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Abstract

Previously, we reported on the uptake and interaction of cytotoxic doxorubicin in MCF-7 breast cancer
cells grown as standard 2-dimensional cell cultures. Now improved experimental techniques —
including axial tomography and Light Sheet Fluorescence Microscopy (LSFM) — permit observation of
single cells from any side as well as detection of individual layers in multi-cellular spheroids.
Therefore, uptake of doxorubicin in the cell nucleus as well re-localization in the cytoplasm at longer
incubation times is well documented. Based on a calcein-AM test, we could prove high cytotoxicity in
3D cell cultures at 48-96h after incubation. Simultaneously, disintegration of cell spheroids and
formation of a degradation product became obvious. Fluorescence lifetime imaging microscopy
(FLIM) is presently used to distinguish the fluorescence of doxorubicin and its degradation product,
and Structured Illlumination Microscopy (SIM) is suggested to improve resolution down to about
100 nm.
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1. Introduction to its fluorescence properties * doxorubicin
has been localized within the cells, e.g. by
wide-field  microscopy,  hyperspectral
imaging® and  fluorescence lifetime
imaging.®® In particular, the latter methods
give additional information on intermolecu-
lar interactions of doxorubicin with its
microenvironment.

Doxorubicin, an anthracycline antibiotic,
has been used as a cytostatic drug in cancer
chemotherapy, e.g. breast cancer, bronchial
carcinoma and lymphoma, for several
decades.? The drug is taken up by cells
due to passive diffusion through their
membrane and finally intercalates in DNA
strands, where it causes chromatin While a previous paper was focused on the
condensation and initiates apoptosis.> Due uptake and intracellular distribution of
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doxorubicin in 2-dimensional cell cultures
(monolayers) as a function of cholesterol
content,’ we now report on measurements
of cellular location and cytotoxicity in more
physiological 3D cultures with some
emphasis on advanced methods of axial
tomography ®** and Light Sheet Fluores-
cence Microscopy (LSFM).*?>  Samples
range from single cells up to multi-cellular
spheroids growing in an agarose gel after
incubation with doxorubicin up to 96h.

2. Materials and Methods

MCF-7 human breast cancer cells were
obtained from Cell Lines Service (CLS No.
00273, Eppelheim, Germany). Cells were
routinely grown in DMEM/HAM F-12
medium supplemented with 10 % fetal calf
serum and antibiotics at 37°C and 5 % CO,.
HeLa cervical carcinoma cells (kindly
provided by Brigitte Angres, Cellendes
GmbH, Reutlingen, Germany) were grown
at 37°C, 5% CO,, in Minimum Essential
Medium (MEM) supplemented with 10%
FBS, non-essential amino acids, 100 U/mL
penicillin, 100 ng/mL streptomycin and 2
mM glutamine. A 1:1 mixture of cell
suspension and agarose (1 %) was seeded in
agarose-coated cavities of a 24-well culture
plate, resulting in 30,000 cells/cavity within
a solid matrix. Multicellular spheroids
(MCTS) of MCF-7 cells were grown for 7—
9 days up to a diameter of about 50 pm
after seeding. Single HeLa cells (30,000
cells/cavity) were kept in agarose for 1-2
days prior to measurements. The antitumor
antibiotic  doxorubicin hydrochloride
(Sigma-Aldrich, Miinchen, Germany) was
prepared as a 2 mM stock solution in
ethanol. Individual cavities with single
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HeLa cells were incubated with
doxorubicin in culture medium at a
concentration of 4 uM for 2h or 24h. The
MCTS of MCF-7 cells were incubated with
doxorubicin [6 uM] for variable times
between 24h and 96h. In some cases calcein
acetomethyl ester (calcein-AM) was also
added at a concentration of 5 pM for 30
minutes to check cell viability, since after
uptake and cleaving of the ester group, free
calcein remains located in viable cells, but
is released from deficient cells.*®

