent) split into two beams: A pump beam (835 nm)
with 100 fs pulse duration and 80 MHz repetition
rate and a second, Stokes beam, generated by opti-
cal parametric generation. The optical parametric 0s-
cillator (OPO) (Semi-Automatic, APE GmbH, Ber-
lin) generates photons between 1080 nm and
1600 nm. For imaging LDs we targeted the CH,
stretching frequency at 2845 cm~!, which  corre-
sponded to the CARS frequency for neutral lipids
(see Figure S3). The OPO was tuned to 1096 nm and
both the beams were overlaid temporally by means
of a delay stage. (LTS203, Thorlabs). For spatial
overlay and scanning, the galvanometer scan-head of
a TriMScope (Lavision Biotec GmbH, Bielefeld,
Germany) was used. By careful alignment of spatial
and temporal overlay the CARS emission was opti-
mized. For initial alignment we used highly CARS-
active nanovoid samples as described earlier [34].
Pixel dwell times were <30 us. The collinear beams
were coupled into an upright microscope (BX 51,
Olympus) for sample excitation and the resulting
blue shifted CARS signals were read out in the Epi
(back scattering) configuration. This minimized the
CARS background as described in [35]. In addition
we can perform multimodal imaging by using a sec-
ond photomultiplier and filter set for second harmo-
nic generation (SHG). The total power applied is
less than 30 mW during imaging. A sketch including
a description of the setup can be found in the sup-
plementary material, Figure S1.

2.2 Sample preparation

A human colorectal carcinoma cell line HCT116
(ATCC, Manassas, Virginia) was grown in RPMI cell
medium (Invitrogen, Carlsbad, California) supple-
mented with 10% Fetal Bovine Serum (Invitrogen)
at 37°C and 5% CO, with or without the addition
of oleic acid (an unsaturated 18 carbon fatty acid
that accumulates in cells and promotes LD forma-
tion). An HCT116 cell line, where expression of
superoxide dismutase (SOD) had been knocked
down using short hairpin RNA (shRNA) technology,
was grown under the same conditions as the wild
type cells. The sequence targeting expression of
SOD was: GCAAAGGTGGAAATGAAGA. De-
creased SOD expression was quantified using qPCR,
which showed an 87 + 4% decrease when compared
to control cells.

For initial comparison between the SOD
knocked-down cells, the wild type cells grown in
oleic acid supplemented medium and the wild type
cells grown in normal medium 5 samples for each
condition were seeded on individual coverslips.
Twenty four hours after seeding, Etoposide (a com-
monly used chemotherapeutic drug) was added to
all samples. Cells were harvested at different time
points after drug treatment (4 h, 8 h, 24 h, 48 h) to
analyze lipid droplet formation. At each time point,
cells were washed with: PBS, fixed in cold 3% PFA
in PBS for 1 h at'4 °C, washed three times with PBS
before CARS images were acquired.

Effect of three different compounds was studied;
Etoposide, Camptothecin and Staurosporine were
used at 45 uM, 10 uM and 1 uM concentrations, re-
spectively. Raman and CARS spectra of these drugs
are. illustrated in supplementary Figure S2 and Fig-
ure S3, respectively. Both figures show that they do
not -have a strong peak at 2845 cm~! unlike tryacyl
glycerol, 'which is the main component of lipid dro-
plets. Therefore their contribution to the CARS ima-
ging of LDs at the CH2 stretching frequency of
2845 cm~! in this work is negligible. These drug con-
centrations were known to induce ~50% cell death
in this cell line at 24 h after drug treatment as illu-
strated in S1 in Boren and Brindle [3]. The control
sample was treated with solvent vehicle. Similarly to
the experiment described above, samples were fixed
after at O h, 4 h, 8 h and 24 h after drug addition.

2.3 Imaging and data evaluation

A 40 x (NA: 1.2) objectives was used for CARS
imaging. The colon carcinoma cells imaged here
were found to be quite flat and attached very close
to the glass cover-slip. Hence for consistency the fo-

www.biophotonics-journal.org

© 2013 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



OO~ Nk W

Journal of

PHOTONICS

4 C. Steuwe et al.: CARS based label-free assay for assessment of drugs

cal plane ~1 um above the glass cover-slip was cho-
sen for imaging. A series of images was taken for
each time point and each individual cell sample. Pix-
el dwell times of 10 to 30 us were usually chosen de-
pending on the CARS activity of the sample. Sam-
ples not containing a high amount of lipids required
30 us integration time, otherwise 10 us were suffi-
cient. An area of 75 x 75 wm was scanned to gener-
ate highly resolved images at the optical diffraction
limit with 1100 x 1100 pixels.

The lipid droplets were observed as bright spots,
which were quantified using an in-house code writ-
ten in MATLAB (Mathworks, UK): PMT shot noise
occurring in the images was smoothed out using
average filtering and the number of pixel with inten-
sities exceeding a threshold defined by the cellular
CARS background (the dispersed CARS signal from
the cells) were counted. This dispersed CARS signal
used as a reference for thresholding arises from the
CARS signal from the distribution of lipids (and
other —CH; containing bio-molecules) over the cell
and primarily consists of the contribution from cell
membrane. Therefore this is likely to be similar for
similar cells at different timepoints. Thus although
this threshold was set by manual control this did not
affect the outcomes and hence, the trend observed
as the cellular background provided an effective in-
ternal reference. It was raised to the point where the

cell outline and internal cellular structures were no
longer counted except the bright LDs.

