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22 SUMMARY:
23 We describe the use of a novel, frequency-domain luminescence lifetime camera for mapping 2D
24 Oy distributions with optical sensor foils. The camera system and image analysis procedures are
25  described along with the preparation, calibration and application of sensor foils for visualizing
26  the O; microenvironment in the rhizosphere of aquatic plants.
27
28  ABSTRACT:
29  We describe a method to image dissolved oxygen (0z), in 2D at high spatial (< 50-100 um) and
30 temporal (< 10 s) resolution. The method employs O sensitive luminescent sensor foils (planar
31 optodes) in combination with a specialized camera system for imaging luminescence lifetime in
32 the frequency-domain. Planar optodes are prepared by dissolving the O,-sensitive indicator dye
33  inapolymer and spreading the mixture on a solid support in a defined thickness via knife coating.
34  After evaporation of the solvent, the planar optode is placed in close contact with the sample of
35 interest — here demonstrated with the roots of the aquatic plant Littorella uniflora. The O3
36 concentration-dependent change in the luminescence lifetime of the indicator dye within the
37 planar optode is imaged via the backside of the transparent carrier foil and aquarium wall using
38 aspecial camera. This camera measures the luminescence lifetime (us) via a shift in phase angle
39 between a modulated excitation signal and emission signal. This method is superior to
40 luminescence intensity imaging methods, as the signal is independent of the dye concentration
41  orintensity of the excitation source, and solely relies on the luminescence decay time, which is
42  anintrinsically referenced parameter. Consequently, an additional reference dye or other means
43  of referencing are not needed. We demonstrate the use of the system for macroscopic O
44  imaging of plant rhizospheres, but the camera system can also easily be coupled to a microscope.
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INTRODUCTION:

The distribution and dynamics of dissolved gases and ions in sediments and soils provide key
information on biogeochemical processes such as microbial respiration®?, or radial oxygen loss
from plant roots®>™>, and the chemical microenvironment of microbes®’, plant rhizospheres>%?
and animal burrows!%*2, Biological and chemical activity in such diffusion-limited environments
can create steep gradients of chemical substrates or products of biogeochemical processes. In
particular, O; availability has a huge impact on biogeochemical processes and thus the biology
and ecology of a system?'3. Therefore, analyzing O, concentrations at high spatial and temporal
resolution is of prime importance in aquatic and terrestrial sciences. First, electrochemical and
optical microsensors!*1> were developed to measure this important analyte. Later, 2 dimensional
(2D) imaging of O, with planar optodes was introduced'?'61%, which enabled the visualization
and quantification of the heterogeneous O; distribution in soils and sediments.

Planar O, optodes consist of an O,-sensitive indicator dye?°, which is dissolved in a suitable
polymer?L. The indicator dye is excited at specific optical wavelengths and emits red-shifted light
upon relaxation in the form of luminescence. In the presence of O, the excited indicator dye can
transfer its energy to the O, molecule upon collision, which is referred to as collision-based
luminescence quenching??. Therefore, the luminescence intensity as well as the luminescence
lifetime are reduced with increasing Oz concentration?3. In an ideal case the change in intensity
and lifetime follows the Stern-Volmer equation (equation 1) using either the luminescence
intensity or lifetime in the absence (lo; To) or presence (1, T) of O, at a given concentration [Q]. The
Stern-Volmer constant (Ksv) is a measure for the sensitivity of the optode towards O3; Ksy is
dependent on environmental variables such as temperature and pressure.

2= D=1+ Kgy[Q] (1)
Recording such changes in luminescence over a planar sensor foil with a camera system can be
used to visualize the corresponding changes in O; distribution. Initially, simple luminescence
intensity-based O, imaging was used'8. However, such methodology is very sensitive to external
interferences, which compromise the reliability of the results due to heterogeneous illumination,
fluctuations in the excitation source or camera, as well as uneven distribution of the indicator
dye within the planar optode.

Some of these limitations can be alleviated by using planar optodes for ratiometric imaging!”:?4,
where the O;-sensitive indicator dye is co-immobilized in the polymer layer of the planar optode
with an insensitive reference dye emitting in a different spectral range than the O;-indicator.
Based on emission images acquired in two spectral windows, the O;-sensitive emission signal is
divided by the reference signal, generating a ratio image that is less prone to the above
mentioned interferences>!’. The method requires the use of a second dye, which ideally can be
excited by the same excitation source, but emits at a different wavelength (without significant
spectral overlap), in another spectral window of the camera (e.g., in another color channel of an
RGB camera).
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Alternatively, O, imaging can be based on quantifying the O,-dependent change in luminescence
lifetime of the indicator dye, which is not affected by uneven illumination or heterogeneities in
the indicator concentration?®. First luminescence lifetime-based O, imaging systems were based
on time-domain measurements with a gate-able charged coupled device (CCD) camera system?®,
where a pulsed excitation source is used and luminescence images are taken over defined time
intervals within the excitation or emission of the indicator®?3?7, From such images, the
luminescence lifetime can be determined and correlated to the corresponding O, concentration
in a calibration. Subsequently, luminescence lifetime images for a given sample pressed against
the planar optode can be converted to images of the corresponding 2D distribution of O;
concentration. This system has been used in many applications both in the laboratory and in
situ'®28, but the essential gate-able CCD camera is no longer commercially available.

Recently, a different luminescence lifetime camera system was released, which acquires images
in the frequency-domain®. The system relies on a continuously modulated light source for
excitation. This can either be a sinusoidal or square wave instead of a pulsed excitation, which is
used for image acquisition in the time-domain. This modulation results in a modulated
luminescence emission of the O indicator dye, which is phase-shifted by an angle, ¢, which is

depended on the luminescence lifetime of the indicator dye (t) (see equation 2).
= tan(p) (2)

2-7T fmod

The change between excitation and emission amplitude (i.e., the so-called modulation index or
depth (amplitude divided by the constant luminescence part)) is also dependent on the
luminescence lifetime. So, by setting a known modulation frequency the special CMOS image
sensor within the camera is able to measure the luminescence lifetime in the ns to us range as
described in detail elsewhere #%°30, A general guide on the operation principle can be found
(using the following link https://www.youtube.com/watch?v=xPAB eVWOr8).

In the following protocol, we demonstrate the use of the novel camera system for imaging the
distribution of O, concentration around the roots of the aquatic freshwater plant Littorella
uniflora in 2D%31, We would like to emphasize that this method is by no means limited to this
application. Oxygen-sensitive optodes or sensor particles?’ in combination with various imaging
methods have been used in medical research3?, in bioprinting33, for pressure sensitive paints343,
or to study photosynthetic systems?3%37, just to name a few other fields of application.

PROTOCOL:

1. Fabrication of planar O, optode

1.1. Dissolve 1.5 mg of the luminescent O indicator dye platinum(ll)-5,10,15,20-tetrakis-
(2,3,4,5,6-pentafluorphenyl)-porphyrin (PtTFPP) and 100 mg of polystyrene (PS) in 1 g of

chloroform to get the so-called ‘sensor cocktail’.

NOTE: The cocktail can be kept in a closed, gas-tight glass vial for a few hours in the fridge and
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darkness until further use.

1.2.  Fix a clean, dust free polyethylene terephthalate (PET) foil (size dependent on the
application) on a cleaned glass plate with the help of a water or ethanol (70%) film (Figure 1A).

1.3.  Place the cleaned knife coating device (120 um) on the foil and apply a line of the sensor
cocktail in front of the device using a glass pipette (Figure 1B). Then, drag the knife-coating device
slowly and uniformly over the PET foil to spread the cocktail evenly.

NOTE: All materials and tools have to be cleaned thoroughly and the fabrication should be done
in a dust-free environment, such as a fume hood, flow bench or underneath a point suction
device. To avoid heterogeneities in the final sensor foil, the steps following the application of the
sensor cocktail onto the foil should be done swiftly, as the chloroform evaporates fast.

