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Nanosecond ratio imaging of redox states in tumor cell
spheroids using light sheet-based fluorescence microscopy
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Abstract. A new concept of three-dimensional imaging of tumor cell spheroids by light sheet-based fluorescence
microscopy and nanosecond ratio imaging is described. Due to its low light dose and alternative excitation by two
laser wavelengths (391 and 470 nm), this method maintains cell viability and permits recording of real-time kinetics.
A genetically encoded sensor permits measurement of the redox state of glutathione and visualization of the impact
of oxygen radicals. The pharmaceutically relevant system is tested upon addition of an oxidizing agent (H,O,), as
well as upon addition of the apoptosis-inducing agent staurosporine. © The Authors. Published by SPIE under a Creative Commons
Attribution 3.0 Unported License. Distribution or reproduction of this work in whole or in part requires full attribution of the original publication, including its

DOI. [DOI: 10.1117/1.JBO.18.12.126007]
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1 Introduction

In comparison with conventional two-dimensional (monolayer)
cell cultures, three-dimensional (3-D) cultures, e.g., multicel-
lular tumor spheroids, maintain many morphological and
biochemical properties of the cells as well as their microenviron-
ment and reflect the in vivo situation rather well."> Three-dimen-
sional cell cultures, however, require microscopic methods with
high axial resolution, e.g., confocal laser scanning microscopy™*
or structured illumination microscopy.> Here, individual planes
of a sample can be measured selectively upon illumination of the
whole specimen. This, however, often requires high light doses
and risks to damage living specimens when several planes
are measured successively.” Phototoxicity and cell damage
can be avoided efficiently by light sheet-based fluorescence
microscopy or single-plane illumination microscopy (SPIM),
where planes under investigation are illuminated selectively in
a direction perpendicular to the observation path.%’ Although
only two commercial light sheet microscopes have been
reported so far (Lightsheet Z.1, Carl Zeiss AG, Jena, Germany;
Ultramicroscope, LaVision GmbH, Bielefeld, Germany), sev-
eral laboratory apparatus have meanwhile been established
(see, e.g., Refs. 10 to 13).

In the present paper, a modified SPIM system is described,
where fluorescence excitation occurs alternatively by two laser
wavelengths (391 and 470 nm) to excite the oxidized and the
reduced form of a redox sensitive green fluorescent protein
(roGFP2) in a genetically encoded sensor system (Grx1-roGFP2)
specific for the glutathione redox potential Eggy.'*'> Both
forms are excited repeatedly in nanosecond intervals, and
ratio images of fluorescence intensity Iyg; /1470 are calculated
immediately afterward. While this sensor system is finally
dedicated to measure oxygen radicals in experimental tumor
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therapy, preliminary experiments about the influence of an
oxidizing agent (hydrogen peroxide) applied via a microfluidic
system (see Ref. 13) as well as about changes of the redox state
upon the induction of apoptosis are reported here.

Samples are excited by two series of high-repetition laser
pulses with a nanosecond time shift between each other.
An additional time shift of the fluorescence signal excited at
470 nm as compared with that excited at 391 nm by an image
transmitting fiber bundle permits detection of both images
simultaneously and calculation of the fluorescence ratio as
a function of the redox state.

2 Materials and Methods

U251MG glioblastoma cells were permanently transfected with
the glutathione-sensitive green fluorescent redox sensor Grx1-
roGFP2, as described elsewhere.'® The sensor was expressed
either within the cytoplasm (U251 MG-L106-Grx 1-roGFP?2 alias
U251MG-L106-RS) or within the mitochondria (U251MG-
L106-Mito-Grx1-roGFP2 alias U251MG-L106-MRS) of the
cells. Cell spheroids were grown for 5 to 7 days up to a diameter
of 200 pm after seeding 400 cells per well in agarose gel-coated
96-well plates in Dulbecco's Modified Eagle's Medium
(DMEM) culture medium supplemented with 10% fetal calf
serum (FCS) and hygromycin B at 5% CO, and 37°C. For
light sheet-based fluorescence microscopy, cell spheroids were
located in rectangular glass capillaries of 600 ym inner diameter
using a pipette. For application of a microfluidic system,'? capil-
laries were coated with FCS to permit adhesion of the cell
spheroids within 3 h. Capillaries were adapted and fixed to
the flow system by appropriate tubes (Tygon R3607, IDEX
Health & Science GmbH, Wertheim, Germany). Oxidation
was induced by 50 uM hydrogen peroxide (H,O,) dissolved
in Earle’s balanced salt solution (EBSS) and pumped through
the microcapillary. For induction of apoptosis, cell spheroids
were incubated within the microtiter plates with staurosporine
(12 uM; 5 h) dissolved in culture medium prior to transfer to the
microcapillary. Additional experiments using a spheroid-forming
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assay showed that H,O, concentrations up to 100 uM did not
affect spheroid formation, while staurosporine concentrations
>2 uM applied in an early growth state would prevent formation
of spheroids. Therefore, cytotoxicity can probably be excluded in
the first case, but may play a major role in the second case.

