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Abstract

A module for light sheet or single plane illumination microscopy (SPIM) is described which is easily adapted to an inverted wide-field microscope
and optimized for 3-dimensional cell cultures, e.g. multi-cellular tumor spheroids (MCTS). The SPIM excitation module shapes and deflects
the light such that the sample is illuminated by a light sheet perpendicular to the detection path of the microscope. The system is characterized
by use of a rectangular capillary for holding (and in an advanced version also by a micro-capillary approach for rotating) the samples, by
synchronous adjustment of the illuminating light sheet and the objective lens used for fluorescence detection as well as by adaptation of a
microfluidic system for application of fluorescent dyes, pharmaceutical agents or drugs in small quantities. A protocol for working with this
system is given, and some technical details are reported. Representative results include (1) measurements of the uptake of a cytostatic
drug (doxorubicin) and its partial conversion to a degradation product, (2) redox measurements by use of a genetically encoded glutathione
sensor upon addition of an oxidizing agent, and (3) initiation and labeling of cell necrosis upon inhibition of the mitochondrial respiratory chain.
Differences and advantages of the present SPIM module in comparison with existing systems are discussed.

Video Link

The video component of this article can be found at http://www.jove.com/video/51993/

Introduction

In addition to well established methods (confocal or multi-photon laser scanning microscopy1-4, structured illumination microscopy5,6) light sheet
or single plane illumination microscopy (SPIM) has proven to be a valuable method of 3D imaging7,8,9. Of particular interest is its application to 3-
dimensional cell cultures, e.g., multi-cellular tumor spheroids (MCTS), which are used increasingly for drug discovery research10,11. Furthermore,
SPIM is a preferential method when even upon long-term exposure or repetitive measurements low light doses are required to maintain the
sample’s viability, since for measurement of each plane of the sample only this plane is exposed to light. This is in contrast to other microscopy
techniques, where for detection of each focal plane the whole sample is illuminated, so that upon recording of numerous planes the light dose
sums up and may damage the sample12.

Light sheet microscopy or SPIM is based on illumination of the sample in perpendicular direction to the observation path either by use of a
cylindrical lens or by scanning the exciting laser beam (for a review see Ref. 8). This often requires special sample chambers13,14 or matrices,
e.g., agarose7,15, implemented in special high-cost microscopes. As an alternative to those systems a comparably simple illumination device
for SPIM has been developed and adapted to a conventional inverted microscope16 (see Figure 1). It consists of a laser beam expanded to a
diameter of 8 mm and focused by a cylindrical lens (focal length: 50 mm, numerical aperture: 0.08) to a light sheet of 6–10 µm thickness over a
depth of field of about 100 µm. Samples are located in a rectangular capillary of 600–900 µm inner diameter placed in front of the microscope
objective lens for fluorescence detection. These main features are presently completed and optimized by the use of advanced micro-capillary
approaches for holding and for rotating the samples, the synchronous adjustment of the illuminating light sheet (in axial direction) and the
objective lens used for fluorescence detection (identical optical path lengths of displacement require a correction of the mechanical feed),
and the adaptation of a microfluidic system for application of fluorescent dyes, pharmaceutical agents or drugs, thus minimizing the required
quantities and expenses.

Protocol

1. Cell Spheroid Growing and Incubation

1. Experiment 1: Cell spheroids incubated with a chemotherapeutic drug
1. Prepare agarose 1.5% in culture medium by adding 0.45 g of agarose to 30 ml culture medium (sufficient for 6 plates).
2. Heat the mixture from step 1.1.1 to at least 80 °C while stirring it from time to time.
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3. Fill 50 µl of the heated mixture from step 1.1.2 into each well of a 96-well plate and let it solidify within 1–2 hr. Store the plates closed
and covered in the refrigerator at 5 °C until use.

4. Seed about 150 MCF-7 breast cancer cells in each well of the prepared 96-well plate in Dulbecco's Modified Eagle's Medium (DMEM)
with Ham’s F-12 culture medium supplemented with 10% fetal calf serum (FCS) and 1% penicillin/streptomycin.

5. Grow spheroids for 5–7 days up to a diameter of about 200–300 µm in an incubator at 5% CO2 and 37 °C.
6. Incubate the cell spheroids with the anthracycline antibiotic doxorubicin hydrochloride for 6 hr at a concentration ranging between 2 µM

and 8 µM (in culture medium) in an incubator at 5% CO2 and 37 °C.
7. Wash the cell spheroids with culture medium or Earle's Balanced Salt Solution (EBSS) prior to microscopy. 

