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Visualization of astaxanthin localization in HT29
human colon adenocarcinoma cells by combined
confocal resonance Raman and fluorescence
microspectroscopy
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Astaxanthin, a carotenoid found in plants and seafood, exhibits antiproliferative, antioxidant and anti-
carcinogenic properties. We show that astaxanthin delivered with tetrahydrofuran is effectively taken
up by cultured colon adenocarcinoma cells and is localized mostly in the cytoplasm as detected by
confocal resonance Raman and broad-band fluorescence microspectroscopy image analysis. Cells
incubated with B-carotene at the same concentration as astaxanthin (10 pM) showed about a 50-fold
lower cellular amount of B-carotene, as detected by HPLC. No detectable Raman signal of B-carotene
was found in cells, but a weak broad-band fluorescence signal of B-carotene was observed. 3-Caro-
tene, like astaxanthin, was localized mostly in the cytoplasm. The heterogeneity of astaxanthin and (-
carotene cellular distribution in cells of intestinal origin suggests that the possible defense against
reactive molecules by carotenoids in these cells may also be heterogeneous.
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1 Introduction

It has been suggested that some phytochemicals such as ca-
rotenoids may be responsible for the observed reduction in
the risk of cardiovascular diseases and cancer after
increased consumption of plant food [1—3]. This hypothesis
is supported by in vitro and in vivo experiments showing
that carotenoids, such as astaxanthin, scavenge and quench
reactive oxygen species, inhibit proliferation of cancer
cells, neoplastic cell transformation, up-regulate gap junc-
tion intercellular communication, suppress chemically-
induced carcinogenesis in experimental animals, and exhi-
bit anti-inflammatory effects [4—9]. Cultured cells are often
used to investigate the molecular mechanisms of carote-
noids [9, 10]. To investigate the efficacy of cellular uptake
of carotenoids, extraction with subsequent determination of
carotenoids by HPLC is widely used [11, 12]. Confocal
Raman microspectroscopy is a noninvasive method that
makes it possible to detect carotenoids like astaxanthin
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[13]. Here, we used a broad-band microfluorescence and a
confocal resonance Raman microspectroscopy imaging
approach to investigate the subcellular localization of astax-
anthin in cultured colon adenocarcinoma cells.

2 Materials and methods
2.1 Chemicals

Unless otherwise stated, all chemicals were purchased from
Merck (Darmstadt, Germany). DMEM, penicillin, strepto-
mycin and PBS without Mg** and Ca** were purchased from
Life Technologies (Eggenstein, Germany). Fetal calf serum
(FCS) was obtained from Roche (Mannheim, Germany).
Astaxanthin and B-carotene were from Sigma Chemical
(Deisenhofen, Germany).

2.2 Cell culture and HPLC analysis of carotenoids

Human colon carcinoma cell line HT29 was purchased
from DSZM (Braunschweig, Germany). Cells were main-
tained as described previously [11]. Three days after seed-
ing the cells were incubated with cell culture medium sup-
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plemented with astaxanthin or P-carotene. Carotenoids
were extracted and determined by reversed-phase HPLC as
described in reference [11].

2.3 Confocal resonance Raman and broad-band
fluorescence microspectroscopy

The cells were treated with carotenoids as described above.
After incubation, the cells were washed in PBS, fixed with
methanol for 10 min at room temperature and washed again
in PBS buffer. Raman measurements were carried out using
a confocal Raman microspectrometer as described in [14].
Briefly, laser radiation of 532 nm with 25 mW from a cw
diode pumped solid state (DPSS) laser (Coherent Verdi
V10, Coherent, USA) was focused on the sample under
investigation by a high numerical microscope objective
(NA = 1.4, Nikon, Japan). Emission from the sample was
collected by the same objective, filtered by a band-pass fil-
ter (AHF Analysentechnik, Germany) to suppress the
reflected laser light and coupled into a spectrograph
(TRIAX 320, HORIBA Jobin Yvon, Germany) which was
used for the spectral analysis of the emission from the sam-
ple. The spectrum was detected by a liquid nitrogen cooled
back illuminated CCD camera (Symphony CCD, HORIBA
Jobin Yvon) with single photon sensitivity. Images were
obtained by scanning the sample (128 x 128 um) with a
step resolution of 500 nm using the IM 120 scanning stage
(Mérzhduser Metzler, Wetzlar-Steindorf, Germany).
Raman images were generated by plotting the integrated
intensity of the carotenoid Raman band around 1525 cm™!
minus fluorescence background as a function of position.
Broad-band fluorescence images were constructed by plot-
ting the integrated intensity of fluorescence with super-
posed Raman bands versus position.