For light sheet-based fluorescence microscopy of individual
cell layers of ~10 um thickness, two laser diodes (LDH 400 and
LDH 470 with driver PDL 800-B, PicoQuant, Berlin, Germany)
were adapted to an existing SPIM module coupled to an
inverse fluorescence microscope (Axiovert 200, Carl Zeiss
Jena, Germany), as reported previously.'* Chromatic aberration
between these laser diodes was corrected by an additional
telescope system placed in front of one of the laser diodes to
obtain two identical light sheets. In agreement with the litera-
ture,' excitation wavelengths of 391 and 470 nm were used
to excite the oxidized and the reduced form of roGFP2 variants,
respectively. Fluorescence of roGFP2 variants was recorded at
A>515nm using a long-pass filter. Irradiance was ~65 mW /cm?
at 391 nm and 185 mW/cm? at 470 nm, ie., altogether
250 mW /cm? corresponding to a light exposure of 250 mJ /cm?
during an illumination time of 1 s. While the impact of the
apoptosis-inducing agent staurosporine was examined for indi-
vidual spheroids upon single light exposure, redox changes
upon addition of H,O, were studied continuously at time inter-
vals of 5 s, resulting in a total light dose of 10 J/cm? after 200 s
(40 exposures) and 15 J/cm? after a maximum observation time
of 300 s (60 exposures).

The experimental setup for nanosecond ratio imaging is
depicted in Fig. 1. Both laser diodes emit pulses of ~70 ps
duration at a repetition rate of 40 MHz corresponding to
a time interval of 25 ns between individual pulses. Laser pulses
emitted at 391 nm are shifted in time by 12.5 ns in comparison

with laser pulses emitted at 470 nm. Fluorescence is commonly
detected with a 20 x /0.50 objective lens and split into two
parts by a modified dual view device (Dual-View, Optical
Insights, Tucson, Arizona). This telecentric system was origi-
nally designed for measuring two images simultaneously (with-
out further magnification) in different spectral ranges or for
different polarizations on two sections of a camera sensor.
In the present modification, spectral ranges and polarizations
are identical, but while one of the images directly hits section
2of an image intensifying camera operated again at 40 MHz
with a time gate of 1 ns (PicoStar HR with 640 x 480 pixels,
LaVision GmbH, Géttingen, Germany), the other one is delayed
by 12.5 ns using an image-transmitting rectangular fiber bundle
(2.30 m length; 5.5x5.5 mm quality area with 550 X 550
individual fibers; Schott North America Inc., Southbridge,
Massachusetts) and hits section 1 of the camera. Since the cam-
era permits image detection only after time intervals of 25 ns
(i.e., at 12.5, 37.5, 62.5 ns, etc.), fluorescence images excited
at 391 nm are always recorded on section 2, while fluorescence
images excited at 470 nm are recorded on section 1 of the cam-
era. Images are integrated over a measuring time of 1 s, and a
ratio image is calculated by pixel per pixel division immediately
afterward.

3 Results

Generation of a ratio image upon excitation of Grx1-roGFP2
with two wavelengths (391 and 470 nm) is shown in the
upper part of Fig. 2 with the ratio Iyg; /1479 being depicted in
a color code. In the lower part of Fig. 2, this ratio is depicted
after application of 50 yuM H,O, in a flow of EBSS at times of
10, 30, or 90 s. The figure shows an increasing ratio of oxidized
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Fig. 1 Experimental setup for nanosecond ratio imaging in light sheet-based fluorescence microscopy.
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Fig. 2 Calculation of the ratio image of Grx1-roGFP2 after excitation at 391 and 470 nm (upper part); ratio image l391 /1470 of a single plane (10 um
thickness) of a U25TMG-L106-RS multicellular spheroid at a distance of 60 um from its edge after application of 50 uM H, O, for various times by

microfluidics (lower part).

versus reduced Grx1-roGFP2. Increase occurs only in a period
of 0 to 90 s after application (prior to saturation) and is by
a factor 2 to 3 more pronounced in the peripheral than in the
central parts of the spheroid (for details, see Fig. 3). Assuming
a light dose of ~10J/cm? to be nonphototoxic for GFP
mutants,’ this implies that at least up to 200 s light-induced cell
damage can probably be excluded.’

In Fig. 4, the ratio Izg; /1479 of oxidized versus reduced Grx1-
roGFP2 is depicted for U251MG-L106-RS and U251MG-
L106-MRS glioblastoma cells before and after treatment with
the apoptosis-inducing agent staurosporine applied for 5 h at
a concentration of 12 yM. While the starting value of this ratio
is higher for U251MG-L106-RS (expressing the Grx1-roGFP2
redox sensor in the cytoplasm) than for U251MG-L106-MRS

(expressing the sensor in the mitochondria), this ratio increases
by a factor around 1.5 for both cell lines after stimulation.
As depicted in Fig. 5, the ratio I3g; /1470 is slightly higher in
the central than in the peripheral parts of the spheroid, indicating
more pronounced glutathione oxidation in the central part. The
changes of Eggy upon treatment with staurosporine resemble
those which were previously observed in single cells subsequent
to Tumor Necrosis Factor Related Apoptosis Inducing Ligand
(TRAIL)-mediated induction of apoptosis.'*