Agarose containing single cells or cell
spheroids was taken up by plunging either a
cylindrical ~ fluoroethylene  propylene
capillary (FEP, 380 um inner diameter,
Zeus, Ireland) ** or a rectangular glass
capillary ~ (600um  inner  diameter,
VitroCom, USA) repeatedly into the solid
matrix, so that a column of 30-40 mm was
obtained. The advantage of FEP is its
refractive index n=1.33-1.35 which fits
the refractive indices of the sample and of
water,  ensuring  optimum  imaging
conditions with a water immersion lens
independent of the sample geometry. Glass
capillaries were used, when illumination
was perpendicular to the plane surface of
the capillary. For fluorescence imaging, an
inverted microscope (Axiovert 200M, Carl
Zeiss Microimaging GmbH, Germany) was
used with various add-on modules for axial
rotation, Light Sheet  Fluorescence
Microscopy and Confocal Laser Scanning
Microscopy (laser scanning head Pascal 5,
Carl Zeiss Jena). The methods of Light
Sheet Microscopy (of cell spheroids) and
axial rotation (of single cells) are also
depicted schematically in Figure 1. For
rotation experiments we used a 63x/0.90
water immersion objective lens in
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combination with a FEP capillary fixed in a
sample holder on the microscope
positioning stage as described earlier.*
Rotation of the FEP capillaries was
performed by a computerised stepping
motor with micro-step positioning control
(Nema 8 - ST2018S0604-A, SMCL11,
Nanotec Electronic GmbH & Co.KG,
Germany) and an angular resolution of
0.45°. In the present manuscript, only
rotations of multiples of 45° are reported.
[llumination in Confocal Laser Scanning
Microscopy (CLSM) occurred at 488 nm,
and fluorescence was registered at
A >560 nm. Image stacks were recorded at
intervals Az =1 um, and 3D projections for
single-sided measurements as well as z
projections for various detection angles
were calculated using ImageJ.”

For Light Sheet Fluorescence Microscopy
of cell spheroids embedded in agarose we

a) rectangular glass capillary
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illuminated the plane surface of a glass
capillary by a photonic crystal fibre laser
(NKT Photonics SuperK EXTREME with
SuperK VARIA tunable single line filter) at
A =470 nm (bandwidth: AA =10 nm) used
in combination with a single mode fibre
(Thorlabs, P1-460B-FC-5). The light sheet
was generated by an achromatic cylindrical
lens with a numerical aperture Ay = 0.08
permitting a beam waist d = A/Ay =6 pm
and a depth of focus L = nA/An? ~ 100 nm
when a refractive index n=135 was
assumed. The light sheet module was
attached to the inverted microscope as
reported in Ref. 12, and fluorescence
images were recorded by a CCD camera
(Zeiss AxioCam MRc) using a long pass
filter for A > 515 nm (permitting detection
of doxorubicin, its degradation product as
well as calcein) and a 40x/0.75 objective
lens.

b) rotatable round FEP
capillary
focal point
scanning

microscope
objective lens ( \

Figure 1. Schemes of Light Sheet Fluorescence Microscopy (LSFM) of cell spheroids (a) and
Confocal Laser Scanning Microscopy (CLSM) with axial rotation of individual cells (b; for

details see Refs. 10, 11 and 12).
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3. Results Up to 6 hours after application, doxorubicin
fluorescence originated from the cell nuclei
and — dependent on the angle of detection —
gave some information on nuclear
architecture. At longer incubation times
(see Figure 3 for 24h) a re-localization
outside the nuclei occurred, and
accumulation in small organelles embedded
in the cytoplasm, e.g. lysosomes or
endosomes, was observed. Again, axial
rotation proved to be helpful for
visualization.

Figure 2 shows CLSM transmission (a) and
fluorescence (b,c) images of 2 HeLa cells
incubated for 2 hours with doxorubicin at
various angles of observation. Fluorescence
is located in the cell nucleus, and separation
of the 2 nuclei depends on the observation
angle. While in Fig. 2b views at different
angles were calculated from one z stack
recorded at 0°" images in Fig. 2c were
measured directly at all those angles. A
clear enhancement of image quality results
in Fig. 2c for all angles except 0°.

270°

Figure 2. Individual HeLa cells incubated with doxorubicin (4uM, 2h) under variable angles of
detection: a) transillumination, b) calculated views from a z stack recorded in one direction (0°),
c) z projections calculated from stacks recorded under variable angles (CLSM, excitation
wavelength: Aex = 488 nm; detection range: Lg > 560 nm, objective lens: 63x/0.90 water, intervals
Az = 1.0 um).

Figure 3. Individual HeLa Cell incubated with doxorubicin (4uM, 24h) under variable angles of
detection: a) transillumination, b) z projections calculated from stacks recorded under variable
angles (CLSM, excitation wavelength: Aex = 488 nm; detection range: Aq> 560 nm, objective
lens: 63x/0.90 water, intervals Az = 1.0 pm).
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Accumulation of doxorubicin in multi-
cellular spheroids is documented in
Figure4 (a) for wvarious times after
application.  Light sheet fluorescence
microscopy (LSFM) permits to detect
individual cell layers, which otherwise
would be superposed by diffuse out-of-
focus fluorescence. Figure 4a proves (1) the
uptake of doxorubicin in individual cells
within 24h, (2) uptake of doxorubicin in
almost all cells within 48h, and (3)
distribution of doxorubicin over all cells
with beginning disintegration of the cell
assembly at 72h which continued at 96h. At
times above 72 hours diffuse green

fluorescence became obvious which may be
related to a degradation product.’® In case
of additional incubation with calcein-AM
(Figure 4b), fluorescence was dominated by
strong green calcein fluorescence at 24h
indicating that cells were viable. However,
at 48h, as well as at 72h and 96h post
application, calcein fluorescence decreased
considerably and  superimposing red
doxorubicin fluorescence became visible
(consider the increase of laser irradiance by
a factor 7 between 24h and 72h). Probably,
severe damage of the cells occurred during
this period.

