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Chemical gradients are essential in biological
systems, affecting processes like microbial activity in soils and
nutrient cycling. Traditional tools, such as microsensors, offer high-

Single Indicator Dual Temperature and pO, Imaging
in Soil by Hyperspectral Camera and RGB Camera

resolution data but are limited to one-dimensional measurements. 6‘40
Planar optodes allow for two-dimensional (2D) and three- 235
dimensional (3D) chemical imaging but are often sensitive to @

temperature changes. This study presents an advanced dual- % 30
emission optical sensor that simultaneously measures temperature % o5
and oxygen using a modified platinum(II) meso-tetrakis(3,5-ditert- S

butylphenyl)-tetra(2-tert-butyl-1,4-naphthoquinono)porphyrin. qE, 20
The ratio between thermally activated delayed fluorescence and = 15

phosphorescence was optimized by modifying platinum(II)
naphthoquinonoporphyrin with tert-butyl groups which simulta-
neously improved solubility in apolar solvents and polymer matrix (polystyrene). This dual-function sensor enables two-parameter
chemical imaging with a consumer-grade RGB camera or a hyperspectral camera. We demonstrated 2D visualization of temperature
and oxygen distribution in a model soil system. The RGB camera provided rapid and cost-effective imaging, while the hyperspectral
camera offered more detailed spectral information despite some limitations. Our findings revealed the formation of a stable
temperature gradient and oxygen depletion, driven by water content and temperature-sensitive microbial activity. This dual O,/T
sensor, with further potential improvements, shows considerable promise for advanced multiparameter sensing in complex biological
and environmental studies, providing deeper insights into dynamic microenvironments.

multiparameter analysis, optical sensors, chemical imaging, partial least-squares regression, chemical gradients,
hyperspectral imaging, TADF

systems ranging from sediments'> to plants'® and even

. 14,15 . .
Chemical gradients are ubiquitous in biological systems.l’2 animals. Even further, beyond biological systems, optode

From biofilms to soils it is well understood that biological technology is used in the form of pressure-sensitive paints to

16

activity and transport processes shape the chemical micro-
environment in time and space.’”> This microscale hetero-
geneity is in part utilized in biotechnology (e.g., wastewater
treatment)® and has important implications for global nutrient
cycles or adaptations of certain organisms.

Nevertheless, measuring or even better visualizing hetero-
geneities in biological systems is still challenging. While
microsensors have the potential to measure at high spatial
and temporal resolution, they are limited to one-dimensional
(1D) measurements.*” Chemical imaging, on the contrary, can
provide two-dimensional (2D) or three-dimensional (3D)
chemical images by utilizing luminescent molecules as
receptors within chemical sensors, so-called optodes.'”'" In
recent years it has been demonstrated that optodes can be
useful tools to study chemical dynamics in complex biological
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visualize pressure gradients on man-made structures.

A key limiting factor of all those measurements is the
intrinsic cross-sensitivity of every optical sensor to temper-
ature.'” Consequently, temperature needs to be either stable
during the analysis or compensated for. Maintaining stable
temperature is difficult in many biological systems as metabolic
activity itself creates heat.'® Furthermore, natural systems often
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exhibit large- or small-scale temperature gradients like within
the water column or within the soil profile.'” These factors
underscore the importance of temperature compensation in
chemical imaging in biological systems.

Over the years temperature optodes have been developed
that enable the 2D visualization of temperature.'”***' Most
often those sensors are based on phosphorescent indicators
encapsulated in an O, impermeable material (polymer). As
temperature affects all luminescent materials, though to a
varying degree, shielding an indicator from other quenchers
enables temperature imaging with optode technology. Those
sensors are only sensitive to temperature and as such need to
be combined with other chemical sensors to enable chemical
imaging.”* So far only a limited number of examples exist
where temperature and another chemical parameter have been
imaged using a single sensor.””**™*°