2. Experiment 2: Oxidation process in spheroids expressing a redox sensor
1. Seed about 400 U251-MG-L106 glioblastoma cells permanently transfected with the glutathione sensitive green fluorescent redox

sensor Grx1-roGFP2 in agarose gel–coated wells (procedure described in steps 1.1.1–1.1.3) of a 96-well plate in DMEM culture
medium supplemented with 10% FCS, 1% penicillin/streptomycin and hygromycin B (150 µg/ml).

2. Grow spheroids for 5–7 days up to a diameter of about 200–300 µm in an incubator at 5% CO2 and 37 °C.
3. Add 10 µl of hydrogen peroxide solution (purum p.a., ≥ 30%) to 990 µl bi-distilled water to create a 100 mM stock solution to be used

within 12 hr.
4. Dilute the stock solution from step 1.2.3 to 50 µM in EBSS right before the experiment.
5. Incubate the cell spheroids via the microfluidic system during measurement with hydrogen peroxide 50 µM in EBSS for oxidation of the

redox sensor.

3. Experiment 3: Initiation and labeling of cellular necrosis within spheroids
1. Seed about 400 cells (e.g., U251-MG-L106-Grx1-roGFP2 glioblastoma cells) in agarose gel–coated wells (procedure described

in steps 1.1.1–1.1.3) of a 96-well plate in DMEM culture medium supplemented with 10% FCS, 1% penicillin/streptomycin and
hygromycin B (150 mg/ml).

2. Grow spheroids for 5–7 days up to a diameter of about 200–300 µm in an incubator at 5% CO2 and 37 °C.
3. Incubate the cell spheroids with the mitochondrial electron transport inhibitor rotenone for 3 hr at a concentration of 1 µM in culture

medium to induce cellular necrosis. Additionally, co-incubate with a green cytotoxicity dye for 3 hr at a concentration of 1 µl in 1 ml
culture medium to label necrotic cells.

4. Wash the cell spheroids with culture medium or EBSS prior to microscopy.

2. Light Sheet Adjustment

NOTE: For achieving best results it has to be ensured that the beam waist of the light sheet is in the focus plane of the objective lens. The
position of the beam waist can only be aligned by observing the light sheet in vertical position with respect to the capillary (see steps 2.5 - 2.8).

1. Use an inverted microscope and mount the SPIM excitation module, as described in Ref. 16, to the baseplate of the positioning table (see
Figure 1a).

2. Equip the microscope with a 10X/0.3 or 20X/0.5 microscope objective lens and an appropriate long-pass filter (e.g., λ ≥ 515 nm) in the
detection path of the microscope.

3. Mount an integrating camera to the detection port of the microscope.
4. Use a parallel collimated beam of a laser or a laser diode with an excitation wavelength of preferentially 470 nm and apply it to the SPIM

module.
5. Rotate the cylindrical lens by 90 degrees, which transfers the light sheet into a vertical position for an axial adjustment of the beam waist of

the light sheet.
6. Place a capillary containing a liquid with a fluorescent dye in the sample holder.
7. Attach the sample holder with the capillary to the positioning table of the microscope and align the position of the capillary such that it is

centered and the beam waist of the light sheet is in focus.
8. Adjust the beam waist by variation of the axial position of the cylindrical lens itself. Turn back the lens after adjustment.

3. Cell Spheroid Application and Microscope Feed Synchronization

1. Place the cell spheroids separately or in groups within rectangular borosilicate glass capillaries16 with an inner cross section of 600 µm x
600 µm and a wall thickness of 120 µm. Two techniques for the application of a cell spheroid have proven to be successful.

1. Take the empty capillary upright with your thumb and middle finger and seal the upper opening with your forefinger. Bring the lower
opening close to the cell spheroid in its surrounding liquid (EBSS or culture medium). Release the forefinger from the upper opening.
Liquid with the cell spheroid in it will be soaked in immediately by capillary forces. Adjust the position of the spheroid within the filled
capillary by gravitation in respective upright position of the capillary.

2. Alternatively, apply the cell spheroid to the capillary via pipetting. Take care that the opening of the tip of the pipette is, on the one hand,
big enough for the spheroid size and, on the other hand, less or equal in size to the inner diameter of the capillary.