2.4 Statistical analysis

Results are given as mean + SD.

3 Results

Incubation of HT 29 cells with B-carotene, in the concentra-
tion range 0—30 puM, delivered via THF for 24 or 72 h with
daily renewal of cell culture medium resulted in an increase
in the cellular concentration of B-carotene (Table 1). The
highest cellular B-carotene level without any significant
cytotoxic effect was observed at 10 uM B-carotene and 72-
h incubation (Table 1). Incubation of cells with 10-uM
astaxanthin for 72-h did not show any cytotoxic effect either
and led to a high cellular uptake of astaxanthin (Table 1).
These cell culture conditions (incubation of cells with caro-
tenoids at a concentration of 10-uM for 72-h) were chosen
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Table 1. Cellular levels of carotenoids and viability of cells®

Additive Cellular levels of Vitality
carotenoids (fmol/cell) (%)
24-h 72-h 24-h 72-h
Incubation Incubation Incubation Incubation
THF (0.5%) n.d. n.d. 100+3 1004
B-Carotene, uM
3 n.d. n.d. 97+17 97+3
10 n.d. 8.0+3.5 98+7 97+2
30 37«15 22.7+102 94=3 88.3 +2%
THF (0.5%) n.d. n.d. ND 100+3
Astaxanthin, pM
3 ND ND ND 101+2
10 ND 487 22 ND 108 +8
30 ND ND ND 105+6

a) HT 29 cells were treated with cell culture medium supplemen-
ted with either B-carotene or astaxanthin dissolved in THF.
Cell culture medium was replaced daily. Cellular levels of car-
otenoids were estimated after incubation for 24 and 72 h,
respectively. Living and metabolically active cells were deter-
mined by the MTT test. ND — not determined; n.d. — not
detectable; * p < 0.05 versus, THF (0.5%)’. Data are presented
as mean = SD.

for the following experiments on visualization of carote-
noids in HT29 cells.

Figure 1A and B shows weak broad-band fluorescence with
superposed Raman bands of 2-mM astaxanthin (Fig. 1A)
and 2-mM f-carotene (Fig. 1B) solutions in THF excited at
532-nm. The Raman spectra of astaxanthin and -carotene
are characteristic for carotenoids and contain three intense
emission bands around 1000 cm~!, 1155cm~! and
1525 cm~!. There was no significant detectable background
emission of carotenoids in HT 29 cells incubated in med-
ium without carotenoids. Irradiation of astaxanthin-treated
cells at 532 nm induced weak broad-band fluorescence with
superposed Raman bands, similar to the astaxanthin solu-
tion. The Raman spectroscopy image of HT 29 cells incu-
bated with 10 uM astaxanthin for 72 h shows preferential
localization of astaxanthin in the cytoplasm (Fig. 2A). The
cell nucleus contains a lower amount of astaxanthin. There
are some precipitated astaxanthin crystals (Fig. 2A, area 2),
which were not removed by washing the cells with PBS.
The Raman spectra from different areas of Fig. 2A are
shown in Fig. 3, traces 1, 2, 3. The image generated from
broad-band fluorescence data shows a similar subcellular
distribution of astaxanthin (Fig. 2B).

The cellular concentration of B-carotene detected by HPLC
was about 50-fold lower than that of astaxanthin. No detect-
able Raman bands of B-carotene in cells incubated with
10 uM B-carotene were found, but a weak broad-band fluor-
escence signal of B-carotene was observed. The broad-
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Figure 1. Emission spectra of astaxanthin (A) and B-carotene
(B) solutions in THF excited at 532 nm. Carotenoid (2 mM)
solution in THF was placed on a microscope slide. The
Raman spectra and broad-band fluorescence signal were
detected as described in the Section 2.

fluorescence image of B-carotene treated cells is shown in
Fig. 4.