More recently a new class of sensor material has emerged
which combines temperature sensing with oxygen sensing
using a single indicator, although such materials are still
rare.”>”*® Among them, metallobenzoporphyrins stand out due
to their high molar absorption coeflicients of their B- and Q-
bands (usually located in the blue to green and orange to red
parts of the electromagnetic spectrum, respectively), and their
high emission wavelengths (red to NIR). The decay time of
long-lived phosphorescence (emission from excited triplet
state) or thermally activated delayed fluorescence (TADF,
emission from excited singlet state after occurrence of reverse
intersystem crossing from excited triplet state) can be used to
determine the oxygen concentration, while the ratio of either
TADEF to prompt fluorescence™ (emission from excited singlet
state without intersystem crossing) or the ratio of TADF to
phosphorescence’®” can be used to determine temperature.
While prompt fluorescence and TADF show the same spectral
characteristics, TADF and phosphorescence occur at different
wavelengths (phosphorescence at lower energy than TADF).
Although these two types of emission are exceptionally well
separated in Pd(II) and Pt(II) benzoporphyrins, their
emissions are not compatible with standard color cameras,
featuring red, green, and blue coatings on the CCD or CMOS
chips, which have recently emerged as cheap and easy to use
options in chemical imaging.*’
appropriate filters are a possible solution. Changing filters
requires manual labor, which is error-prone and costly, or the
use of a mechanical filter wheel which introduces an additional
mechanical part. Alternatively, hyperspectral cameras can be
used. Hyperspectral cameras use spectral filtering units in front
of the CCD or CMOS chip and as such enable the recording of
full spectra in every pixel of the image. We have shown that
this type of imaging system can be used in chemical imaging
and that it allows for spectral unmixing and machine learning-
based analysis.”"">> So far, hyperspectral imaging has not been
used to study materials that simultaneously emit TADF and
phosphorescence.

In this study, we developed an improved TADF and
phosphorescence-based indicator for the combined imaging of
temperature and O,. Hyperspectral chemical imaging as well as
filter based spectral selection was tested to generate chemical
images. As a test case an artificial temperature gradient within a
soil sample was generated. As microbial activity is temperature-
dependent, we expected to see increased respiration in areas
with higher temperatures.

Monochrome cameras with
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Unless otherwise noted, all substances were used as received.

Toluene (HPLC+ grade) and hexamethyldisiloxane were bought
from Sigma-Aldrich, 2-tert-butyl-1,4-benzoquinone was acquired from
TCI-Europe, n-heptane (analytical grade) and sodium dithionate were
obtained from Merck, triethylamine (>99.5% purity) and chloroform
(purity >99%, stabilized with 0.4—1% ethanol) were bought from Carl
Roth. The reference dye Lumogen F Orange (N,N-bis(2,6-
diisopropylphenyl)perylene-3,4,9,10-bis(dicarboximide)) was bought
from Kremer Pigmente. Polystyrene (PS, average M.W. 260 kDa) was
obtained from Acros Organics, and monocrystalline diamond powder
(1—2 pm) was obtained from Microdiamant. Silicone E43 was
obtained from Wacker Chemie. Chloroform-D3 was acquired from
Eurisotop. The sandy loam-type soil collected in Astrup (Denmark)
was sieved (2 mm) prior to use (further details on the soil can be
found in the Supporting Information).

Optical measurements were performed in dark rooms.

Luminescence spectra were recorded on a Fluorolog 3 spectro-
fluorometer (Horiba Scientific) equipped with an R2658 photo-
multiplier (Hamamatsu). Luminescence decay times were measured
on the same spectrometer equipped with a DeltaHub module
(Horiba) using a SpectraLED excitation source (4 = 456 nm, Horiba).
Data analysis was performed on DAS-6 analysis software (Horiba)
applying a mono- or a biexponential fit function. Average decay times
(7) of biexponential fits were calculated from the relative amplitudes
(By, B,) and lifetimes (7, 7,) using the equation 7 = B; X 7, + B, X 7.

NMR spectra were recorded on a 300 or 400 MHz NMR
spectrometer from Bruker or JEOL, respectively. Chemical shifts are
reported relative to the residual signals of the used deuterated solvent.
High-resolution mass spectra were recorded on the matrix-assisted
laser desorption/ionization time-of-flight mass spectrometer
(MALDI-TOF MS) Micromass MALDI micro MX from Waters.