1.4. Dry the finished planar O,-sensitive optode in ambient air for 1 h and then over-night in
a heating cabinet at 50-60 °C, resulting at a final layer thickness after solvent evaporation of ~12
um. Store the produced optodes in darkness (e.g., in a paper envelope) until further use (Figure
1C).

NOTE: Planar O, optodes can be stored dry and in darkness for several months to years prior to
use. A final layer thickness ranging from 1-20 um has proven to deliver good results, with
sufficient luminescence signal and adequate response times.

2. Rhizo-sandwich chamber
2.1.  Clean two glass plates (24.5 x 14 cm?, thickness: 4 mm) with 96% ethanol.

2.2. Use light-curable, acrylic-based instant adhesive (see Table of Materials) to glue
microscope slides (76 x 26 mm?, thickness: 1 mm) along the edges of the first glass plate (i.e., the
rear chamber side), while leaving one long edge open. Use a glasscutter to shorten microscope
slides as needed.

CAUTION: Cutting glass can cause sharp edges and should be handled with care.

NOTE: The microscope slides function as spacers between the front and back, and depending on
the thickness of the roots and plant size, multiple layers of microscope slides can be glued on top
of each other.

2.3. Cut the planar optode into the required shape and size to fit into the space between the
glued microscope slides. Place it on the inside of the front glass plate with the coated side
upwards, to allow contact with the sample of interest when pressed against it.

2.4. Tape one edge of the optode foil to the glass plate and add a few drops of tap water in
between the glass plate and the optode foil (Figure 2A). Slowly lower the foil on these water



175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218

droplets allowing it to straighten itself out on the glass surface.

2.5.  Carefully remove air bubbles trapped in-between the planar optode and the glass plate
using a soft tissue, while avoiding scratching of the sensor coating. Wipe the glass plate dry and
tape the remaining edges of the optode foil to the glass plate (Figure 2B).

NOTE: A tape with suitable adhesion under water should be chosen.

2.6. Sieve the sediment using a mesh size of 0.5 mm. Place a spoon of wet sediment on the
first glass plate (Figure 2C).

NOTE: The mesh size should not be larger than half the spacer thickness.

2.7. Distribute the sediment evenly and adjust it to the same thickness as the microscope slide
spacers using a flat glass plate. Carefully clean the upper surface of the microscope slides to
ensure that the second glass plate seals the chamber properly.

2.8.  Applysilicon grease to the microscope slide surface. Cover the sediment with a thin water
film, whilst carefully avoiding the formation of air bubbles.

2.9. Carefully wash a single shoot of Littorella uniflora and place it on the sediment, with the
plant leaves sticking out from the upper open side (Figure 2D).

2.10. Place the second glass plate, with the optode attached to it, on the sediment and apply
gentle pressure to bring the optode in close contact with the plant roots and the surrounding
sediment.

NOTE: Air bubbles trapped in the sediment can be removed by tilting the glass plates while
bringing them together.

2.11. Fasten the glass plates together using clamps (Figure 2E). Dry the outer edges with tissue
paper. Keep the leaves moisturized throughout the entire assembly of the rhizo-sandwich (e.g.,
by frequent addition of a few drops of water).

2.12. Tighten the rhizo-sandwich chamber using vinyl electrical tape. Seal the edges with
modeling clay and additionally tape them with vinyl electrical tape (Figure 2F).

NOTE: If there are many air bubbles in the sediment, or sediment grains in between the spacer
microscope slides and the second glass plate, the chamber should be reassembled as pore water
can leak out (repeat steps 2.4 — 2.8).

2.13. Use an opaque plastic to cover the rhizo-sandwich, but leave a slit in the foil for the plant
leaves to stick out. Cut a window in the plastic foil, so it can be opened for the experiments by
unfolding. Close the window during acclimatization times using rubber bands (Figure 2G) to
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protect the optode from photo bleaching while the plant is incubated.

NOTE: As algal growth could potentially interfere with O, concentrations measured, we
recommend trying to minimize it, by using filtered water, pre-cleaned experimental equipment
and removing algae upon formation.

3. Rhizo-sandwich chamber incubation

3.1.  Place the rhizo-sandwich chamber in a water tank (32 x 7 x 28 cm?) in a slightly tilted
position to encourage root growth against the planar optode.

3.2.  Fill the water tank with enough water to fully submerge the plant leaves.

3.3.  Establish a 14 h light, 10 h dark cycle for acclimatization of the plant using a time-
controlled lamp. Place an air-stone or a water pump in the tank to ensure aeration and mixing of
the water (Figure 2H).

4, Imaging
4.1. Imaging setup

4.1.1. Remove the plastic foil covering the planar optode in the rhizo-sandwich chamber. Position
the chamber with the glass wall with the optode upright against the aquarium wall. Use a spacer
to press the rhizo-sandwich chamber against the aquarium wall.

NOTE: The overall thickness of the aquarium wall plus the rhizo-sandwich chamber wall should
not get too thick, however, glass thicknesses for aquaria walls for luminescence imaging are
recommended with > 1 cm, in order to reduce spatial cross-talk by increasing the attenuation of
the scattered light. It is important, to use the same material for both glass walls (same refractory
index), in order to minimize light scattering at the material interface; as this would lead to a
blurred image as well*?,

4.1.2. Place the frequency-domain-based luminescence lifetime camera equipped with an
objective (see Table of Materials) in front of the aquarium and the area of interest (roots of the
aquatic plant Littorella uniflora, which are in direct contact with the planar optode) (Figure 3).

NOTE: The camera might be placed on a lab stand to allow easy height adjustment of the camera.
The position of the lab stand should be marked and kept fixed. Additionally, the camera can be

taped to the lab stand to avoid accidental movement of the camera during the experiment.

4.1.3. Screw a suitable emission filter for imaging PtTFPP as indicator dye (see Table of Materials)
on the camera objective, to remove inferences from the excitation source.

NOTE: Screw-on filters are ideal, but square filters may also be used with either an appropriate
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adaptor, or by careful taping them to the objective.

4.1.4. Connect a LED excitation source (see Table of Materials) to the modulation and dark gate
output of the camera.

NOTE: The former delivers the modulation signal for the light source, while the latter switches
off the light during image readout of the image sensor. Connect the LED excitation source and
camera to a computer. Background light should be minimized during image readout, by either
darkening the entire room or putting a dense, black cloth over the entire set-up. In the latter
case, it is important to ensure sufficient ventilation to avoid heating of the camera.

4.1.5. Fix the light guide in the LED excitation source and position it to evenly illuminate the
planar optode foil covering the area of interest.

NOTE: In the used LED excitation source it is possible to switch between 3 different LEDs (460
nm, 528 nm, 625 nm), the intensity of which can be adjusted via the control software.

4.2. Settings and camera operation

NOTE: For the described experiments, we used a frequency-domain-based lifetime camera in
combination with a dedicated module for lifetime imaging in a commercially available software
package (see Table of Materials).

4.2.1. Select the camera in the chosen software prior to use.

NOTE: The software and camera drivers need to be installed prior to imaging following the
manufacturers guidelines.

4.2.2. Open the LED control software (again installed prior to starting the experiment) and
choose the suitable LED (here: 528 nm) by ticking off standby. Set the LED intensity as needed
(here to 30%). Ensure that the LED is triggered by the external TTL; this is done by ticking analog
and sync for the LED.

NOTE: The LED intensity needs to be adjusted individually, as too high laser power can lead to
accelerated photo bleaching of the indicator or reference dye.

4.2.3. Focus the camera and adjust the aperture of the objective manually (in the present study
use f = 2.8).

NOTE: It is important to focus the camera on the planar optode and not on the aquarium glass;
this can be ensured by taking an image with a ruler for scale, and focusing on the shadow of the

ruler on the optode, rather than on the actual ruler.

