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A B S T R A C T

We have used coherent anti-Stokes Raman scattering (CARS) microscopy as a novel and rapid, label-free
and non-destructive imaging method to gain structural insights into live intestinal epithelial cell cultures
used for drug permeability testing. Speciﬁcally we have imaged live Caco-2 cells in (bio)pharmaceutically
relevant conditions grown on membrane inserts. Imaging conditions were optimized, including
evaluation of suitable membrane materials and media solutions, as well as tolerable laser powers for
non-destructive imaging of the live cells. Lipid structures, in particular lipid droplets, were imaged within
the cells on the insert membranes. The size of the individual lipid droplets increased substantially over
the 21-day culturing period up to approximately 10% of the volume of the cross section of individual cells.
Variation in lipid content has important implications for intestinal drug permeation testing during drug
development but has received limited attention to date due to a lack of suitable analytical techniques.
CARS microscopy was shown to be well suited for such analysis with the potential for in situ imaging of
the same individual cell-cultures that are used for permeation studies. Overall, the method may be used
to provide important information about cell monolayer structure to better understand drug permeation
results.
© 2017 Elsevier B.V. All rights reserved.

1. Introduction
Caco-2 cells have been widely used as in vitro cell models to
study intestinal drug permeation in the early stages of drug
development (Shah et al., 2006). According to the Web of Science
database, about 13000 publications involving Caco-2 cells have
been published from 2000 to 2015, with the annual number of
publications increasing over this period (Fig. S1.). In the ﬁeld of
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acids; EDTA, ethylenediaminetetraacetic acid disodium salt dihydrate; HEPES, 2-[4(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid; PBS, phosphate buffered
saline; PET, polyethylene terephthalate; PC, polycarbonate; PTFE, polytetraﬂuoroethylene; PMT, photomultiplier tube; HyD, GaAsP hybrid detector; f-CARS,
forward CARS; epi-CARS, backward scattered CARS; OPO, optical parametric
oscillator; BF, bright ﬁeld; Calcein AM, acetoxymethyl derivate of calcein; EthD-1,
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nanoparticles.
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pharmaceutical sciences, about 300 publications have been
published annually since 2010. When cultured with suitable
media and membrane inserts, these cells grow as monolayers on
membranes and express morphology with many features in
common with the intestinal epithelium, including tight junctions,
carrier proteins and microvilli (Artursson et al., 2001; Hubatsch
et al., 2007). Typically, it takes approximately 21 days until this
monolayer is mature and conﬂuent. The culture is then used in
drug permeation studies during which a drug is introduced to one
side of the insert and the amount of drug having crossed the cell
layer to the other side of the membrane is measured at deﬁned
time points (Artursson et al., 2001; Artursson, 1990). Technically,
the procedure is simple, but direct information on the cell layer
composition and structure during the growth period is not
obtained. Furthermore, laboratories can have slightly different
methods of culturing Caco-2 cells and it is recognized that different
culturing conditions (cell passage number, initial seeding density,
transport buffer) can lead to poor reproducibility and signiﬁcantly
variable results in drug transport studies (Donna, 2008; Hubatsch
et al., 2007). However, the reasons and mechanisms for these
differences are often not known.
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Visualization of the live cells would help to address this
analytical shortcoming and could facilitate understanding of
structural sources of drug permeation testing variability. Confocal
ﬂuorescence microscopy has been widely used to image cells,
including Caco-2 cells. The use of ﬂuorescence microscopy has
made it possible to probe virtually any part of a cell culture with
high speciﬁcity using ﬂuorophores speciﬁc to various cellular
components. Lipid droplets have recently been recognized as
important dynamic cellular components that, in addition to acting