2. Place the capillary with the spheroid in it in a special sample holder for microscopy.
3. Attach the sample holder with the capillary to the positioning table of the microscope and align the position of the cell spheroid such that it is

centered and focused.
4. Set the matching between the light sheet and the focal plane of the microscope objective lens in the detection path by adjusting the position

of the reflection mirror and the cylindrical lens (see adjustment screw in Figure 1b).
5. Adjust the micrometer screw (see Figure 1b) according to the refraction indices and the numerical aperture of the objective lens to

compensate the fishtank effect.
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NOTE: Different refraction indices of the sample and the media surrounding the objective lens lead to a difference between the shift of the
objective lens and the shift of the focal plane. Since the light sheet is moved by the objective turret, the mismatch between the shift of the
light sheet (corresponding to the shift of the objective lens) and the shift of the focal plane is compensated by a lever arm (see Figure 1b).
The micrometer screw is used to adapt the distance between the upper and the lower pin to adjust the shift of the light sheet according to the
numerical aperture of the objective lens and the refraction indices.

 

Figure 1. (a) Picture of the single plane illumination module mounted to the baseplate of the positioning table of an inverted microscope, (b)
setup of the single plane illumination module and the microscope feed synchronization to compensate the lifting-mismatch (fishtank effect)
between focal plane and illumination plane. Δzo indicates the shift of the objective lens and Δzf the shift of the focal plane and the light sheet. The
inlay shows cross sections of spheroid containing capillaries. Left: rectangular capillary with inner diameter of 600 µm (wall 120 µm). Right: Setup
used for rotation. An inner round capillary (inner diameter 400 µm, outer diameter 550 µm) is rotated within the outer rectangular capillary. The
space between the two capillaries is filled with an immersion fluid.

4. Measurement in Dynamic Liquid Environment

NOTE: The previous protocol is used for static incubation prior to a measurement where the cell spheroid has previously been incubated and
then held in place in the capillary by simple gravitation. There is no need for further fixation. However, for measurements in flowing media where
a dynamic incubation and, therefore, a dynamic environment is desirable to measure uptake kinetics, one can accomplish this sub-protocol.
Steps 4.5–4.9 are critical to avoid air bubbles reaching the sample. 

1. Fill the capillary with FCS for 30 min to support later cellular adhesion of a cell spheroid to the inner glass surface.
2. Let the remaining FCS coating in the depleted capillary dry out for at least 12 hr.
3. Introduce the cell spheroid to the FCS coated capillary as described in step 3.2.
4. Leave the capillary in the incubator at 5% CO2 and 37 °C for additional 2–4 hr to cause cellular adhesion of the spheroid.
5. Set up the afflux part of the microfluidic system (see Figure 2). Use a peristaltic pump to fill the afflux of the tubing (inner diameter: 0.89 mm)

with culture medium containing the fluorescent dye, drug or agent.
6. Connect the afflux part of the microfluidic system to a bubble trap (see Figure 2).
7. First clamp the capillary bubble-free to the afflux tubing and then clamp the other side of the capillary to the drain tubing.
8. Tune the liquid temperature of the water bath to the desired value (e.g., 37 °C).
9. Adjust the peristaltic pump to the desired pump velocity (e.g., flow rate: 9 µl/min; pump velocity in the capillary: 25 mm/min).
10. Collect the pumped liquid either in a recipient (open-loop setup), feed it back to its source (closed-loop setup) or feed it directly into the tubing

of the peristaltic pump (tight closed-loop setup).
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Figure 2. Microfluidic setup (open-loop and tight closed-loop); inlay: Illumination of a spheroid within a micro-capillary using light sheet based
fluorescence microscopy coupled to an inverted microscope.

5. Data Acquisition and Analysis

1. Set the laser power and the integration time for the image acquisition.
2. Take care that the parameters defined in step 5.1 do not exceed light dose values about 50–100 J/cm2 for native cells or 10–20 J/cm2 for cells

incubated with a fluorescent dye or transfected with a fluorescent protein encoding plasmid to avoid phototoxicity (for details see Ref. 12).
3. Set the increment for the z-stack to ∆z = 5–10 µm which is preferable for 3-dimensional data analysis as the light sheet thickness is about

10 µm.
4. Perform measurements of single images or z-stacks by variation of the focal plane within the cell spheroid.