4.2.4. Set the following parameters within the software’s camera control panel: internal
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modulation source; sine wave for the output waveform; additional phase sampling (Yes); 8 phase
samples, phase order opposite, Tap A + B readout; 5 kHz modulation frequency.

NOTE: These parameters affect image quality and can be changed if needed. The manufacturer
of the camera provides guidelines about the individual parameters (The camera manufacturer is
releasing guidelines and updates whenever the software gets updated).

4.2.5. Take a reference image prior to experiments.

NOTE: This can be done either by imaging a calibration standard (a luminescent dye with a known
lifetime (ns or ps)), or by using the reflected light of the LED. In the latter case, the emission long
pass filter needs to be removed from the objective and the known lifetime can be set to 1 ns.

4.2.6. Adjust the exposure time in the calibration section of the dedicated imaging software until
the ROI Statistics readout (in the bottom of this panel) for the normalized luminescence intensity
image is in the range of 0.68 — 0.72.

NOTE: Now the reference lifetime (e.g., 1 ns) is given as input to the software.
4.2.7. Press Capture reference to start the acquisition of a reference measuring series.

NOTE: When finished, the reference data are stored and either single or time lapse
measurements can be done on samples.

4.3. Calibration of the O, optode

4.3.1. Position a piece of a planar O;-sensitive optode in a (small) glass aquarium. Fix the planar
optode on the glass wall of the calibration chamber as described previously (see section 2.3).
Place the calibration aquarium in front of the camera. Ensure even illumination by the LED, as
well as that the optode fills the entire field of view.

NOTE: The planar optode should be from the same piece of foil or made from the same sensor
cocktail as the foil used in the actual experiment.

4.3.2. Fill the aquarium with the same liquid medium as used in the experiments.

NOTE: Using different media for calibrations and experiments can influence the measurement,
(e.g., by changing the sensor response and/or the O3 solubility). Thus, calibration should be done
in the same medium, and at the same temperature as the actual experiment. Fluctuations in
temperature will affect the luminescence signal and should be avoided. However, if the
temperature cannot be kept stable, temperature compensation needs to be done by calibrating
the O;-sensitive optode (multiple points) at different (relevant) temperatures and subsequent
recalculation of the values.
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4.3.3. Adjust the O; concentration within the calibration aguarium by flushing the water with an
air/Nz gas-mixture of known O concentration, using a gas-mixing device. Ensure that the water
is well equilibrated with the used gas-mixture by aerating for a sufficient time (depends on the
flow rate and size of the aquarium).

NOTE: We recommend monitoring the O level in the calibration aquarium with an external,
calibrated O; sensor with temperature compensation (e.g., using a fiber optic or electrochemical
03 sensor).

4.3.4. Take a series of images at different O, concentrations in the calibration chamber.

NOTE: At least five different O, concentrations should be measured in order to enable a proper
curve fit to the acquired calibration data. It is important to measure at 0 hPa (anoxic conditions),
and then distribute the other values over the dynamic range of your specific indicator dye. Here
we used PtTFPP as the O;-sensitive indicator dye immobilized in a polystyrene matrix. Images
were taken at 0, 48, 102, 156, and 207 hPa; 207 hPa corresponds to 100% air saturation at the
given salinity and pressure.

4.4. Imaging the sample

4.4.1. Place the sample in front of the camera and ensure even illumination.

4.4.2. Switch off the light supplying irradiation to the plant (and all other light sources) just prior
to acquiring the luminescence lifetime image of the plant. Adjust the acquisition time based on
the intensity image, ensuring that the signal is neither oversaturated nor too weak for a good
signal to noise (S/N) ratio in the lifetime determination.

4.4.3. Expose the plant to varying light conditions (e.g., light/ dark) and acquire a set of images.
4.4.4. Switch on the light in the room to acquire a Structural image.

NOTE: When the background light is switched on, the camera will not measure a realistic lifetime
image. However, the intensity image now shows the entire field of view as seen through the

semitransparent optode.

4.4.5. Take an image with a ruler or alike in the field of view to enable later scaling of the acquired
images.

5. Data analysis

5.1. Export the phase lifetime and intensity images directly from the dedicated imaging
software, using the macro provided by the camera manufacturer.

5.2.  Perform further image analysis using a freely available image analysis software (see Table
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of Materials).

5.3.  Open the phase lifetime images of the calibration in the image analysis software and
determine the mean of the entire image using the measure function. Plot the measured lifetimes
against the known O3 concentrations to determine the calibration function (Figure 4A).

5.4. Calculate 7g/7from all the data (7vis the measured phase lifetime in the absence of O»).
Plot these values versus the known O, concentrations (Figure 4B).

5.5. Determine the parameters Ksvand ffrom the calibration plot, using the simplified two-
site model for dynamic collisional quenching (equation 3)3% 3% where [Q] is the O, concentration.

Define the fit-function in the data analysis software, which then determines Ksyand f.
To 1

[ — 3 ,
e

1+ [Q]+K gy
5.6.  Open the acquired sample images in the image analysis software to convert the imaged
lifetimes into O, concentrations, using the determined parameters Ksv, fand .

NOTE: As an alternative approach also the acquired calibration phase lifetime values (Figure 4A)
can be used directly. In this case, an exponential fit using the curve fit function is used for
calibration.

5.7.  Open the image with the ruler next in the image analysis software and measure a known
distance using the measuring tool. Set this measurement as global scale under Set scale.

REPRESENTATIVE RESULTS:
As an application example for the new imaging system, we show 2D O; imaging of a complex
biological sample (i.e., the rhizosphere of the aquatic plant Littorella uniflora).

First, the method describes the fabrication of a planar sensor film, a so-called planar optode. As
seen in Figure 1, such an optode is made of a thin layer of an optical indicator in a polymer matrix
that is spread on a transparent support. By following the described protocol, a homogeneous
sensor film with a uniform thickness, as defined by the gap of the knife coating device, is
obtained. If the produced optode has a patchy sensor material distribution (e.g., holes in the
coating, shows stripes, or dye aggregates (this can be evaluated visually, and visually with the
help of an UV lamp)), the protocol needs to be repeated and all materials need to be thoroughly
cleaned using acetone.

Once the planar optode is prepared, the sample can be brought in close contact with the sensing
layer of the planar optode, as shown here with the planar optode integrated in a rhizo-sandwich
chamber, where the roots of a plant within a surrounding sediment matrix can be positioned in
close contact to the planar optode (Figure 2). If prepared correctly, the rhizo-sandwich chamber
should be easily moveable from one aquarium (incubation) to the other (measurement). If not
constructed correctly, the rhizo-sandwich chamber may be instable, lose sediment or contain air



438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481

bubbles. Visual examination of the rhizo-sandwich chamber directly after assembly is thus
recommended.

The given protocol enables frequency-domain-based luminescence lifetime imaging of the
sample in contact with the planar optode using the frequency-domain-based luminescence
lifetime camera. More details on this camera system such as the mode of image acquisition and
scientific complementary metal-oxide-semiconductor (SCMOS) camera characteristics are given
in recent publications®2°,

The setup itself is rather simple and only includes the camera that controls a light source (in this
case, a LED excitation source) and the sample with the optode (Figure 3). Ensure that all parts
are correctly connected and that the sample is illuminated homogeneously. Background light
needs to be avoided while preforming measurements.

Prior to imaging the sample, the optode needs to be calibrated. As seen in Figure 4A, the
measured luminescence lifetime decreases with increasing O, concentration following a quasi-
exponential decay. This relationship can also be described using the simplified two-site model
(Figure 4B and equation 3). In the given example, the parameters needed to subsequently
calculate the O, concentration were as followed; 1= 56.26 s, Ksy=0.032 hPa and f = 0.86.