as energy storage, can possess other dynamic cellular functions
and, as a result, lipid droplet studies are gaining widespread
attention (Martin and Parton, 2006). Lipid droplets can be found in
high numbers in adipose cells, although most cell types contain
lipid droplets to varying degrees (Pol et al., 2014; Tauchi-Sato et al.,
2002). These lipid droplets can be visualized using ﬂuorescence
microscopy and new ﬂuorophores have recently been developed
for this purpose (Wang et al., 2016). However, there are some
drawbacks to using externally added ﬂuorophores. Firstly, at least
one extra sample preparation step is required. Secondly, these
agents do not naturally belong in cells and it is often not known
how they affect the cellular functionality. Thirdly, bleaching of the
ﬂuorescent labels may render prolonged time-lapse experiments
impossible. Thus, alternative imaging techniques that are labelfree and chemically-speciﬁc are needed.
Coherent anti-Stokes Raman scattering (CARS) microscopy is a
label-free imaging approach based on molecular vibrational
resonances that is attractive for imaging biological samples,
including live cell cultures (Evans and Xie, 2008; Winterhalder
and Zumbusch, 2015). In the CARS process, three pulsed lasers are
overlapped spatially and temporally at the focus of a high
numerical aperture (NA) objective. The initiated non-linear four–wave mixing process generates a strong anti-Stokes Raman signal
when matched with the vibrational resonances of molecule within
the focal volume of the sample. This enables rapid, label-free, and
chemically-speciﬁc imaging with (sub-)micron spatial resolution.
CARS microscopy has been used to image various cellular
components including the cytosol and nucleus (Bonn et al., 2009;
Cheng et al., 2002; El-Mashtoly et al., 2014) and, in particular, lipid
structures. Cells and tissues are rich in lipid structures, such as
membrane structures and lipid droplets. Lipids have a high CH
bond density and the highly CARS-active CH stretching modes in
the CARS spectral region of 2800–3000 cm1 can be exploited to
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visualize lipid structures (Bonn et al., 2009; Evans et al., 2005; Nan
et al., 2006; Wong et al., 2011). Hellerer et al. have also shown the
beneﬁt of using CARS for visualization of lipid droplets compared
to ﬂuorescence imaging (Hellerer et al., 2007). In their study it was
shown that the number of lipid droplets in live Caenorhabditis
elegans nematode was underestimated when stained lipid droplets
(Nile red stain) were imaged using two-photon ﬂuorescence
microscopy as compared to CARS microscopy where the signal
originates from the molecular vibrations of carbon–hydrogen
bonds.
In the present study, the aim was to investigate the lipid content
and change in live Caco-2 cells cultured as monolayers on
membrane inserts. The lipid content and distribution is of high
importance because these cells have been routinely used in drug
intestinal permeation studies and the lipid content could strongly
affect the permeation of drugs through these cells. Replication of
drug permeation between laboratories has been problematic,
which may be partly due to unrecognized differences in lipid
content and distribution.
To the best of our knowledge, there are no previous studies
reporting label-free CARS imaging of live intestinal epithelial cell
cultures grown on membrane inserts. An in vitro imaging platform
using CARS microscopy to study live intestinal epithelial cell
cultures could be used to obtain structural information about the
cell cultures. Therefore, in the present study, we have investigated
the potential of label-free CARS microscopy for non-destructive
imaging of live intestinal epithelial cell cultures in (bio)pharmaceutically relevant conditions and have then used the technique to
obtain new insights into Caco-2 cell structures. Herein, we
investigated the most suitable buffer types, membrane insert
materials, and imaging conditions for CARS imaging of cell cultures
and demonstrated that CARS microscopy is suitable for label-free
and non-destructive imaging of live Caco-2 cells, including the
analysis of lipid structures.
2. Materials and methods
2.1. Cell culture materials
Cell culture medium solution Dulbecco’s Modiﬁed Eagle’s
Medium (DMEM), fetal bovine serum (FBS), L-glutamine, nonessential amino acids (NEAA), Penicillin (100 IU/mL), Streptomycin