2.2.1. RGB Camera Settings. The imaging of optodes was
conducted with a DSLR camera (EOS 2000D, Canon, Japan) with a
removed NIR filter in combination with a macro-objective lens (AT-X
M100 PRO D Macro, 100 mm f2.8, Tokina, Japan) with appropriate
symmetric illumination in an otherwise dark room. The locations of
the camera and the light sources were fixed throughout the
experiments. The inverse relative aperture (f-number) was always f/
2.8, ISO was 100. The exact imaging parameters and filters are shown
in Table 1.

Table 1. Optical Filters and Shutter Times Used with the
RGB Camera

shutter
time
signal set of optical filters (s)
reference Calflex X (Qioptiq) 767 Oklahoma yellow 5
(LEE Filters) 73S Velvet green (LEE
Filters)
TADF Calflex X (Qioptiq) 182 Light Red (LEE- 4
Filters) R64 (Hoya)
phosphorescence ~ W-IR760 (Hoya) 2

2.2.2. Hyperspectral Camera Settings. The hyperspectral
camera (imec SNAPSCAN VNIR) was mounted with a lens
(Schneider Kreuznach, Apo-Xenoplan 2.0/24—0005) and equipped
with an optical filter (767 Oklahoma yellow, LEE Filters) to exclude
excitation light. The camera was stationary during the whole
measurement and controlled by the manufacturer’s software (HSI
Snapscan v1.8.1.1). White balancing was performed according to the
user manual with a 95% reflectance white reference (SphereOptics,
Zenith Lite Diffuse Reflectance Target SG3151). Full-resolution
corrected cubes (1088 X 2048) were acquired in discontinuous (stop
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motion) mode with a step size of 3 pixels and an integration time of
800 ms. Pixel blur and binning were disabled.

For calibration, the sensor foil was taped to an inner wall of a
homemade aquarium. The gaps between the glass wall and the sensor
foil were filled with a thin water film. The aquarium was filled with
water and equipped with a magnetic stir bar for mixing and a hollow
metal coil used for cooling/heating by passing temperature-controlled
water through it using a cryostat (Lauda Alpha RA 8). A Firesting
GO2 (PyroScience) oxygen meter was used for readout of the
reference temperature- (PyroScience TDIP1S) and oxygen probes
(PyroScience OXROB3). The calibration process started with air-
saturated oxygen concentration, which was decreased stepwise by the
addition of 5 wt % sodium dithionate solution at constant
temperature. As an excitation source, a high-power 460 nm LED
(LEDHub by Omicron-Laserage) was employed. Acquisition of
images/cubes with the RGB- and hyperspectral camera was
performed in parallel, using the settings described earlier.

Discussion about synthesis can be found in the Supporting
Information.

2.3.1. meso-Tetrakis(3,5-di-tert-butylphenyl)-tetra(2-tert-
butyl-1,4-naphthoquinono)porphyrin (H,-tBuNQ). A reaction
vial equipped with a magnetic stir bar was charged with 25.1 mg (17.6
umol, 1 equiv) of sulfoleno porphyrin,® 69.2 mg (421 umol, 24
equiv) of 2-tert-butyl-1,4-benzoquinone, 4 mL of toluene, and 100 xL
of triethylamine. The reaction was conducted for 10 min at 200 °C in
a “Monowave S0” synthesis reactor (Anton Paar). After cooling to
room temperature, the main part of the reaction mixture was
separated from the brown, sticky residue that stuck on the inner walls
of the reaction vial. The solvent was removed under reduced pressure,
and the residue was dissolved in a mixture of 10 mL n-heptane and 10
mL MeOH. The phases were separated, and the n-heptane phase was
washed thrice with prewashed (with n-heptane) MeOH (3 X 10 mL).
The solvent was removed under reduced pressure, and the residue
was dried overnight at 65 °C under high vacuum, to yield 31 mg
(97%) of H,-tBuNQ, which was used in the next step without further
purification. '"H NMR (300 MHz, CDCl;): § 8.32—8.26 (m, 4H),
8.19—8.12 (m, 8H), 8.13—7.77 (m, 8H), 6.89—6.81 (m, 4H), 1.57—
1.50 (m, 72H), 1.40—1.33 (m, 36H), (—0.53)-(—0.64) (m, 2H).