Figure 4. Single layers of spheroids of MCF-7 breast cancer cells in agarose incubated with
doxorubicin (6uM, 24h to 96h) without (a) or with (b) additional incubation by calcein-AM
(5uM, 30min). While in (a) laser irradiance was kept constant at 800 mW/cm?, it was increased in
(b) from 115 mW/cm® at 24h to 460 mW/cm? at 48h and 800 mW/cm® at 72h/96h (LSFM,
excitation wavelength: Aex = 470 nm; detection range: Aq>515 nm, objective lens: 40x/0.75,

exposure time: 4s each).

In cases without additional incubation with
calcein-AM, the fluorescence of doxo-
rubicin and its degradation product could be
well distinguished by fluorescence spectra
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and lifetimes. This is documented in
Figure 5, where fluorescence intensity and
lifetime images of doxorubicin are com-
pared at 96h after incubation. Intensity
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images show an overlap of red doxorubicin
fluorescence from the cell nucleus and
diffuse green-yellow fluorescence of the
degradation product distributed all over the
spheroid, whereas lifetime images show a
clear distinction of short-lived fluorescence
(t~ 1.8 ns) of doxorubicin superimposed

Fluorescence intensity

by longer-lived fluorescence (t = 3.5 ns) of
its degradation product. This proves that in
addition to fluorescence spectroscopy nano-
second fluorescence lifetime imaging
(further reported in Ref. 9) is a valuable
method for identifying various molecular
species.

Figure 5. Fluorescence intensity and spectrum (left) as well as fluorescence lifetime (right) of a
MCF-7 cell spheroid incubated for 96h with doxorubicin (6 uM) including a lifetime scale in
picoseconds (excitation wavelength: Aex = 470 nm; detection range: A4 > 515 nm).

Discussion

Doxorubicin has the unique advantage that
due to its red autofluorescence it can be
easily localized in living cells or tissues.
This advantage has been used by various
authors to measure its binding to nano-
particles or other carrier systems and to
apply these particles to living cells. Only a
few measurements of cellular uptake and
distribution of free doxorubicin have been
reported in the literature. They are in some
cases related to spectral imaging'’ or
fluorescence lifetime imaging microscopy
(FLIM),"®*® since spectral bands or
fluorescence lifetimes often reflect the
interaction of a fluorescent dye with its
molecular or cellular environment. In the
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present manuscript, we used the FLIM
technique for another application: to
distinguish between doxorubicin and its
degradation product.

A general problem of 3D microscopy is —
besides scattering and limited light
penetration into the sample — a low depth of
focus, which is considerably smaller than
the size of the specimen. Therefore, an
image from the focal plane is often
superposed by out-of-focus images giving
altogether rather poor information of the
sample. This problem can be overcome by
confocal or multi-photon laser scanning
microscopy *° as well as by Light Sheet
Fluorescence Microscopy (LSFM).2%?! In
comparison with previous studies **, LSFM
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was now applied over a prolonged
incubation period of doxorubicin (24-96h)
and combined with some visualization of
cytotoxicity. This allowed us to obtain more
detailed information: uptake of doxorubicin
occurred within almost all cells of a multi-
cellular MCF-7 spheroid within 48h, and
cytotoxic reactions occurred between 48h
and 96h. In addition, axial tomography of
single cells proved some exclusion of
doxorubicin from the cell nucleus and re-
distribution in the cytoplasm, however, the
impact of this re-distribution  on
cytotoxicity remains unclear, so far. Super-
resolution microscopy, e.g. Structured
Illumination Microscopy (SIM) with a
resolution down to 100 nm, may give
further  information on  sub-cellular
architecture and cytotoxic reactions of
doxorubicin (unpublished result).

Conclusion

We conclude that methods of 3D
microscopy (Light Sheet Fluorescence
Microscopy or CLSM in combination with
axial rotation) are valuable tools for
visualizing a chemotherapeutic agent and
its reactions in single cells and larger cell
assemblies. Spectral imaging or
fluorescence lifetime imaging microscopy
(FLIM) may support identification of
involved molecular species. Doxorubicin
uptake occurred within almost all cells of a
multi-cellular MCF-7 spheroid within 48h,
and cytotoxic reactions were observed
between 48h and 96h. CLSM in
combination with axial tomography permits
detection of doxorubicin and its interactions
with sub-cellular resolution, and methods of
super-resolution microscopy, e.g. Struc-
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tured Ilumination Microscopy (SIM), may
further improve this resolution.
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