Fig. 1. Schematic ﬁgure of imaging conﬁguration. OBJ: microscope objective, (25  , N.A. 0.95), SS: scanning stage with galvanometric z-scanner, L: condenser lens (N.A. 0.55),
F1 and F2: dichroic mirrors and band-pass ﬁlters for f-CARS/BF and epi-CARS channels, PMT: photomultiplier tube, Nd:YVO4: 80 MHz pulsed solid-state fundamental laser,
OPO: optical parametric oscillator, F3 tunable band-pass ﬁlter, HyD: GaAsP hybrid detector. (For interpretation of the references to colour in this ﬁgure legend, the reader is
referred to the web version of this article.)
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(100 mg/mL) and trypsin were purchased from HyCLone, USA.
Ethylenediaminetetraacetic acid disodium salt dihydrate (EDTA)
and 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid
(HEPES) were acquired from Sigma-Aldrich, Germany. Hank’s
balanced salt solution (HBSS) and phosphate buffered saline (PBS)
were purchased from Life Technologies, USA. The 25 cm2 and
75 cm2 culture ﬂasks and Transwell1 inserts made from polyester
(polyethylene terephthalate, PET) with a pore size of 3.0 mm,
polycarbonate (PC) with a pore size of 3.0 mm, and collagen coated
polytetraﬂuoroethylene (PTFE) with pore sizes of 3.0 mm and
0.4 mm, were obtained from Corning Inc., USA. Human colon
carcinoma cells (Caco-2) were obtained from the American Type
Culture Collection (ATCC), USA. The glass bottomed 24-well plates
that were used in the viability tests were obtained from MatTek
Corporation, USA.
2.2. Cell culture protocol
Caco-2 cells were cultured in 25 or 75 cm2 culture ﬂasks in
DMEM with 10% (v/v) FBS, 1% (v/v) L-glutamine, 1% (v/v) NEAA and
1% (v/v) antibiotic mixture (ﬁnal concentration of 100 IU/mL
Penicillin and 100 mg/mL Streptomycin). Cell passage numbers 31–
39 were used. The cells were passaged once a week. 0.5 mM PBSEDTA and 0.25% (w/v) trypsin-PBS-EDTA solutions were used for
passaging the cells. For imaging experiments, the cells were seeded
on Transwell1 inserts with an initial density of 60,000 cells per
1 cm2. Cells were cultured at 37  C in a humidiﬁed atmosphere
(95%) with 5% CO2.
2.3. Microscope conﬁguration
The microscope used for imaging was a commercially available
fully-integrated Leica TCS SP8 CARS microscope. A heated
environmental chamber built over the microscope with a
controlled CO2 supply (37  C and 5% CO2) was used for maintaining
the live cell cultures during imaging. The system consists of an
inverted microscope equipped with a laser-scanning confocal
scan-head and photomultiplier tube (PMT) and GaAsP hybrid
(HyD) photodetectors (Fig. 1). The CARS signal was separated from
other signal components (e.g. second harmonic generation, SHG)
using bandpass ﬁlters at 560–750 nm and detected in the forward
direction (f-CARS) or backward direction (epi-CARS) using nondescanned PMT detectors. A water-immersion 25  objective with
an NA of 0.95 (Leica HCX IR APO L 25  /0.95 W) was used in all
experiments. The CARS excitation source was a Nd:YVO4 solidstate-laser (APE GmbH, Germany) with an optical parametric
oscillator (OPO). The Stokes beam (vs) had a ﬁxed wavelength of
1064.5 nm and a pulse duration of 7 ps. The bandwidth was about
2–3 cm1 and the repetition rate was 80 MHz. The pump and probe
beams (vp and vpr) at 781–827 nm were generated from the OPO
with the pulse duration of 5–6 ps. Experiments were performed
with laser powers of up to 100 mW for the pump/probe beam and
50 mW for the Stokes beam, corresponding to a maximum peak
power density of 0.14 TW/cm2 within the diffraction limited spot.
The incident powers were measured by a photodiode power sensor
(S170C, Thorlabs Inc., USA). The effective beam areas were
calculated as (Eq. (1))
Aef f ¼ pw2 =2;