4 Discussion

Carotenoids are strong Raman scatterers exhibiting a char-
acteristic Raman spectrum and a strong signal. Measure-
ment of carotenoids in plant tissues by Raman spectroscopy
has a long history [15]. During the last 15 years, methods
have been developed based on Raman spectroscopy to
detect carotenoids in the human skin and retina [16, 17].
Using Raman microspectroscopy the distribution of a caro-
tenoid, B-carotene, in single cells such as human lympho-
cytes or bovine luteal cells has been investigated [18—20].
In accord with our observations, high amounts of carote-
noids at specific sites in the cytoplasm, e. g. the Gall bodies,
of T lymphocytes and NK cells but not in the nucleus [18,
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Figure 2. Raman image (A) and broad-band fluorescence
image (B) of astaxanthin in intestinal HT 29 cells. Three days
after seeding, the cells were incubated with 10 uM astaxanthin
for 72 h. Astaxanthin was dissolved in THF. The final concen-
tration of THF in the culture medium was 0.5% v/v. The
Raman spectra and broad-band emission spectra were
detected as described in Section 2. The image size is
(128 x 128 um).

19] have been found. In bovine luteal cells B-carotene could
be detected throughout the volume of the cell, but was pre-
dominantly localized in lipid-rich cell components such as
the microsomal fraction [20]. It is known that cytoplasm
contains less free water than the nucleus, and this might
lead to increased accumulation of hydrophobic compounds,
like carotenoids, in the cytoplasm. Furthermore, it has been
reported that in the intestinal cells (e. g. Caco-2 cells) caro-
tenoid inclusion in chylomicrons takes place in the cyto-
plasm [21].
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Figure 3. Emission spectra of HT 29 cells treated with astax-
anthin. Conditions as in Fig. 2. The spectra were detected as
described in Section 2. Trace 1 is Raman spectrum from area
1 (see Fig. 2), trace 2 from area 2, trace 3 from area 3.

Figure 4. Broad-band fluorescence image of B-carotene in
intestinal HT 29 cells. Three days after seeding the cells were
incubated with 10 uM B-carotene for 72 h. B-Carotene was dis-
solved in THF to achieve a final solvent concentration of 0.5%
v/v in the culture medium. The broad-band fluorescence spec-
tra were detected as described in Section 2. The image size is
(128 x 128 um).

In addition to Raman imaging we generated images from
broad-band astaxanthin and B-carotene fluorescence. It is
widely believed that carotenoids are non-fluorescent, but by
using HPLC combined with sensitive fluorescent spectro-
meters it was possible to determine the fluorescence signal
of carotenoids. The low quantum yield of carotenoid fluor-
escence is in the order of 10~* to 1075 [22]. While most car-
otenoid fluorescence originates from the S, — S, transition,
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B-carotene and fucoxanthin exhibit fluorescence that origi-
nates from the S; — S transition [23]. We used carotenoid
broad-band fluorescence to generate the image of carote-
noid subcellular distribution. Both approaches, broad-band
fluorescence and Raman microspectrometry, showed a very
similar subcellular distribution of astaxanthin. The concen-
tration of B-carotene was too low to generate a Raman
image while a broad-band fluorescence image showed a
similar subcellular distribution to that of astaxanthin. It
appears that the broad-band fluorescence image approach is
more sensitive and better at detecting B-carotene in cells,
due to inclusion of emission from a much broader spectrum
of wave numbers than that used for Raman microimaging.
However, broad-band fluorescence is not as specific as
Raman microspectroscopy in complex in vivo systems,
which might contain a number of unknown compounds
with fluorescence properties.

There is a large body of data showing differences in the dis-
tribution of carotenoids among organs and tissues. It has
been suggested that a high concentration of carotenoids in
retina or prostate can effectively protect from reactive
molecules. There are differences in the subcellular distribu-
tion of carotenoids and, consequently differences in the
efficacy with which they protect subcellular structures from
damage caused by reactive species such as singlet oxygen
or triplet excited species. Additionally, it is possible that the
subcellular distribution of carotenoids differ in different
cell types, e.g. lymphocytes and colon adenocarcinoma
cells. In conclusion, this work calls attention to the hetero-
geneity of astaxanthin subcellular distribution in cells of
intestinal origin indicating also heterogeneity of the possi-
ble defense against reactive molecules by carotenoids in
these cells.
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