Representative Results

Experiment 1: Cell spheroids incubated with a chemotherapeutic drug

A z-stack scan of a previously incubated MCF-7 cell spheroid (8 µM doxorubicin, 6 hr) is depicted in Figure 3. It gives detailed information about
the cellular uptake and distribution of doxorubicin17 and its degradation product18,19. Within the outer cell layer of the spheroid red fluorescent
doxorubicin is mainly localized in the nucleus, whereas in inner spheroid areas green fluorescence emitted by a degradation product becomes
dominant in the cellular membrane19.
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Figure 3. Fluorescence images from different layers (∆z = 10 µm) of a MCF-7 mammary carcinoma cell spheroid incubated with doxorubicin
(8 µM, 6 hr) recorded by single plane illumination microscopy; 3-dimensional reconstruction using z-projection (excitation: λ = 470 nm;
fluorescence detection: λ ≥ 515 nm; microscope objective lens: 10X/0.30 Plan Neofluar).

The uptake of the chemotherapeutic drug doxorubicin in native MCF-7 human breast cancer cell spheroids is depicted in Figure 4 for a single
cell layer selected by SPIM. Upon application of 2 µM in culture medium within the flow system red and green fluorescence of doxorubicin and its
degradation product increase continuously (images and spectrum depicted).
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Figure 4. Time course of cellular uptake of 2 µM doxorubicin in culture medium via the microfluidic system. Fluorescence images of a single
layer of a MCF-7 mammary carcinoma cell spheroid recorded by single plane illumination microscopy at a distance of 80 µm from its edge with
additional fluorescence emission spectrum (excitation: λ = 470 nm; fluorescence detection: λ ≥ 515 nm; microscope objective lens: 10X/0.3 Plan
Neofluar).

Experiment 2: Oxidation process in spheroids expressing a redox sensor

SPIM measurements of intracellular redox states may give some information on reactive oxygen species, e.g., in tumors. For this purpose a
spheroid of U251MG-L106 glioblastoma cells permanently transfected with the glutathione sensitive green fluorescent redox sensor Grx1-
roGFP2 was used. Oxidation of glutathione was induced by exposure to 50 µM hydrogen peroxide (H2O2) in salt solution (EBSS) via the
microfluidic system and predominantly occurred in the outer cell layers of the spheroid.

As reported previously20 the uptake of H2O2 results in a decrease of fluorescence intensity excited at 470 nm, corresponding to the reduced
form of the redox sensor. At the beginning of incubation H2O2 strongly affects the outer cell layers (thickness: 50 µm) of the spheroid and then
penetrates deeper into the inner area (diameter: 150 µm) of the spheroid with increasing incubation time resulting in a slower degradation of
fluorescence intensity. The time course of this decrease is depicted in Figure 5, demonstrating the possibility of fast drug application combined
with rapid detection by the SPIM system20.
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Figure 5. Time course of fluorescence decrease at 50 µM H2O2 incubation of a U251MG-L106 glioblastoma cell spheroid permanently
transfected with the glutathione sensitive green fluorescent redox sensor Grx1-roGFP2. The intracellular redox state kinetics for the outer
layers and the inner area of a cell spheroid was obtained by mean intensity values of fluorescence images recorded by single plane illumination
microscopy (single layer of the cell spheroid under flow).

Experiment 3: Initiation and labeling of cellular necrosis within spheroids

To initiate cellular necrosis a U251-MG-L106-Grx1-roGFP2 glioblastoma cell spheroid was incubated with 1 µM rotenone for 3 hr. The neurotoxic
agent rotenone is an inhibitor of the mitochondrial electron transport chain and leads to a loss of cell membrane integrity. To visualize the necrotic
effect, the spheroid was co-incubated with the green fluorescent cytotoxicity-labeling dye (1 µl in 1 ml culture medium, 3 hr), which penetrates
into the damaged cell and binds to the DNA in the cell nucleus (see Figure 6a,c). For reference, a bright field illumination image of the whole
spheroid is shown in Figure 6b.
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Figure 6. (a) Fluorescence images from different layers (∆z = 5 µm) of a U251-MG-L106-Grx1-roGFP2 glioblastoma cell spheroid co-incubated
with rotenone (1 µM, 3 hr) and green cytotoxicity dye (1 µl in 1ml culture medium, 3 hr) recorded by single plane illumination microscopy (scale
bar 100 µm), (b) bright field illumination of the whole spheroid, and (c) reconstructed 3-dimensional fluorescence image (excitation: λ = 470 nm;
fluorescence detection: λ ≥ 515 nm; microscope objective lens: 20X/0.5 Plan Neofluar).