ð1Þ
2

where w is the 1/e beam radius of the Gaussian ﬁt to the Airy disk
(w = 0.687r; Rayleigh limit r = 0.61l/NA, where l is the excitation
wavelength).
For the bright ﬁeld light microscopy (BF) imaging a He/Ne laser
with a wavelength of 633 nm and power below 0.1 mW was used.
The Leica Application Suite Advanced Fluorescence (LASAF) was

used for image acquisition and processing together with Fiji ImageJ
software. LASAF was used to estimate the diameter of individual
lipid droplets in cells. Contrasts were adjusted case-by-case in
images.
2.4. CARS spectroscopy of solution media
CARS spectra from DMEM with and without phenol red, HBSS,
and PBS were measured to ﬁnd the optimal media solution for
imaging. A drop of each solution was placed on glass coverslips
which were then scanned in the yz-plane in order to acquire CARS
signal from both the sample and the coverslip. The spectra were
recorded from 2698 cm1 to 3410 cm1 by tuning the pump laser
step-by-step 71 times during a spectral scan. The sample spectra
were normalized to the spectrum of the coverslip. Since glass only
generates a nonresonant CARS signal, it was possible to cancel out
the intensity variations due to the laser power ﬂuctuations and the
wavelength dependent detection efﬁciency.
2.5. Imaging of membrane inserts
The durability of different membrane insert materials to CARS
lasers and the optical properties of inserts were evaluated to ﬁnd
the best insert for CARS imaging. Commonly available Transwell1
inserts (Corning Inc., USA) made from three different materials,
PET, PC and collagen–coated PTFE, were imaged. The inserts were
placed on a coverslip while being imaged. Z-stacks covering the
entire thickness of the insert membrane were acquired at
2860 cm1 with increasing laser powers until visible damage
was observed. Inserts were imaged dry as well as after the addition
of HBSS-HEPES buffer solution on the apical side to see if the buffer
changed the optical behavior of the insert materials and image
quality. Bright ﬁeld images of the inserts were taken before and
after CARS imaging.
2.6. Cell viability analysis
The effect of CARS imaging on cell viability was investigated at
37  C and 5% of CO2. The cells were seeded on glass-bottomed 24well plates at a density of approximately 325000 cells/well and
incubated overnight to allow the cells to attach to the bottom of the
wells. The cells were imaged using CARS microscopy the next day.
Cells were exposed to the CARS lasers at different powers and for
different durations. Bright ﬁeld images were recorded before and
after exposure to the lasers to detect any changes in cellular
morphology.
To attain further information about the effect of laser
irradiation on cell viability, a ﬂuorescence assay was performed
using the CytoSelectTM Cell Viability and Cytotoxicity Assay Kit
(Cell Biolabs, Inc., USA, Catalog Number CBA-240). The kit contains
an acetoxymethyl derivate of calcein (Calcein AM) and ethidium
homodimer (EthD-1) ﬂuorescence dyes. Live cells convert the
nonﬂuorescent Calcein AM to the highly ﬂuorescent calcein, which
remains within the cells. EthD-1 is a ﬂuorescent stain that can only
penetrate damaged cell membranes and ﬂuoresces strongly when
bonded to ssDNA, dsDNA, RNA, oligonucleotides and triplex DNA.
Thus, it was used to detect dead cells. Before performing the assay,
CARS z-stacks with different laser powers (20–100 mW for the
pump beam and 10–50 mW for the Stokes beam in the focus) were
recorded of the Caco-2 cells. Z-stacks were recorded so that they
covered the entire thickness of the cells in the ﬁeld of view. The
number of steps in the z-stack was 45 and the step size was
0.57 mm. Images with 512  512 pixels were recorded using a
2  zoom, producing a scanning area of 232  232 mm2. A scanning
speed of 400 Hz (line average 2) was used, resulting a pixel dwell
time of 1.20 ms and a frame rate of 0.386 frames/s. After recording
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each CARS stack, the medium was removed from the wells and
400 mL of ﬂuorescence dye containing Calcein AM and EthD-1
(diluted in HBSS-HEPES, 1:500) was added per well. The cells were
then incubated for 30 min at 37  C. After incubation, the excess
stain was removed by washing the cells twice with HBSS-HEPES
buffer solution. The cells were kept in buffer while imaging the cell
viability. HyD-detectors were used for imaging the green ﬂuorescence signal from calcein and the red ﬂuorescence signal from
EthD-1. For the negative control, the cells were incubated with
HBSS-HEPES buffer solution without exposure to the CARS lasers.
For the positive controls indicating dead cells, the cells were
incubated with Saponin (diluted in HBSS-HEPES, 1:100) or 1%
Triton-X 100 in HBSS-HEPES for 10 min and imaged afterwards in
the same manner as the samples that were exposed to different
CARS laser powers.
3. Results and discussion
3.1. CARS spectra of the media solutions
Despite the importance of selecting suitable cell culture media
solutions for CARS imaging, published reports in this area are
lacking. CARS spectra of different media solutions were recorded to
ﬁnd the solution that gives the lowest background CARS signal.
Four media solutions for intestinal epithelial cell culturing were
tested in this study: two buffer solutions commonly used for cell
experiments, PBS and HBSS-HEPES, and the cell culturing medium
DMEM, with and without phenol red.
The CARS spectra of the four media are similar within the
spectral region analysed (Fig. 2). The broad peak centered at
3200 cm1, common to all spectra, is associated with stretching
of the 
OH group of water. In addition to water, PBS consists of
inorganic salts such as KH2PO4, NaCl and Na2HPO4, whose Raman
active modes are outside the CARS spectral region probed. HBSS
also contains KCl with the addition of HEPES. Sulfonic acid within
the HEPES, has a Raman signal at 2936 cm1 due to 
OH
stretching (Panicker et al., 2006). However, no such peak was
distinguishable in the present study; presumably it was masked by
the broader and stronger water signal. DMEM is a culture medium
widely used for cell culturing. DMEM contains glucose and, in this
study, FBS, L-glutamine, NEAA and an antibiotic mixture of
Penicillin and Streptomycin. However, the concentrations of these