Performing a calibration is also an ideal way to test that the system is working correctly. If all
components are installed as described here (or within the manufacturers guidelines), the
measured lifetime should show the same O, dependence as seen in Figure 4. In addition, for the
same combination of O, sensing materials (polymer and dye), the measured 1o should be in the
same range (+ a few us) as measured here (mainly influenced by the experimental temperature).
If unable to obtain a similar calibration curve, ensure that all steps were followed correctly.
Sometimes the optode is accidentally fixed with the sensitive side facing the glass wall rather
than the sample, or the acquired images are over- or underexposed.

With the calibration parameters, it is possible to determine the O; concentration by imaging the
luminescence lifetime (t). This is demonstrated in Figure 5A,B, where the distribution of O,
concentration in the rhizosphere of Littorella uniflora was imaged in darkness and after light
exposure to 500 umol photons m2 s for 12 h, respectively. Due to the photosynthetic activity of
the plant, the O, concentration in the rhizosphere increased after light exposure. Besides lifetime
images, also “structural” images can be acquired under external illumination, while keeping the
imaging geometry fixed. In this way, O, images can be precisely correlated to the structural image
(Figure 5C), cross sections or regions of interest. As an example, O, concentration profiles across
a single root were extracted from the image acquired in darkness and light, respectively (Figure
5D).

FIGURE AND TABLE LEGENDS:

Figure 1. Fabrication of a planar O; optode. (A) A PET foil is fixed on a glass plate and the knife-
coating device is placed on the foil. (B) The prepared sensor cocktail is spread on the PET foil as
a thin line in front of the knife-coating device. (C) The knife-coating device is moved downwards
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to spread the sensor cocktail as a thin film on the PET foil, which after solvent evaporation results
in a ready to use planar optode.

Figure 2. Rhizo-sandwich chamber assembly with integration of a planar O, optode. (A) The
optode is fixed on one of the glass plates using a water film. (B) The optode is glued to the plate
with electric tape. (C) Sediment is filled into the opposing plate with the attached spacers (i.e.,
microscope slides). (D) The plant roots are placed on the evenly spread out sediment. (E) The
rhizo-sandwich chamber is closed and temporarily fixed with clamps. (F) Fully closed and
assembled rhizo-sandwich chamber. (G) To protect the optode from light exposure by the
incubation lamp and to avoid algal growth a plastic cover is placed over the assembled rhizo-
sandwich chamber. (H) The rhizo-sandwich chamber incubated in an aquarium.

Figure 3. Imaging setup containing the frequency-domain-based luminescence lifetime camera,
with the objective focused at the sample with the optode from behind via the transparent
aquarium and rhizo-sandwich chamber walls. The light guide of the LED excitation source is
positioned to illuminate the sample evenly.

Figure 4. Calibration curves for planar O; optode. (A) Different phosphorescence lifetimes
measured at the respective O, concentrations in the water-filled calibration chamber. (B) Stern-
Volmer plot of the calibration data fitted using the simplified two-site model for dynamic
collisional quenching (equation 3).

Figure 5. Lifetime imaging of the O, distribution in the rhizosphere of the aquatic plant Littorella
uniflora. (A) O distribution after keeping the plant under light for 12 h at approximately 500
umol photons m2 s1. (B) O, distribution after keeping the plant in darkness for 1 h. (C) Structural
image of the plant roots as seen through the planar optode. (D) Cross-sectional O, concentration
profile (the location is indicated by the yellow line in panel A and B) after 12 h in light (red) and 1
h in darkness (black). Adapted with permission from (Koren, K., MoBhammer, M., Scholz, V. V.,
Borisov, S.M., Holst, G., Kiihl, M. Luminescence Lifetime Imaging of Chemical Sensors - A
Comparison between Time-Domain and Frequency-Domain Based Camera Systems. Analytical
Chemistry. 91 (5), 3233-3238, doi: 10.1021/acs.analchem.8b05869 (2019)). Copyright (2019)
American Chemical Society.

DISCUSSION:

In this protocol, the entire work-flow from optode preparation to O, image analysis is covered.
By following this protocol, chemical images can be obtained using the novel frequency-domain-
based luminescence lifetime camera. Depending on the application, the planar optodes can be
fabricated in various sizes and layer thickness of the sensor layer ranging from robust 50-100 um
thick planar optodes of several tenths of square centimeter to microscope cover slips with <1
um thick sensor layers®*°. The potential of this method was demonstrated with a particular
application, but is not only limited to Oz imaging in plant rhizospheres'>28,

This method has several benefits when compared to pure luminescence intensity-based chemical
imaging methods. Luminescence lifetime imaging is not, or at least far less, affected by uneven
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illumination, uneven optode thickness, and photo bleaching?. Also, this method avoids the use
of an additional reference dye common in ratiometric imaging'’’. In comparison to other
lifetime based camera systems, such as commonly used gated time-domain cameras®?®, the
novel camera system and protocol presented here can deliver comparable results. In a recent
publication, the analytical characteristics of those two systems were compared and it was found
that the frequency-domain-based luminescence lifetime camera system is at least comparable
to the discontinued time-domain-based predecessor®.

We have presented the simplest O, optode consisting only of an indicator in a polymer matrix.
Besides multiple other possible O, indicators?® that might be used additives can be included, i.e.,
scattering agents such as TiO2 or diamond powder? to increase sensor signal while reducing
transparency of the optode. Also additional dyes might be used to enhance signal intensity via
energy transfer®,

For planar optode fabrication, we recommend using a gap in the knife-coating device of 75 - 120
um to yield a final sensor layer thickness of around 7.5 to 12 um after solvent evaporation
(around 10% of the used gap), when using the described sensor cocktail composition. This is a
good compromise between signal intensity, which can be modified by higher dye loading, or by
choosing indicator and reference dyes of higher brightness, and response time. An increase in
layer thickness results in an increase in response time, as the time span required for the analyte
to reach a thermodynamic equilibrium in the sensing layer with the surrounding media
increases'?.

Optodes, as described here, react to changes in Oz concentration within a few seconds!’ while
still having a sufficiently strong luminescence signal. Ultrathin sensor coatings with sub-second
response times can be realized with spin-coating®. If the support or the knife-coating device are
not well-cleaned, it might result in inhomogeneous sensor layers. Also, when the cocktail is not
completely homogenous or applied too rapidly after spreading in front of the coating device such
an unwanted result can be observed. Therefore, it might need some practice to prepare optimal
optodes.

The method can be used to image samples which can be put in close contact to the optode, such
as certain marine animals®?, biofilms® and soils3! just to name a few. We present a standalone
setup using an objective, however, the camera can easily be coupled to a microscope for higher
resolution chemical imaging®.

While time-domain based luminescence lifetime imaging enabled suppression of background
fluorescence?®, this is an issue when using the new frequency-domain-based camera systemé®.
Due to the continuous image acquisition, this camera will record any background fluorescence of
the sample that can be excited by the selected LED and emits in the selected spectral window as
defined by the emission filter on the camera objective. This will result in an apparently lower
lifetime and consequently in false readings. In case you work with samples with a significant
intrinsic fluorescence overlapping with the O; sensor excitation and emission, it is essential to
apply an extra optical isolation on top of the optode, by coating an additional layer containing
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carbon black*'’. Thus, only luminescence emitted from the planar optode will reach the camera.
In order to check for background luminescence an image without the optode can be taken, which
then would exclusively show intrinsic luminescence of the sample. It is also possible to add
scattering agents such as TiO2 or diamond powder®**, to the sensor cocktail, to increase
luminescence intensity of the indicator dye. However, this can also lead to faster photo bleaching
and TiOz is a known photo-catalyst, which can impair photostability of a dye*!. A further aspect
to consider is background light. When imaging luminescence lifetimes, background light needs to
be avoided as efficiently as possible. Therefore, this imaging method requires the setup to be
placed in a dark environment and any external light source needs to be temporarily switched off
during image acquisition.