2.3.2. Platinum(ll) meso-Tetrakis(3,5-di-tert-butylphenyl)-
tetra(2-tert-butyl-1,4-naphthoquinono)porphyrin (Pt-tBuNQ).
A reaction vial equipped with a magnetic stir bar was charged with
30.0 mg (16.5 pumol, 1 equiv) H,-tBuNQ, 11.9 mg (252 ymol, 1.5
equiv) of dichlorobis(benzonitrile)platinum(11),”® and 3 mL of
toluene. The reaction was conducted for 15 min at 200 °C in a
“Monowave S0” synthesis reactor (Anton Paar). After cooling to
room temperature, the solvent was removed under reduced pressure.
The residue was partially dissolved in n-heptane and filtered over
Celite. The filtrate was applied to a n-heptane-conditioned silica gel
column. Approximately 10 column volumes of n-heptane were passed
through the column before the product was eluted with a minimal
amount of CHCl;. The product fractions were concentrated, and the
residue was dried at 65 °C under high vacuum over the weekend to
yield 30.9 mg (93%) of Pt-tBuNQ_as a metallic dark green solid. 'H
NMR (300 MHz, CDCL,) & 8.32—8.29 (m, 4H), 8.08—8.04 (m, SH),
7.94-7.90 (m, 4H), 7.87—7.83 (m, 4H), 6.87—6.84 (m, 4H), 1.56—
1.52 (m, 72H), 1.40—1.36 (m, 36H). '*C NMR (101 MHz, CDCl,)*:
5 185.72, 184.08, 159.09, 153.08, 140.71, 140.00, 138.60, 137.07,
134.61, 130.50, 128.70, 127.19, 125.40, 125.11, 123.80, 122.18, 35.98,
35.56, 31.82, 29.54. *Highly complex spectrum due to isomers. For
clarity, peak clusters are summarized as single peaks. MALDI-TOF:
m/z [M*] calc. for C,,H;3,N,O4Pt, 2000.9723; found, 2000.9714.

A sensor “cocktail” consisting of 1.410 g 10 wt % PS in CHCl;, 117.5
UL of 3.0 g/L Pt-tBuNQ solution in CHCl;, and 28.2 uL of a 2.5 g/L
Lumogen F Orange solution in CHCIl; was knife-coated onto a 125
um thick transparent Melinex 506 poly(ethylene terephthalate) foil
(Piitz Folien, Germany) using a 30 um spacer, resulting in a
maximum Q-band absorption of the dried foil less than 0.1 to avoid
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the inner-filter effect. After drying at room temperature for 2 h,
another layer consisting of 2.08 g of diamond powder, 4.04 g
hexamethyldisiloxane, and 3.12 g of silicone E43 was knife-coated on
top of the sensor layer with a 90 um spacer. After air drying for 1 h,
the foil was further dried at 70 °C overnight.

Otto S. Wolfbeis underlined that “sensors are much(!) more
than just a molecule, and most are of the stand-alone type”.**
While a receptor, in this case, the indicator dye, is the heart of
a sensor this indicator needs to be embedded in an appropriate
matrix and be detected using the proper optical setup. Due to
this essential consideration, this study will describe the sensor
development from the indicator to the material and finally to

the imaging system.