Fig. 2. CARS spectra of four different media solutions: PBS, HBSS-HEPES and DMEM
with and without phenol red. (For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the web version of this article.)
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species are evidently too low for the signals from these species to
be detectable.
The region at around 2800–3000 cm1 is interesting for
imaging cells, because various 
CH stretching modes occur in
this region. Thus, for CARS imaging it is preferable to use a solution
that does not contain species that exhibit strong Raman scattering
in this region. Overall, the CARS signal strength was weak and no
major differences in the CARS spectra could be seen between the
media solutions. Thus, all the media are suitable for imaging cell
cultures in this spectral region. In this study, HBSS-HEPES was
subsequently used while cells were imaged on membrane inserts.
3.2. Imaging membrane inserts
The durability of different insert materials to the CARS lasers
was evaluated by recording z-stacks of the membranes (without
buffer present). Fig. 3a shows a bright ﬁeld image after recording a
z-stack across the entire thickness of a PC membrane (22 mm)
with laser powers of 32 mW and 14 mW for the pump and Stokes
beams, respectively. Obvious damage, manifested as holes and
surrounding dark regions, is visible. Such damage occurred when
laser powers as low as 15 mW for the pump and 7 mW for the
Stokes beam were focused on the ﬁlters. The ongoing damage was
also seen as a broadband luminescence emission on all PMT
detector channels. The damaged areas are expected to contain
carbon (graphite) particles. These particles absorb light through
one-photon and two-photon excitation which causes ﬂuorescence
over a broad spectral range. Part of this emission falls into the
detection range of the CARS channel and is seen as an intense
signal (Fig. 3b). Strong absorption could possibly trigger further
thermal damage on the membrane. Similar behavior was observed
when PET inserts were imaged. When a laser power of 47 mW for
the pump and 20 mW for the Stokes were used, even one scan
(1024  1024 pixels) was sufﬁcient to damage the PET inserts
(Fig. 4f). In contrast, the PTFE inserts showed superior durability
compared to the PC and PET inserts. It was possible to record CARS
z-stacks with maximum laser powers with no apparent optical
damage.
The effect of HBSS-HEPES addition on the optical properties and
durability of the inserts was also investigated. The pores of PC and
PET inserts (with a pore size of 3 mm) were clearly visible as dark
spots with BF imaging (Fig. 4a–b and d–e). Unlike for the PC and
PET inserts, the pores at the surface of the PTFE inserts were not
visible in the BF or CARS images (Fig. 4g–l). Instead, a meshworklike structure was visible. An increase in signal strength during
CARS imaging was seen with all the inserts after addition of the
HBSS-HEPES buffer (CARS images without HBSS-HEPES are not
shown due to the lack of sufﬁcient signal to be detected). With the
collagen coated PTFE inserts, a clear change in BF images could also
be seen (Fig. 4g–h and j–k). The surface of the inserts appeared to
be smoother in the presence of the solution (Fig. 4g–h and j–k).
These PTFE-inserts are coated with an equimolar mixture of types I
and III collagen (Corning Inc., Product #3491 and 3492), and the
visible meshwork structure is probably due to the arrangement of
the collagen ﬁbers on top of the insert membrane. This meshwork
was not obvious in the CARS images when dry inserts were imaged.
However, better refractive index matching after addition of HBSSHEPES buffer solution made it visible when relatively high laser
powers were used.
The addition of HBSS-HEPES did not improve the durability of
PC and PET inserts. When the lasers were not focused on these
membranes, damage was generally not apparent, and thus they
could potentially be used in cell culture experiments with CARS
imaging if care was taken never to focus on the membranes.
However, when imaging the Caco-2 cell cultures through these
ﬁlter membranes, the shadows of the scattering pore pattern
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Fig. 3. Optical damage on a PC membrane as seen in the bright ﬁeld (a) and CARS (b) channels after CARS z-stack imaging through the thickness of the insert membrane. The
CARS laser powers were 32 mW for the pump and 14 mW for the Stokes beam. Scale bar is 100 mm. (For interpretation of the references to colour in this ﬁgure legend, the
reader is referred to the web version of this article.)

obscured the cells (Fig. 5). Thus, it can be concluded that PTFE is the
best insert material for CARS imaging of cell cultures as a result of
its high durability to laser irradiation and high transparency. The
cell culture images obtained when PTFE inserts were used are
shown in Section 3.4.
3.3. Cell viability after CARS imaging
In general, the CARS process is thought to be rather well
tolerated for cell and tissue imaging (Evans et al., 2005; Evans and
Xie, 2008) and CARS microscopy is useful for long-term live cell
microscopy studies (Jüngst et al., 2013). The CARS process itself
occurs from the ground electronic state, which reduces photodamage (Evans and Xie, 2008). In addition, many CARS microscopes use picosecond pulsed lasers, which have a lower peak
power compared to femtosecond lasers that are typically used in
two-photon ﬂuorescence (Cheng et al., 2002; Evans and Xie, 2008).
However, multi-photon absorption induced photodamage can still
occur when Stokes and pump lasers are irradiated onto the sample
during CARS imaging. Thus, it is important to conﬁrm the viability
of the cells in order to be able to image cells that remain alive and
healthy under the experimental time needed. Since there are
different CARS setups between research groups it is not trivial to
compare the photodamage observed in various studies unless all
variables are accounted for. These variables include laser
wavelength(s), pulse width, and repetition rate, objectives used
and image acquisition time including pixel dwell time and
scanning speed.
In this study, the changes in the morphology of the cells after
CARS image acquisition were initially examined based on the BF
images before and after exposure to the CARS lasers as described in
Section 2.3. No major changes in cell morphology were observed.
After exposing the cell culture for 5 min with powers of 100 mW in
the pump and 50 mW in the Stokes beam (total irradiance of
0.14 TW/cm2) it was possible to see some changes in cell culture
structure: the cells were less tightly associated with one another
(data not shown), indicating photodamage. This result is in
accordance with previous studies where comparable irradiance
values were used and is attributed to the chemical changes due to
formation of free electrons in the sample (Galli et al., 2014; Vogel
et al., 2005). However, these were extreme conditions that are not
generally needed for cell imaging. Wong et al. showed that there
was apparent photodamage in the BF image of NIH/3T3 ﬁbroblast
cells after CARS z-stack imaging with laser powers of 35 mW