In summary, luminescence lifetime imaging is a robust chemical imaging method that can be
adapted to many different applications. This protocol (see section 1 - 5) covers all the essential
steps to generate an Oz image and uses the currently most flexible frequency-domain
luminescence lifetime imaging system, which can replace the discontinued gated time-domain
camera for 2D O; imaging with planar optodes.
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Name of Material/ Equipment

Company

Catalog Number

Comments/Description

Air pump with air stone and

water pump Local aquarium store

Chloroform Sigma Aldrich 67-66-3

DC4 silicone compound Dow Corning GmbH 2793695

red-y compact This is just one possible instrument. Several
Gas mixer Vogtlin Instruments GmbH meter GCM companies offer gas mixing devices
Local aquarium or hardware

Glass plates and aquaria store
Freely available imaging software

ImagelJ Software Image) (imagej.nih.gov/ij/index.html)
This is a four sided film applicator enabling easy
variation of the film thickness. Other versions are
also available. We recommend a thickness of the
applied film between 75-120 um, which yields a final
sensor layer thickness of ~10% of the applied

Knife-coating device BYK-GARDNER GMBH byk.com 2021 thickness before solvent evaporation.

LED lamp, Reflector PAR38 Megaman MM17572
Can be configured with a variety of LEDs. For the
presented example, the green LED (528 nm) is

LED LEDHUB Omicon Laserage, Germany essential

LOCTITE AA 3494 Henkel AG & Co. KGaA NA Acrylic-based instant adhesive

NIS Elements AR Software Nikon Inc Software package used for image acquisition
Frequency domain based luminescence lifetime

pco.flim PCO AG, Germany camera

platinum(ll)-5,10,15,20-tetrakis-

(2,3,4,5,6-pentafluorphenyl)-

porphyrin (PtTFPP) Frontier Scientific PtT975 0, indicator

polyethylene terephthalate (PET) Such foils might also be found from other providers

foil Goodfellow 320-992-72 and serve as solid support

L]
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Polystyrene (PS)

Sigma Aldrich

9003-53-6

Polymer matrix

Schott RG610 filter

www.uviroptics.com

Here 52mm screw on Filters can obtained. Other
sources offer square glass filters from Schott glass
that can be fixed in front of the objective

Vinyl electrical tape

Scotch, Super 33+

NA

Zeiss Makro Planar 2/100 with
Hama C for Nikon adaptor

delivered with the camera

Here any other objective might also be used in
combination with an adaptor if the objective does
not have a C-mount
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ltem 1: The Author elects to have the Materials be made available (as described at

http://www.jove.com/publish) via:

D Standard Access

Item 2: Please select one of the following items:

JEOpen Access

@The Author is NOT a United States government employee.

DThe Author is a United States government employee and the Materials were prepared in the
course of his or her duties as a United States government employee.

DThe Author is a United States government employee but the Materials were NOT prepared in the
course of his or her duties as a United States government employee.

ARTICLE AND VIDEO LICENSE AGREEMENT

1. Defined Terms. As used in this Article and Video
License Agreement, the following terms shall have the
following meanings: “Agreement” means this Article and
Video License Agreement; “Article” means the article
specified on the last page of this Agreement, including any
associated materials such as texts, figures, tables, artwork,
abstracts, or summaries contained therein; “Author”
means the author who is a signatory to this Agreement;
“Collective Work” means a work, such as a periodical issue,
anthology or encyclopedia, in which the Materials in their
entirety in unmodified form, along with a number of other
contributions, constituting separate and independent
works in themselves, are assembled into a collective whole;
“CRC License” means the Creative Commons Attribution-
Non Commercial-No Derivs 3.0 Unported Agreement, the
terms and conditions of which can be found at:
http://creativecommons.org/licenses/by-nc-

nd/3.0/legalcode; “Derivative Work” means a work based
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement,
dramatization, fictionalization, motion picture version,
sound recording, art reproduction, abridgment,
condensation, or any other form in which the Materials may
be recast, transformed, or adapted; “Institution” means
the institution, listed on the last page of this Agreement, by
which the Author was employed at the time of the creation
of the Materials; “JoVE” means Mylove Corporation, a
Massachusetts corporation and the publisher of The Journal
of Visualized Experiments; “Materials” means the Article
and / or the Video; “Parties” means the Author and JoVE;
“Video” means any video(s) made by the Author, alone or
in conjunction with any other parties, or by JOVE or its
affiliates or agents, individually or in collaboration with the
Author or any other parties, incorporating all or any portion

of the Article, and in which the Author may or may not
appear.

2. Background. The Author, who is the author of the
Article, in order to ensure the dissemination and protection
of the Article, desires to have the JoVE publish the Article
and create and transmit videos based on the Article. In
furtherance of such goals, the Parties desire to memorialize
in this Agreement the respective rights of each Party in and
to the Article and the Video.

3. Grant of Rights in Article. In consideration of JoVE
agreeing to publish the Article, the Author hereby grants to
loVE, subject to Sections 4 and 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to
publish, reproduce, distribute, display and store the Article
in all forms, formats and media whether now known or
hereafter developed (including without limitation in print,
digital and electronic form) throughout the world, (b) to
translate the Article into other languages, create
adaptations, summaries or extracts of the Article or other
Derivative Works (including, without limitation, the Video)
or Collective Works based on all or any portion of the Article
and exercise all of the rights set forth in {a) above in such
translations, adaptations, summaries, extracts, Derivative
Works or Collective Works and(c) to license others to do any
or all of the above. The foregoing rights may be exercised in
all media and formats, whether now known or hereafter
devised, and include the right to make such modifications
as are technically necessary to exercise the rights in other
media and formats. If the “Open Access” box has been
checked in Item 1 above, JoVE and the Author hereby grant
to the public all such rights in the Article as provided in, but
subject to all limitations and requirements set forth in, the
CRC License.

612542.6  For questions, please contact us at submissions@jove.com or +1.617.945.9051.
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4, Retention of Rights in Article. Notwithstanding
the exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in
each case provided that a link to the Article on the JoVE
website is provided and notice of JoVE’s copyright in the
Article is included. All non-copyright intellectual property
rights in and to the Article, such as patent rights, shall
remain with the Author.

S. Grant of Rights in Video — Standard Access. This
Section 5 applies if the “Standard Access” box has been
checked in Item 1 above or if no box has been checked in
Item 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author
hereby acknowledges and agrees that, Subject to Section 7
below, JoVE is and shall be the sole and exclusive owner of
all rights of any nature, including, without limitation, all
copyrights, in and to the Video. To the extent that, by law,
the Author is deemed, now or at any time in the future, to
have any rights of any nature in or to the Video, the Author
hereby disclaims all such rights and transfers all such rights
to JoVE.

6. Grant of Rights in Video — Open Access. This
Section 6 applies only if the “Open Access” box has been
checked in Item 1 above. In consideration of JoVE agreeing
to produce, display or otherwise assist with the Video, the
Author hereby grants to JoVE, subject to Section 7 below,
the exclusive, royalty-free, perpetual (for the full term of
copyright in the Article, including any extensions thereto)
license (a) to publish, reproduce, distribute, display and
store the Video in all forms, formats and media whether
now known or hereafter developed (including without
limitation in print, digital and electronic form) throughout
the world, (b) to translate the Video into other languages,
create adaptations, summaries or extracts of the Video or
other Derivative Works or Collective Works based on all or
any portion of the Video and exercise ali of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works
and (c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees. If the Author is a United
States government employee and the Article was prepared
in the course of his or her duties as a United States
government employee, as indicated in ltem 2 above, and
any of the licenses or grants granted by the Author
hereunder exceed the scope of the 17 U.5.C. 403, then the
rights granted hereunder shall be limited to the maximum

rights permitted under such statute. In such case, all
provisions contained herein that are not in conflict with
such statute shall remain in full force and effect, and all
provisions contained herein that do so conflict shall be
deemed to be amended so as to provide to JoVE the
maximum rights permissible within such statute.