Discussion

The present manuscript describes a light sheet or single plane illumination microscopy (SPIM) device which is optimized for 3-dimensional
cell systems, e.g., multi-cellular tumor spheroids (MCTS). Three exemplary applications include (1) uptake of a cytostatic drug and its partial
conversion to a degradation product (whose contribution to chemotherapeutic efficacy still remains to be evaluated), (2) measurements of the
redox state by use of a genetically encoded glutathione sensor upon addition of an oxidizing agent, and (3) initiation and labeling of cell necrosis
upon inhibition of the mitochondrial respiratory chain.

Main advantages of this SPIM module in comparison with existing systems (e.g., those reported in Refs. 7, 8, 9, 14, 15) are that it can be easily
adapted to any inverted wide-field microscope, and that samples are located in small measuring chambers (micro-capillaries), which need only
small amounts of fluorescent dyes, pharmaceutical agents or drugs to be applied for various kinds of experiments, thus minimizing the costs, e.g.
for pharmaceutical tests. This holds as well, if a micro-fluidic system, as reported in this manuscript, is used. However, it should be mentioned,
that although for an open-loop setup low flow rates are advantageous for cost-efficient drug screening, rates up to 1,440 µl/min (corresponding to
velocities up to 4,000 mm/min) revealed to be possible under the present experimental conditions without detachment of the spheroids from the
capillary. For a tight closed-loop setup a minimum total liquid volume of 200–300 µl is required, independently from pump velocity.

Any light source which can be focused to a diffraction limited spot, e.g. a laser or laser diode, can be used for illumination. Application of various
light sources, however, requires chromatic correction, either by additional telescope systems placed in front of individual light sources20 or by
designing an achromatic illumination system. A further problem results from pronounced forward scattering, which may be inhomogeneous
over the sample, thus causing artifacts like stripes or shadows. Variation of the illumination angle in a wobbling mode21 or specific software
algorithms22, however, may reduce those artifacts.

The present illumination system consists of a telecentric beam expansion and focusing by a cylindrical lens of 50 mm focal length and a numeric
aperture AN = 0.08. According to the formula d = λ/AN for Fraunhofer diffraction this results in a thickness of about 6 µm of the light sheet
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(depending on the excitation wavelength λ), which roughly corresponds to the thickness of a cell layer and seems to be ideal for observation
of individual layers. If a higher axial resolution is desired, the numerical aperture can be increased by insertion of an additional microscope
objective lens of moderate or high numerical aperture into the illumination ray with the light sheet being focused into its aperture plane.
This results in another light sheet in the plane of the sample, which, however, is rotated by 90° (a rotation of the cylindrical lens by 90° can
compensate for this rotation). Since long distance microscope lenses have numerical apertures up to about 0.60, the thickness of the light sheet
can be reduced to 1 µm or even less, thus approaching the axial resolution obtained in confocal laser scanning microscopy. Simultaneously the
depth of field which is proportional to AN

-2 is reduced from about 100 µm to less than 2 µm.

A focal shift correction is used to compensate the so-called fishtank effect due to a refractive index mismatch. The shift of the microscope
objective lens along the optical axis differs from the focus shift inside the sample. Depending on the ratio of the refractive indices between air and
the medium surrounding the sample the object height appears clinched by a factor of roughly 1.35 and leads to a lifting mismatch by the same
factor between the focal plane and the illumination plane in SPIM for recording z-stacks (for reference see Figure 1b).

Multi-cellular tumor spheroids (MCTS) are rather symmetrical samples, which may be illuminated from any direction. However, for less
symmetrical samples or small organisms illumination from various sides may be desirable. Therefore, we recently developed a setup 23, where
the samples are located in a micro-capillary of cylindrical shape (inner diameter 400 µm, outer diameter 550 µm) that can be rotated within the
rectangular capillary (inner diameter 600 µm, wall thickness 120 µm), as depicted in the inlay of Fig. 1b. Due to almost perfect optical coupling of
the two capillaries light sheet based microscopy can be combined with rotation of the specimen without any limitation.
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