(Wong et al., 2011). The same cell was also imaged after 2 h and it
had altered its morphology to become round-shaped and was
detached from the surface of the Petri dish, indicating cell death. In
our case, no such effects were observed when Caco-2 cells were
imaged using z-stacks and pump and Stokes laser powers of
40 mW and 20 mW, respectively. The bright ﬁeld images were
recorded before and two hours after the CARS imaging. After two
hours the cells were still attached to the bottom of the 24-well
plate and no change in morphology was observed. In addition to
instrumental conditions, it is likely that different cell types and the
structure of their cultures exhibit different optical sensitivities. For
example, Caco-2 cells tend to associate closely with one another,
unlike NIH/3T3 ﬁbroblasts (Wong et al., 2011).
Since it is difﬁcult to evaluate the viability of the cells just by
their morphology, ﬂuorescence imaging was also performed.
Fluorescent stains were used to selectively stain live and dead cells,
with Calcein AM used to stain the live cells and EthD-1 used to
stain the dead cells, as described in Section 2.6.
The results of the cell viability study are shown in Fig. 6. After
the full z-stack (2 min exposure time) at laser powers of 100 mW
and 50 mW for the pump and Stokes beams respectively, the cell
membranes were not sufﬁciently damaged for EthD-1 to contact
the DNA-like structures and ﬂuoresce. Thus, according to this
analysis, the Caco-2 cells were still viable soon after CARS image
acquisition even with the high laser powers. However, one has to
be careful when prolonged experiments with live cells are
conducted, since photodamage can also result after extended cell
stress (Magidson and Khodjakov, 2013). Furthermore, more subtle
cell damage may need to be taken into account. For example, lipid
droplet trafﬁcking or other internal cellular processes could be
disrupted with lower laser powers and energies. Thus, it is best to
keep the laser powers as low as possible, while still being able to
capture images of sufﬁcient quality. Nan et al. imaged lipid droplet
transport in living steroidogenic mouse adrenal cortical (Y-1) cells
using CARS microscopy, and concluded that laser pulse energies
should be under 2 nJ with an average power under 9 mW to be able
to image lipid droplet transport nondestructively (Nan et al., 2006).
They used shorter wavelengths in their setup: 711 nm and 892 nm
for the pump and Stokes respectively, compared to the present
study, in which 816 nm and 1064.5 nm for the pump and Stokes
were employed. Photodamage can be reduced with the use of
longer excitation wavelengths (Fu et al., 2006).
Hopt and Neher have studied photodamage in cells during twophoton ﬂuorescence microscopy (Hopt and Neher, 2001). They
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Fig. 4. Bright ﬁeld images before (left column) and after (middle column) the addition of HBSS-HEPES on the surface of the membrane inserts and CARS (2860 cm1) images
(right column) after the addition of the HBSS-HEPES on the surface of the membrane inserts. PC membranes of pore size of 3 mm (a–c), PET membranes of pore size of 3 mm
(d–f), PTFE membranes of pore size of 3 mm (g–i) and PTFE membranes of pore size of 0.4 mm (j–l). CARS image f is one scan from one plane while other images are taken from
single plane of a z-stack (size 20 mm). The laser powers used for the pump and the Stokes beams were 32 mW and 14 mW (c), 47 mW and 20 mW (f), and 63 mW and 27 mW
(i and l) respectively. Scale bars are 100 mm. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

used bovine adrenal chromafﬁn cells that were exposed to
repeated laser scans with varied beam and scan parameters
including average light intensity, pulse duration, excitation volume
and scan speed while having a pulse width of 190 fs, a wavelength
of 840 nm and a pulse repetition rate of 82 MHz as default
parameters. They observed cell damage based on morphological
changes and the Ca2+ indicator dye, FURA-2, which suddenly
loses its intensity due to a higher amount of Ca2+ in the damaged
cells. Based on these repeated scans, they formulated the following
equation to predict the threshold limit for how many scans cells
can be exposed to using ultrafast near-infrared lasers before
photodamage occurs (Eq. (2)):
N/

ðf t Þ1:5

E2:5
td PðtÞ
;

ð2Þ

where N is the number of scans, f is the repetition rate, td is the
pixel dwell time and P is the average power. If this equation is used
with the extreme conditions in the viability study above, when the
laser pulse width was 5 ps and the total average power is
150 mW, the number of scans needed to produce photodamage is
almost 800. In the present viability studies, the number of scans
used for one z-stack was much smaller (45 z-levels), suggesting
that damage would not occur. It should also be kept in mind that
when z-stacks are recorded the excitation plane changes and laser
exposure is distributed over a larger volume in the cells. Thus, zstacks are likely to be less damaging to cells compared to repeated
scans on the same plane.
In this study, we have demonstrated that using a pixel dwell
time of 1.2 ms, frame rate of 2.59 s per frame, 45 scans per z-stack,
pulse repetition rate of 80 MHz, pulse width of 5–7 ps and
1064.5 nm and 816 nm laser wavelengths, no damage to the cells