8. Protection of the Work. The Author({s) authorize
JoVE to take steps in the Author(s) name and on their behalf
if JoVE believes some third party could be infringing or
might infringe the copyright of either the Author’s Article
and/or Video.

9. Likeness, Privacy, Personality. The Author hereby
grants JoVE the right to use the Author’s name, voice,
likeness, picture, photograph, image, biography and
performance in any way, commercial or otherwise, in
connection with the Materials and the sale, promotion and
distribution thereof. The Author hereby waives any and all
rights he or she may have, relating to his or her appearance
in the Video or otherwise relating to the Materials, under
all applicable privacy, likeness, personality or similar laws.
10. Author Warranties. The Author represents and
warrants that the Article is original, that it has not been
published, that the copyright interest is owned by the
Author (or, if more than one author is listed at the beginning
of this Agreement, by such authors collectively) and has not
been assigned, licensed, or otherwise transferred to any
other party. The Author represents and warrants that the
author(s) listed at the top of this Agreement are the only
authors of the Materials. If more than one author is listed
at the top of this Agreement and if any such author has not
entered into a separate Article and Video License
Agreement with JoVE relating to the Materials, the Author
represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them
had been a party hereto as an Author. The Author warrants
that the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate,
infringe and/or misappropriate the patent, trademark,
intellectual property or other rights of any third party. The
Author represents and warrants that it has and will
continue to comply with all government, institutional and
other regulations, including, without limitation all
institutional, laboratory, hospital, ethical, human and
animal treatment, privacy, and all other rules, regulations,
laws, procedures or guidelines, applicable to the Materials,
and that all research involving human and animal subjects
has been approved by the Author's relevant institutional
review board.

13 JoVE Discretion, If the Author requests the
assistance of JoVE in producing the Video in the Author’s
facility, the Author shall ensure that the presence of JoVE
employees, agents or independent contractors is in
accordance with the relevant regulations of the Author's
institution. If more than one author is listed at the
beginning of this Agreement, JoVE may, in its sole

612542.6 For questions, please contact us at submissions@jove.com or +1.617.945.9051.
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discretion, elect not take any action with respect to the
Article until such time as it has received complete, executed
Article and Video License Agreements from each such
author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to
accept or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
full, unfettered access to the facilities of the Author or of
the Author’s institution as necessary to make the Video,
whether actually published or not. JoVE has sole discretion
as to the method of making and publishing the Materials,
including, without limitation, to all decisions regarding
editing, lighting, filming, timing of publication, if any,
length, quality, content and the like.

12. Indemnification. The Author agrees to indemnify
JoVE and/or its successors and assigns from and against any
and all claims, costs, and expenses, including attorney’s
fees, arising out of any breach of any warranty or other
representations contained herein. The Author further
agrees to indemnify and hold harmless JoVE from and
against any and all claims, costs, and expenses, including
attorney’s fees, resulting from the breach by the Author of
any representation or warranty contained herein or from
allegations or instances of violation of intellectual property
rights, damage to the Author’s or the Author’s institution’s
facilities, fraud, libel, defamation, research, equipment,
experiments, property damage, personal injury, violations
of institutional, laboratory, hospital, ethical, human and
animal treatment, privacy or other rules, regulations, laws,
procedures or guidelines, liabilities and other losses or
damages related in any way to the submission of work to
JoVE, making of videos by JoVE, or publication in JoVE or
elsewhere by JoVE. The Author shall be responsible for, and
shall hold JoVE harmless from, damages caused by lack of
sterilization, lack of cleanliness or by contamination due to

the making of a video by JoVE its employees, agents or
independent contractors. All sterilization, cleanliness or
decontamination procedures shall be solely the
responsibility of the Author and shall be undertaken at the
Author’s expense. All indemnifications provided herein
shall include JoVE's attorney’s fees and costs related to said
losses or damages. Such indemnification and holding
harmless shall include such losses or damages incurred by,
or in connection with, acts or omissions of JoVE, its
employees, agents or independent contractors.

13. Fees. To cover the cost incurred for publication,
JoVE must receive payment before production and
publication the Materials. Payment is due in 21 days of
invoice. Should the Materials not be published due to an
editorial or production decision, these funds will be
returned to the Author. Withdrawal by the Author of any
submitted Materials after final peer review approval will
result in a US$1,200 fee to cover pre-production expenses
incurred by JoVE. If payment is not received by the
completion of filming, production and publication of the
Materials will be suspended until payment is received.

14, Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE’s successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to
any conflict of law provision thereunder. This Agreement
may be executed in counterparts, each of which shall be
deemed an original, but all of which together shall be
deemed to me one and the same agreement. A signed copy
of this Agreement delivered by facsimile, e-mail or other
means of electronic transmission shall be deemed to have
the same legal effect as delivery of an original signed copy
of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement is required per submission.

CORRESPONDING AUTHOR
Name:
Kihus  KoReN
Department: =
Sl d DuiGres
Institution:

Title: ‘D]\ |

Rovhea et Verna h},

Signature:

ate: | 79 L. 2o 48

Please submit a'signed and dated copy of this license by one of the following three methods:
1. Upload an electronic version on the JoVE submission site

2. Faxthe document to +1.866.381.2236

3. Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02140
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Rebuttal Letter Click here to access/download;Rebuttal Letter;Final Response to 2
the editorial comments.docx

Dear Editor,
we changed the manuscript according to the editorial comments and hope it is now ready for
publication in your journal “Journal of Visualized Experiments”.

Changes are shown here with track changes and are addressed individually.

We hope that the revised manuscript is now acceptable for publication and we are looking
forward to learning about further editorial decisions in due time.

Kind regards,
Maria MolRhammer, Vincent V. Scholz, Gerhard Holst, Michael Kiihl and Klaus Koren

Editorial Comments:

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there
are no spelling or grammar issues.

The final version of the manuscript was repeatedly proofread and minor things changed which
are highlighted in the main manuscript.

line 403: “too”
line 471: eralike

2. Please ensure that all text in the protocol section is written in the imperative tense as if
telling someone how to do the technique (e.g., “Do this,” “Ensure that,” etc.). Any text that
cannot be written in the imperative tense may be added as a “Note.”

This was changed accordingly in the following sections:

“1.1 Dissolve 1.5 mg of the luminescent Oz indicator dye platinum(ll)-5,10,15,20-tetrakis-
(2,3,4,5,6-pentafluorphenyl)-porphyrin (PtTFPP) and 100 mg of polystyrene (PS) were-dissolved
in 1 g of chloroform to get the so-called ‘sensor cocktail’.”

and

application) isfixated-on a cleaned glass plate with the help of a water or ethanol (70%) film
(Figure 1A).”