This number was compared to the overall cell
area in pixels by image segmentation. Figure S4 in
the supplementary material shows unprocessed and
processed MATLAB binary images and the graphi-
cal user interface used for determination of lipid
droplet numbers.

2.4 Statistical analysis

Results are expressed as box and whisker plots with
the box representing the median with upper and
lower quartiles, whilst whiskers represent the mini-
mum and maximum extreme values. Significant dif-
ferences between median values were determined by
applying the Mann Whitney test. Groups were
classed as being significant if P < 0.05.

3. Results and discussion

Label-free CARS imaging eliminates the need for
the genetically engineered tags or the stains that are
used with fluorescence microscopy and avoids the
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Figure 1 (A) An energy diagram showing the coherent anti-Stokes Raman scattering (CARS) process. The CARS photon
is emitted at the anti-Stokes frequency 2wp—ws. All transitions happen on a short timescale of several 100 femtoseconds to

picoseconds and via short-lived virtual states n*

. (B) HCT116 cells 24 h after treatment with Etoposide and stained with

Lipid-Tox fluorescent lipid marker. (C) Label-free CARS image at 2845 cm~! of HCT116 cells 24 h after treatment with
the Etoposide. (D) The same cells grown in an oleic acid rich culture medium and 24 h after treatment with Etoposide.
The increased number of LDs compared to B is clearly visible. (E) Intensity distribution along a slice through each indivi-

dual image, marked with a dashed line.
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problems associated with photo-bleaching. The
greatest advantage of CARS imaging is its simplicity,
which we used here to evaluate the effects of differ-
ent drugs via the stress-induced increase in tumour
cell cytoplasmic LD content. In the first instance we
compared CARS with LipidTox staining for imaging
LDs.

3.1 CARS versus Fluorescence

The advantage of CARS over conventional fluores-
cence microscopy for imaging LDs is demonstrated
in Figure 1. In CARS images of HCT cells (Fig-
ure 1C) the LDs show up as well defined areas with
high intensity, which are easily distinguishable from
the surrounding cytoplasm. Cells incubated with
oleic acid show an even greater production of lipid
droplets (Figure 1D) with greater accumulation in
the cytoplasm, which is clearly distinguishable from
the nucleus. In contrast, the cytoplasm of LipidTox-

Control

Figure 2 Series of CARS images
of HCT 116 cells after treatment
at the specified times after drug
treatment. The increase in the
number of lipid droplets (bright
red spots) is clearly observed in
the drug-treated samples when
compared to the untreated control
cells. Cells sometimes appear lar-
ger than the average cells when
they are mitotic or due to a high
confluence of the sample. The con-
trol images were taken with 30 us
integration time per pixel while all
others are with 10 ps.

fluorescently stained cells (Figure 1B) show a bright
background due to non-specific binding of the dye in
the cytoplasm. The inset in Figure 1B shows that
LDs appear as large and diffuse fluorescent areas
with a reduced contrast compared to the surround-
ing areas. Representative line profiles for the three
images (Figure 1A, B and C) are shown in Fig-
ure 1E. This shows that with CARS the lipid dro-
plets display much sharper intensity peaks in the
profiles compared to fluorescent staining, where the
peaks are broader. Also the background in the fluor-
escent image is higher, which leads to lower contrast
than in CARS.

3.2 Assessment of drug efficacy in HCTI116
cells

HCT116 cells were treated with the drugs Etoposide,
Camptothecin (both topoisomerase inhibitors) and
Staurosporine (a protein kinase inhibitor) at con-
Etoposide

Camptothecin Staurosporine

www.biophotonics-journal.org
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centrations previously known to induce ~50% cell
death after 24 h [3]. Figure 2 shows images acquired
at various time points. Compared to untreated con-
trol cells all three drugs produced a much larger in-
crease in the number of LDs with time. The control
cells showed poor contrast on imaging with CARS
due to lack of lipids compared to the drug treated
cells. Hence, higher pixel dwell times were used for
imaging control cells compared to drug treated cells
which showed increased number of lipid droplets.
Corresponding boxplots summarizing the results
from approximately 150 images and 500 cells are
shown in Figure 3. The LD area per unit cell area,
calculated using a MATLAB script, is plotted over
time. As expected, this ratio increases indicating an
increase in LD generation immediately after drug
treatment. In the control cells there was only a slight
increase in LD content. The lipid droplet content in
the drug-treated cells was significantly higher than
the control cells after 8 h. Furthermore the LD num-
bers with the different drug treatments at each time

point were significantly different from each other, as
indicated by the high p-values in Figure 3, demon-
strating that CARS imaging can be used to rapidly
assess comparative drug efficacy.

As has been shown previously with magnetic
resonance techniques [36] cells incubated with oleic
acid showed significantly greater LD accumulation
following treatment with etoposide when compared
to cells treated with etoposide alone (Figure 4A
and B). Further, in cells transfected with a vector
expressing an shRNA targeted at the cytoplasmic
isoform of SOD, in which the levels of SOD
mRNA were decreased by 86%, there was a signif-
icantly greater accumulation of LDs (Figure 4C),
which was greater than that in wild-type cells (Fig-
ure 4A). The levels of LDs after 48 h are summar-
ized in Figure 4D, which shows that the increase in
LD numbers in SOD knock-down cells were signif-
icantly greater compared to wild-type cells, con-
firming the role of ROS in mediating the increase
in LD levels [3].
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ture. CARS imaging of drug-induced LD accumula-
tion showed significantly better contrast when com-
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