4 Discussion

The present paper describes a method of real-time ratio imaging
of genetically encoded fluorophores whose emission properties
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Fig. 3 Mean ratio values (1391 /1470) of the fluorescence intensities excited at 391 and 470 nm within a 10-um layer of a spheroid of U25TMG-L106-RS
cells in dependence of the time after application of H,O, (50 xM in Earle’s balanced salt solution). The blue curve is calculated from the full area of the
spheroid layer. The red and the green curves are calculated from the inner and the outer areas of the layer, respectively. Selection of these areas is

depicted in the inlay of the figure.
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Fig. 4 139 /1470 intensity ratio measured in 10-um layers of U251MG-
L106-RS and U251MG-L106-MRS spheroids prior (control) and after
incubation with staurosporine (12 uM, 5 h). Medians and median abso-
lute deviations are calculated from individual layers of three to five
spheroids each at a distance of 60 um from their edge.
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Fig. 5 Ratio images of single planes (10-um thickness) of U251MG
multicellular spheroids at a distance of 60 um from its edge prior
(left) and after (right) staurosporine-mediated induction of apoptosis.
The Grx1-roGFP2 redox sensor was expressed either in the cytoplasm
(upper images) or in the mitochondria (lower images).

are identical, but whose absorption spectra change upon varia-
tion of the redox state. In contrast to ratio imaging systems used,
e.g., for measurement of calcium ions,'”!8 no tuning elements,
e.g., rapidly rotating filter wheels, are needed, which makes the
whole setup very stable. Only half of the laser pulse energy can
be used for time-gated fluorescence experiments, and only part
of the fluorescence signal can be recorded after each laser pulse
within the limited time gate of the camera system (~28% if
a time gate of 1 ns and a fluorescence lifetime of ~3 ns for
Grx1-roGFP2 are considered). However, efficiency in fluores-
cence detection will be increased when novel camera systems
with prolonged gating times are available. When assuming a
fluorescence lifetime of ~3 ns (similar to other GFP variants),
~2% of fluorescence intensity is maintained after 12.5 ns, i.e.,
when the next laser pulse excites the sample. This implies that
intensity values used for ratio imaging and measured in a time-
gated mode may include errors within this order of magnitude.

All images have to be adapted to the square diameter of the
fiber bundle, independent of whether they pass through this
bundle or hit the camera directly. This implies that the active
detection area of each section of the image-intensifying camera
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consists of only 320 x 320 pixels, thus limiting the resolution of
images (see Figs. 2 and 5) and possibly creating interference
problems, if 550 % 550 individual fibers are imaged on
320 x 320 pixels of the camera. In present experiments,
where images of 320 X 320 ym are recorded, resolution of
1.0 x 1.0 ym per pixel is lower than the optical resolution
Ax =0.61/Ay = 0.63 ym (with 4 =520 nm and Ay = 0.5),
but may be improved when using objective lenses of higher
magnification. Interference problems including light diffraction
by individual fibers of the bundle seem to play only a minor
role since the quality of images hitting the camera directly
and those passing through the fiber is approximately the same.
Transmission of the fiber bundle of ~33% has been taken into
account by adjusting the excitation power for fluorescence light
passing through this fiber bundle about three times higher than
the excitation power for fluorescence light hitting the camera
directly.

Ratio imaging has been adapted to light sheet-based fluores-
cence microscopy, which is a preferential 3-D method for
long-term observation at a minimum light dose applied to living
cells. Wavelength-dependent light scattering, which might
create some shadows and, therefore, artifacts, in ratio imaging
was not considered, so far, and obviously did not play a major
role in the present images. Those artifacts, however, might be
more pronounced in larger spheroids and could in principle
be reduced or avoided by improved conditions of illumination,
e.g., by variation of the illumination angle in a wobbling mode"
or by use of a self-reconstructing Bessel beam instead of
a Gaussian laser beam.!" A further method for reduction of
artifacts due to light scattering could be light sheet microscopy
with laser scanning excitation and confocal slit detection, as pre-
viously described in the literature.?*?! In addition, the method of
ratio imaging can be easily modified for other wide-field tech-
niques, e.g., structured illumination microscopy.>® When using
those techniques, nonphototoxic light doses may be similar to
light sheet—based microscopy, if only one cell layer is examined.
For measurements of several cell layers, however, the light doses
sum up, since in contrast to light sheet microscopy, the whole
sample is illuminated upon measurement of each layer, thus
reducing the possible number of exposures. Coupling to a
microfluidic system is advantageous for observation of rapid
redox changes and for minimizing the quantity of agents
(e.g., antioxidizing or pharmaceutical agents) used for cancer
treatment.

Due to an increasing importance of time-gated detection as
well as the availability of high-quality image transmitting fiber
bundles, nanosecond ratio imaging may be used for further
applications in the future, such as calcium imaging. In addition,
fluorescence lifetime imaging or Forster resonance energy trans-
fer spectroscopy’>>* can be applied online with only minor
modifications of the technical setup, thus offering further per-
spective in 3-D cell biology and cancer research.
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