‘ “1.2 A-Fix_a clean, dust free polyethylene terephthalate (PET) foil (size dependent on the

and

“1.3 Fhe-Place the cleaned knife coating device (120 um) isptaced-on the foil and_apply a line of


https://www.editorialmanager.com/jove/download.aspx?id=1071473&guid=4cf5abb8-93fb-4ae2-a12a-95be8ff55069&scheme=1
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the sensor cocktail-ispipetted in front of the device using a glass pipette (Figure 1B). Then, drag
the knife-coating device is-slowly and uniformly eéragged-over the PET foil to spread the cocktail
evenly.”

and

“1.4 Fhe-Dry the finished planar Oz-sensitive optode is-first-dried-in ambient air for 1h and then
over-night in a heating cabinet at 50-60°C, resulting at a final layer thickness after solvent
evaporation of ~12 um. Fhre-Store the produced optodes ean-bestered-in darkness (e.g.in a paper
envelope) until further use (Flgure 1C). & Do-eptod be-stered-dryand-in-dar

1 +the + +
Y 14

NOTE: Planar O optodes can be stored dry and in darkness for several months to years prior to
use. A final layer thickness ranging from 1-20 um has proven to deliver good results, with
sufficient luminescence signal and adequate response times.“

and

“2.1 Fwo-Clean two glass plates (24.5 x 14 cm?, thickness: 4 mm) have-to-be-cleaned-with 96%

|H

ethanol.
and

“2.2 Use Llight-curable, acrylic-based instant adhesive (see Table of Materials) is-used-to glue
microscope slides (76 x 26 mm?, thickness: 1 mm) along the edges of the first glass plate, i.e.; the
rear chamber side, while leaving one long edge open. A-Use a glasscutter-ean-be-used to shorten
microscope slides as needed.”

and

“2.3 Fhe-Cut the planar optode is—eut-into the required shape and size to fit into the space
between the glued microscope slides. H-isplacedPlace it on the inside of the front glass plate
with the coated side upwards, to allow contact with the sample of interest when pressed against
it. “

and

“2.4 Tape Bone edge of the optode foil istaped-to the glass plate and add a few drops of tap
water are-added-in between glass plate and optode foil (Figure 2A). Fre-Slowly lower the foil-is
slowly-lowered over—on these water droplets allowing it to straighten itself out on the glass

surface.”

and



“2.5 Carefully remove Aair bubbles trapped in-between the planar optode and the glass plate ean
be—carefullyremoved-using a soft tissue, while avoiding scratching of the sensor coating.
SubseguenthyWipe the glass plate is~wiped-dry and_tape the remaining edges of the optode foil
are-taped-to the glass plate (Figure 2B).”

and

“2.4-6 Fhe-Sieve the sediment is-sieved-using a mesh size of 0.5 mm. Place Aa spoon of wet
sediment isplaced-on the first glass plate (Figure 2C).”

and

“2.5-7 Distribute Fthe sediment is-evenly distributed-and adjusted- it to the same thickness as the
microscope slide spacers using a flat glass plate. Fhe-Carefully clean the upper surface of the

microscope slides needs-teo-becarefullycleaned-to ensure that the second glass plate seals the

chamber properly.”

and

“2.8 Additionatly,—aApply silicon grease isapplied-to the microscope slide surface. Fhe-Cover the
sediment is—eevered-with a thin water film, whilst carefully avoiding the formation of gas-air
bubbles.”

and

“2.69 Fo-prepare-theplantsample;Carefully wash a single shoot of Littorella uniflora isearefully
washed-and placed it on the sediment, with the plant leaves sticking out from the upper open

side (Figure 2D).”
and

“2.710 Fre-Place the second glass plate, with the optode attached to it, isptaced-on the sediment
and apply gentle pressure is-apphed-to bring the optode in close contact with the plant roots and
the surrounding sediment.”

and

“2.8-11 Fasten tFhe glass plates arefastened-together using clamps (Figure 2E},—=and. Dry the

outer edges are-dried-with tissue paper. theugheut—the—em-me—asseme-y—ef—the—FMZQ—saﬂdwreh
ehamberitis-importantto-keep-Keep the leaves moisturized_throughout the entire assembly of
the rhizo-sandwich, e.g. by frequent addition of a few wateredrepsdrops of water. Fhe

2.12 Tighten the rhizo-sandwich chamber is—tightened-using vinyl electrical tape. Fre-Seal the
edges are-firstsealed-with modeling clay and additionally taped them with vinyl electrical tape
(Figure 2F).”




and

“2.9-13 An-Use an opaque plastic feiHs-used-to cover the rhizo-sandwich, but leaveing hewever
a slit in the foil for the plant leaves to stick out. A-Cut a window is—eut-in the plastic foil, so it can
be opened for the experiments by unfolding. Burirg-Close the window during acclimatization
times the-windew-is-clesed-using rubber bands (Figure 2G)—Fhis-wil- to protect the optode from
photo bleaching while the plant is incubated.”

and

“3.1 Fhe-Place the rhizo-sandwich chamber isplaced-in a water tank (32 x 7 x 28 cm3) in a slightly
tilted position to encourage root growth against the planar optode.”

and
“3.2 Fhe-Fill the water tank is-filed-with enough water to fully submerge the plant leaves.”

and

“3.3 Establish Feraeclimatization-eftheplant-a 14 h light, 10 h dark cycle for acclimatization of
the plant is-employed-using a time-controlled lamp. Place an Ar-air-stone or a water pump in the
tank to ensures aeration and mixing of the water (Figure 2H).”

and

“4.1.1 Remove the Fhe-plastic foil covering the planar optode in the rhizo-sandwich chamber-is

[ Formatted: Highlight

removed. Position the Fhe-chamber-ispesitiened with the glass wall with the optode upright
against the aquarium wall. Use Aa spacer ean—be-used-to press the rhizo-sandwich chamber
against the aquarium wall.”

and

“4.1.2 Place Fhethe frequency-domain-based luminescence lifetime camera equipped with an
objective (see Table of Materials) pesitiened-in front of the aquarium and the area of interest
(roots of the aquatic plant Littorella uniflora, which are in direct contact with the planar optode)
(Figure 3).”

and

“4.1.3 Screw Aa suitable emission filter for imaging PtTFPP as indicator dye (see Table of

[ Formatted: Highlight

Materials) isserewed-on the camera objective, to remove inferences from the excitation source.”

and




“4.1.4 Fhe—Connect a LED excitation source (see Table of Materials) is—cennected—to the
modulation and dark gate output of the camera.”
and

“4.1.5 Fhre-Fix the light guide is-fixed-in the LED excitation source and iis-positioned it to evenly [Formatted: Highlight

illuminate the planar optode foil covering the area of interest.”

and

“4.2.1 ta-Select the camera in the chosen software the-camera-reeds-te-beselectprior to use.” [Formatted: Highlight

and

“4.2.2 Fhe-Open the LED control software (again installed prior to starting the experiment) is

epened-and choose the suitable LED (here: 528 nm) is-chesen-by ticking off standby. Fhe-Set the
LED intensity_as needed is—set—(here to 30%)%,—but-you—canbeincreaseditif-highersignal

intensitiesare-needed. Ensure that the LED is triggered by the external TTL; this is done by ticking
"analog" and "sync" for the LED.”

and

“4.2.3 Fhe-Focus the camera is—foeused-and_adjust the aperture of the objective is—adjusted [Formatted: Highlight

manually (in the present study f=2.8 was used).”

and

“4.2.4 Within-Set the following parameters within the software’s camera control panel—the [Formatted:HighIight

following—parameters—have—to-be-set: internal modulation source; sine wave for the output
waveform; additional phase sampling (Yes); 8 phase samples, phase order opposite, Tap A + B
readout; 5 kHz modulation frequency.”

and

“4.2.5 Take a reference image priorRrier to experiments,a+eference-image-hasto-be-taken.”

and

“4.2.6 Adjust the exposure time tin the calibration section of the dedicated imaging software the [ Formatted: Highlight

exposure-time-is-adjusted-until the ‘ROI Statistics’ readout (in the bottom of this panel) for the
normalized luminescence intensity image is in the range of 0.68 —0.72.”