We considered the recently published dually emitting
palladium and platinum benzoporphyrins™ as indicator dyes
for this work. These dyes can be excited in the blue-green and
red parts of electromagnetic spectrum and emit red to near-
infrared light through both TADF and phosphorescence
mechanisms with both emissions being spectrally well
separated from each other. Since the spectral characteristics
of the available indicator dyes are very similar, the selection of
the indicator dye was based primarily on the TADF to
phosphorescence ratio, quantum yield, (photo)chemical
stability, and compatibility with common polymer matrices.
The platinum(II) benzoporphyrins show roughly double the
quantum yield of their palladium counterparts, and, as oxygen
indicators, they usually feature an advantageous dynamic range
in polystyrene for measurements from hypoxic conditions to
ambient oxygen levels. The candidate with the highest TADF
to phosphorescence ratio (0.21 at 25 °C), the platinum(II)
naphthoquinonoporphyrin, has unprotected double bonds,
leading to decreased photostability, and questionable chemical
stability. The platinum(II) anthraquinonoporphyrin overcomes
this limitation but only shows around half the TADF to
phosphorescence ratio (0.10). To utilize the higher TADF to
phosphorescence ratio while mitigating the stability issues of
the naphthoquinonoporphyrin, we sterically protected the
double bonds by introducing tert-butyl groups. The resulting
Pt-tBuNQ_complex (Figure 1) showed an intermediate TADF

Figure 1. Chemical structure of the new porphyrin indicator Pt-
tBuNQ.
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Figure 2. Spectral characteristics of the dually sensing optode. A: Excitation spectrum of Pt-fBuNQ_ (red) and LFOr (black) in PS; emission
spectrum of the used LED with 4., = 460 nm (blue). B: Luminescence in air-saturated water and in 10 wt % Na,SOj solution (anoxic) at 25 °C
(excitation wavelength 490 nm). C: Temperature dependency of the emission spectra under anoxic conditions.

to phosphorescence ratio (0.17 at 25 °C), and drastically
improved solubility in apolar solvents. Furthermore, the
synthesis of quinone-extended porphyrins and their platination
could be significantly improved, resulting in decreased
synthetic effort and higher yields (details can be found in
the Supporting Information).

In order to enable oxygen measurements alongside temper-
ature measurements using cameras without lifetime-imaging
capabilities, addition of an oxygen- and temperature-insensitive
reference dye is necessary. We chose the fluorescent perylene
bisimide derivative “Lumogen F Orange” (LFOr) due to its
excellent spectral compatibility with the indicator (as shown in
Figure 2), chemical and photochemical stability, and bright-

ness.

The optical characteristics of the optode material are
summarized in Figure 2. The excitation spectra of the indicator
and reference dye show broad overlap in the blue-green
wavelength region, with the optimal excitation wavelength
around 490 nm (Figure 24, actual excitation wavelength 460
nm). While the indicator shows a strong response to both
oxygen and temperature (Figure 2B,C, respectively), the
reference dye shows negligible dependence on either
parameter. Additionally, decay time measurements of the
indicator in PS with and without reference dye were performed
(Figure S1). Under anoxic conditions at 25 °C, both
measurements resulted in a decay time of 39 us, indicating
that no energy transfer from the indicator to the reference dye
takes place under these conditions.

Our optode shows an excellent spectral separation of all signals
(reference, TADF, and phosphorescence, Figure 2B). This
allows us to use not only a hyperspectral (HS) camera with
high spectral resolution but also a conventional RGB or
monochrome camera combined with different spectral filters.
As shown previously,” we expected the TADF to phosphor-
escence ratio to follow an Arrhenius-like dependence on
temperature,”> while both TADF and phosphorescence are
expected to be quenched equally by molecular oxygen. Due to
incorporation of the indicator into a polymer matrix, we
expected the dynamic quenching behavior to follow a modified
Stern—Volmer equation, the so-called two-site model.*®
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3.3.1. Calibration - Hyperspectral Camera. As spatial
region of interest, we chose a 20 X 20-pixel area located at the
reference temperature and oxygen sensors. The spectral region
of interest was selected by visual inspection of the obtained
averaged spectra and the standard deviations of the spectral
bands (Figure 3). Additional considerations were made for our

0.04
0.03
0.02

0.01 -J

0.00
500

Emission Intensity (a.u.)