276

J. Saarinen et al. / International Journal of Pharmaceutics 523 (2017) 270–280

Fig. 5. BF images of PC (a) and PET inserts (c) with Caco-2 cells and corresponding CARS images at 2860 cm1 on the right (b for PC and d for PET). Scale bars are 20 mm (a and
b) and 100 mm (c and d). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

was apparent even with a total average power as high as 150 mW.
Typically, total average powers of 18–32 mW for pump/probe beam
and 8–14 mW for the Stokes beam in the focus were needed to
produce good quality images of lipid structures in Caco-2 cells.
These settings were subsequently used for imaging Caco-2 cells
grown on PTFE inserts.
3.4. Imaging of the Caco-2 cells grown on PTFE inserts
After screening the most suitable cell culturing and imaging
conditions including membrane insert materials, buffer solutions
and laser powers for label-free non-destructive imaging of Caco-2
cells on membrane inserts, the second main objective of this study
was to use CARS microscopy to reveal new structural information
about Caco-2 cell cultures over the typical culture period of
21 days. During this time the Caco-2 cell cultures usually reach
sufﬁcient integrity and maturity to be used as in vitro models in
drug permeation studies (Shah et al., 2006). First, CARS spectra in
the CH stretching region were measured. A typical spectrum of a
lipid droplet and another region with lower signal intensity at
2860 cm1 in the centre of a cell are shown in Fig. 7a. In the lipid
droplets, the strongest CARS signal occurred at around 2860 cm1
(CH2 stretching). In addition, a shoulder occurred in the spectrum
above 2900 cm1 (CH3 stretching) (Volkmer et al., 2001). The CH2
stretching mode has been used to image lipid-rich cellular

structures, since this moiety is more concentrated in lipid based
structures than other chemical moieties (Evans and Xie, 2008;
Garrett et al., 2012; Lin et al., 2011). No strong CARS peaks were
observed in the spectrum that was measured in the centre of the
cell. Above 3000 cm1 there is a broad peak in both spectra due to
the aqueous environment.
As mentioned, lipid droplet studies are gaining interest and
more information about the cellular functions of lipid droplets is
being obtained. In general, the lipid droplet size can vary
substantially depending on the cell type and, for example,
adipocytes can have a single lipid droplet tens or hundreds of
microns in size (Thiam et al., 2013). A phospholipid monolayer
forms the outer surface of the lipid droplets, and the core consists
mainly of neutral triacylglycerol and cholesterol esters (Murphy,
2001). It is not completely understood how intracellular lipid
droplets are formed, although they are believed to originate from
the endoplasmic reticulum (ER). Neutral lipids are synthesized
inside the bilayer of the ER from where lipid droplets with the
phospholipid monolayer surface bud after maturation (Martin and
Parton, 2006; van Meer, 2001). Lipid droplets are seen nowadays as
dynamic organelles that also contain and interact with many
proteins (Martin and Parton, 2006; Salo et al., 2016). Intralipid
droplet proteins of particular importance are the perilipin family
proteins, which regulate the balance between the degree of lipid
storage and hydrolysis of stored triacylglycerols (Ducharme and
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Fig. 6. Cell viability test results using ﬂuorescence imaging. The green colour is ﬂuorescence from Calcein AM indicating live cells and the red colour is from EthD-1 indicating
dead cells. In images (a) and (b), which are BF and ﬂuorescence images respectively, cells were grown in HBSS-HEPES buffer without any subsequent exposure to CARS lasers
(negative control). For positive controls, cells were incubated for 10 min with Saponin (c) or 1% Triton-X (d). Cells in images e-h were exposed to CARS z-stacks with the
following laser powers respectively: pump and Stokes: 20 mW and 10 mW (e), 30 mW and 15 mW (f), 40 mW and 20 mW (g) and, 100 mW and 50 mW (h). Scale bar is 50 mm.
(For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