”



and

“4.2.7 Press “capture reference” to start the acquisition of a reference measuring series—is
started.”

and

“4.3.1 A-Position a plece ofa planar O2- sensmve optode%pesmeﬂeé ina (smaII) glass aquanum

as—the—fml—used—m—the—aet&ake*pe%mrent—?h&m the pIanar optode—ns—ﬁ*ed on the glass waII of

the calibration chamber as described previously (see section 2.3). Fae—Place the calibration
aquarium isplaeced-in front of the camera. Even-Ensure even illumination by the LED-sheuld-be
ensured, as well as that the optode fills the entire field of view. “

and

“4.3.2 Fhe-Fill the aquarium is-filed-with the same liquid medium as used in the experiments.”
and

“4.3.3 Fhe-Adjust the O2 concentration within the calibration aquarium is—adjusted-by flushing
the water with an air/N2 gas-mixture of known Oz concentration, using a gas-mixing device. &
Ensure hasto-be-ensured that the water is well equilibrated with the used gas-mixture by aerating
for a sufficient time (depends on the flow rate and size of the aquarium).”

and

“4.3.4 Take aA series of images at different Oz concentrations in the calibration chamber-is

[ Formatted: Highlight

taken.”
and

“4.4.1 Place theFhe sample isplaced-in front of the camera and_ensure even illumination-is
ensured.”

and

“4.4.2 Switch off theFhe light supplying irradiation to the plant (and all other light sources)-are
switehed-off; just prior to acquiring the luminescence lifetime image of the plant. Adjust Fhethe
acquisition time ean-be-adjusted-based on the intensity image, ensuring that the signal is neither
oversaturated nor too weak for a good signal to noise (S/N) ratio in the lifetime determination.”

and




“4.4.3 Expose-Fhe the plant is-expesed-to varying light conditions (e.g. light/ dark) and acquire a
set of images-is-aeguired.”

and
“4.4.4 Switch on theFhe light in the room ean-be-turred-en-to acquire a “structural image”.”
and

“4.4.5 Take Alse-an image with a ruler or alike in the field of view istaken;-to enable later scaling
of the acquired images.”

and

“5.1 Export Fhethe phase lifetime and intensity images ean—be-directly experted—from the
dedicated imaging software, using the macro provided by the camera manufacturer.”

and

“5.2 Perform Furtherfurther image analysis is-performed-using a freely available image analysis
software_(see Table of Materials).”

and

“5.3 Open theFhe phase lifetime images of the calibration are—epened-in the image analysis
software and determine the mean of the entire image is-determined-using the measure function.
Fhe-Plot the measured lifetimes are—ow—plotted—against the known Oz concentrations to
determine the calibration function (Figure 4A).”

and

“5.4_Calculate 74/T is—ealewlated-from all the data (zvois the measured phase lifetime in the
absence of O2). Fhese-Plot these values are-then-pletted-versus the known Oz concentrations
(Figure 4B).”

and

“5.5 Fhe-Determine the parameters Ksvand fare-determined-from the calibration plot, using the
simplified two-site model for dynamic collisional quenching (equation 3)38 3% where [Q] is the Oz
concentration. Fhe-Define the fit-function needs—to-be-defined-in the data analysis software,

which then determines Ksvand f.”

and



“5.6 Next- Open the acquired sample images ean-be-opened-in the image analysis software to
convert the imaged lifetimes into O2 concentrations, using the determined parameters Ksv, fand

”

0.
and

“5.7 Fhe-Open the image with the ruler is—epened-next in the image analysis software and
measure a known distance using the measuring tool-is+measured. #a-Set this measurement as

global scale under ‘set scale’-this-measurementissetasglobalseale.”

3. Please avoid long steps (more than 4 lines).

This was taken into consideration at the following paragraphs:

“1.1 Dissolve 1.5 mg of the luminescent O2 indicator dye platinum(ll)-5,10,15,20-tetrakis-
(2,3,4,5,6-pentafluorphenyl)-porphyrin (PtTFPP) and 100 mg of polystyrene (PS) were-dissolved

in 1 g of chloroform to get the so-called ‘sensor cocktail’.

NOTE: The cocktail can be kept in a closed, gas-tight glass vial for a few hours in the fridge and
darkness until further use.”

and

“4.1.1 Remove the Fhe-plastic foil covering the planar optode in the rhizo-sandwich chamber-is

[ Formatted: Highlight

removed. Position the Fhe-chamber-is—pesitioned with the glass wall with the optode upright
against the aquarium wall. Use Aa spacer ean—be-used-to press the rhizo-sandwich chamber
against the aquarium wall.

NOTE: The overall thickness of the aquarium wall plus the rhizo-sandwich chamber wall should
not get too thick, however, glass thicknesses for aquaria walls for luminescence imaging are
recommended with > 1cm, in order to reduce spatial cross-talk by increasing the attenuation of
the scattered light. It is important, to use the same material for both glass walls (same refractory
index), in order to minimize light scattering at the material interface; as this would lead to a
blurred image as well*2.”

and

“4.1.3 Screw_Aa suitable emission filter for imaging PtTFPP as indicator dye (see Table of

{ Formatted: Highlight

Materials) is-serewed-on the camera objective, to remove inferences from the excitation source.

NOTE: Screw-on filters are ideal, but also square filters may be used with_either an appropriate
adaptor, or by careful taping_ them to the objective.”




and

“4.1.4 Fhe—Connect a LED excitation source (see Table of Materials) is—eennected—to the
modulation and dark gate output of the camera.

NOTE: The former delivers the modulation signal for the light source, while the latter switches
off the light during image readout of the image sensor. Connect the LED excitation source and
camera to a computer.

NOTE--Background light should be minimized during image readout, by either darkening the
entire room or putting a dense, black cloth over the entire set-up. In the latter case, it is important
to ensure sufficient ventilation to avoid heating of the camera.”

and

“4.2.2 Fhe-Open the LED control software (again installed prior to starting the experiment) is
epened-and choose the suitable LED (here: 528 nm) is<chesen-by ticking off standby. Fhe-Set the
LED intensity_as needed is—set-(here to 30%)%,—but—yeu—can—be—increased—itifhighersignal

intensitiesare-needed. Ensure that the LED s triggered by the external TTL; this is done by ticking
"analog" and "sync" for the LED.

NOTE: The LED intensity needs to be adjusted individually, as too high laser power can lead to
accelerated photo bleaching of the mdlcator or reference dye. £ that-the LFDistriggored
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and

“4.2.5 Take a reference image priorRrier to experiments,-a+reference-image-hasto-be-taken.

NOTE: This can be done either by imaging a calibration standard (a luminescent dye with a known
lifetime (ns or ps)), or by using the reflected light of the LED. In the latter case, the emission long
pass filter needs to be removed from the objective and the known lifetime can be set to 1 ns.”

and

“4.2.6 Adjust the exposure time tin the calibration section of the dedicated imaging software the
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exposure-time-is-adjusted-until the ‘ROI Statistics’ readout (in the bottom of this panel) for the
normalized luminescence intensity image is in the range of 0.68 —0.72.

NOTE: Now the reference lifetime (e.g. 1 ns) is given as input to the software.;and-by-pressing”

and




“4.2.7 Press “capture reference” to start the acquisition of a reference measuring series—is
started.

NOTE: When finished, the reference data are stored and either single or time lapse
measurements can be done on samples.”

and

“4.3.1 A-Position a piece of a planar Oz-sensitive optode-ispesitioned in a (small) glass aquarium.
Ik rl Iv;.,.l bheauld bha £ th i £ £oil de £ th lebail
as-the-foll e-in-th tual-exper £=The-Fix the planar optode-is-fixed on the glass wall of
the calibration chamber as described previously (see section 2.3). Fhe-Place the calibration
aquarium isplaced-in front of the camera. Even-Ensure even illumination by the LED-sheuld-be

ensured, as well as that the optode fills the entire field of view.

NOTE: The planar optode should be from the same piece of foil or made from the same sensor
cocktail as the foil used in the actual experiment.”

and
“4.4.4 Switch on theFhe light in the room ean-be-turred-en-to acquire a “structural image”.

NOTE: When the background light is switched on, the camera will not measure a realistic lifetime
image. However, the intensity image now shows the entire field of view as seen through the
semitransparent optode.”

and

“5.6 Next- Open the acquired sample images ean-be-epened-in the image analysis software to
convert the imaged lifetimes into O2 concentrations, using the determined parameters Ksv, fand
0.

NOTE: As an alternative approach also the acquired calibration phase lifetime values (Figure 4A)
can be used directly. In this case, an exponential fit using the curve fit function is used for
calibration.”