Bickel, 2008). In addition, intracellular lipid droplet accumulation
has been recognized in several diseases, including diabetes
(Ducharme and Bickel, 2008) and atheroschlerosis (Paul et al.,
2008).
The structural evolution of the lipid-rich structures in Caco-2
cells was evident during the cell culture progression. After 7 days of
culturing many small lipid droplets were visible in the CARS
images (Fig. 7b). The size of the lipid droplets increased
substantially over the 21-day period. After 14 days of culturing
the diameter of the largest lipid droplets was 7 mm (Fig. 7c). The
diameter of a Caco-2 cell is 20 mm, meaning that in these cases
over 10% of the cellular cross section was ﬁlled with a single lipid
droplet.
Human colon cancer tissue has an increased number of lipid
droplets compared to healthy tissue (Accioly et al., 2008). Since
Caco-2 cells are colon adenocarcinoma cells, these cells may
contain larger quantities of lipid droplets than would be expected
in healthy tissue in vivo. Accioly et al. used electron microscopy to
show that Caco-2 cells have a 4 to 5-fold increase in the number of
lipid droplets compared to rat intestinal epithelial cells (IEC-6
cells) after 24 h of culturing. Scalﬁ-Happ et al. used confocal
spontaneous Raman microscopy for imaging Caco-2 cells and IEC-6
cells and concluded that Caco-2 cells had substantially higher lipid
droplet accumulation compared to non-malignant IEC-6 cells
(Scalﬁ-Happ et al., 2011). Our results support these ﬁndings.
However, to the best of our knowledge, the present study is the ﬁrst
where live unlabelled Caco-2 cells have been imaged in a (bio)
pharmaceutically relevant environment for drug permeation
studies, including on membrane inserts. It is more demanding
to capture high quality images in these conditions compared to
situations where cells have been grown on glass slides or glassbottomed well-plates, which are typically used for CARS imaging.
As demonstrated here, the membrane insert material can have a
great impact on the image quality of the cells. We have shown here
that after optimization of the imaging conditions, live intestinal

epithelial cells grown on membrane inserts can be efﬁciently
imaged using CARS microscopy.
As mentioned, Caco-2 cells are frequently used as an in vitro
intestinal cell model in studies predicting drug transport across the
intestinal epithelium. However, with many drugs being hydrophobic and/or lipophilic, the lipid content of the cells will inﬂuence
drug permeation. Therefore, knowledge of lipid content and
distribution in exactly the same cell cultures that are used for drug
permeation studies may help address the reasons for the wide
variability in drug permeation observed between laboratories with
these cultures. CARS microscopy allows for such analysis.
Furthermore, different types of lipid based drug delivery
systems, such as solid lipid nanoparticles (SLNs), nanostructured
lipid carriers (NLCs) and self-(nano)-emulsifying drug delivery
systems (SNEDDSs) have been used to enhance intestinal
absorption of hydrophobic drugs (Chai et al., 2016; Li et al.,
2016; Neves et al., 2016). The mechanisms of improved drug
absorption using these drug delivery systems at the cellular level
are not still fully understood. Nevertheless, the interactions
between these formulations and cells may lead to uptake of intact
particles via endocytosis (and therefore enhance trans-epithelial
drug delivery), or lipid-mediated alteration of tight junction
integrity (increasing paracellular drug delivery) (Chai et al., 2016;
Li et al., 2016; Neves et al., 2016). CARS microscopy could be used to
further probe such mechanisms of enhanced permeation.
4. Conclusion
In the present study, CARS microscopy was used for the ﬁrst
time to image live intestinal epithelial cell cultures on membrane
inserts that are used for intestinal drug permeation studies during
pharmaceutical development. The suitability of various commonly
used cell culture insert materials and imaging media for CARS
imaging of live cells was evaluated. No differences in CARS spectra
between different media solutions were observed, with HBSS-
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Fig. 7. CARS spectra and images of Caco-2 cells cultured on PTFE inserts. The spectra were recorded by tuning the pump laser step-by-step 71 times during a spectral scan and
were generated using two regions: a high intensity lipid droplet, and another region inside the cell (a). The CARS signal at 2860 cm1 was used to image Caco-2 cells grown on
PTFE Transwell1 inserts with pore sizes of 3 mm for 7 (b) and 14 (c) days. The contrast of image (b) was adjusted for clarity. Scale bars are 20 mm. (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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HEPES, PBS, and DMEM all able to be used as cell culture media
while imaging. PTFE was the most robust membrane insert
material for CARS imaging. In addition, the image quality was
substantially better when the cells were imaged on PTFE inserts
rather than the PE and PC inserts. When imaging live Caco-2 cell
cultures, it was found that the number and size of the lipid droplets
increased substantially over a 21 day culturing period, which is
important in the context of drug permeation studies.
This study represents the ﬁrst application of a suitable labelfree imaging platform for live intestinal epithelial cell cultures in
vitro. The CARS microscopy setup allows efﬁcient, rapid and nondestructive in situ imaging in pharmaceutically relevent permeation testing conditions. As such a single culture may be used for
both imaging and permeation studies. In addition to monitoring
changes in single cultures during the culturing period as was done
in this study, the platform may also be used to investigate cultureto-culture, batch-to-batch and lab-to-lab variability. Furthermore,
the lipid content of Caco-2 cells could be compared to intestinal
epithelium tissue using CARS microscopy.
In future studies, cell models can be expanded to include other
epithelial cell cultures and those that consist of a mixture of
different cell types. Also, the interaction of drug nanoparticles with
cells, which may inﬂuence drug absorption, could be imaged in
vitro and in vivo. It is expected that the advantages and the
increasing availability of CARS imaging will lead to its widespread
use in (bio)pharmaceutical research.
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