700 800 900

Wavelength (nm)

600

Figure 3. Example calibration spectrum (mean values and
corresponding standard deviations at 24.4 °C and 123 hPa pO,)
from the 20 X 20-pixel spatial ROI where the reference sensors were
placed.

specific HS camera, which has a stepped filter layout with two
distinct spectral filter regions (470—625 and 625—900 nm),
and requires a complicated correction algorithm.”” It was
previously found in literature® that for reliable referencing
with this camera it is necessary to have a reference dye that
emits in the same spectral filter region as the indicator. Some
part of the reference emission falls into the same filter zone as
the indicator emissions. This is however very close to the
overlap region of the spectral filter zones (~600—650 nm)
which shows poor signal quality as previously noted in
literature.”® Therefore, we chose the spectral region spanning
the bands closest to 562—608 nm for the reference signal,
despite being in a different spectral filter zone than the
indicator emission. For TADF, we chose the spectral region
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Figure 4. Calibration functions for temperature (A) and oxygen partial pressure (B).
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Figure 5. Scatter plots of actual vs predicted values for temperature (A) and oxygen (B) determination. R* and Root Mean Squared Errors (RMSE)

are shown in the plots.

spanning the bands closest to 672—727 nm. In the first
calibration, we found that the signal of the TADF emission was
too low at higher oxygen concentrations to be measured
reliably. Therefore, the calibration was repeated. To increase
the TADF signal, the phosphorescence emission was partially
oversaturated at wavelengths below 860 nm, which explains
why we chose to use the spectral region spanning the bands
closest to 860—900 nm for the phosphorescence signal. The
selected spectral regions were integrated using the trapezoidal
rule.

The TADF signal was found to contain background
fluorescence (from the reference dye and aquarium glass)
and was corrected by subtracting a constant fraction (2%) of
the reference signal, yielding TADF_ ..

The results of the second calibration are shown in Figure 4.
The temperature data was fitted according to an Arrhenius plot
(Figure 4A, R* > 0.999), and is independent of the reference
signal, except for a small correction factor in the TADF signal.
In contrast, the indicator luminescence for oxygen measure-
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ments needs to be referenced. While ideally the whole
indicator luminescence should be used for oxygen measure-
ments, we opted to only use the phosphorescence signal
(divided by the reference signal, denoted Phos,), due to better
signal quality. Surprisingly, the oxygen calibration data could
be excellently fitted (Figure 4B, R* > 0.999) using the ideal
Stern—Volmer plot rather than the two-site model.*® Even
more surprisingly, the oxygen calibration showed no apparent
temperature dependence with a Ky value of 0.0147 hPa™" for
all calibration temperatures. We assume that the low signal
intensity in combination with potential artifacts arising from
the complicated correction algorithm®” needed for our type of
HS camera, are responsible for the observed behavior.

3.3.2. Calibration - RGB Camera. In addition, we decided
to use a conventional RGB camera (with the removed NIR
filter) combined with spectral filters due to the excellent
spectral separation between TADF and phosphorescence
emissions. In the proposed approach, the RGB camera
captures 3 individual photographs corresponding to different
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spectral regions as shown in Figure 2: the fluorescence from
the reference indicator (R), the TADF signal (F), and the
phosphorescence from the indicator dye (P). The captured
images have 3-color channels (r—red, g—green, and z—
blue), represented as 8-bit raw intensity values, resulting in 9
variables initially. Subsequently, we excluded Ry, Rg, Fg, and
Fy signals due to their low intensity and high probability of
capturing noise. In contrast, the signal intensities of Py, Py, and
P were all sufficient due to the removal of the NIR filter and
the overlapping spectral sensitivity of distinct R, G, and B
channels.”” To address the issue of nonlinear responses, we
expanded the variable space by calculating all possible ratios
between individual channels and their log values, resulting in
45 variables. Therefore, we had a complex data set with
nonlinear responses that were not easily interpretable using
simple linear models. Moreover, the signals obtained from
different filters could be highly collinear, meaning they are
correlated and do not vary independently. Due to these factors,
we opted for partial least squares regression (PLSR).

To simultaneously determine O, and T, two separate
models with different variables were built: one for O,
measurement and another for T measurement. In contrast to
a combined model for both variables (PLS2) each model can
independently optimize the prediction of its specific response
variable. The steps involved training the PLSR model using
calibration data (36 points) that included known values of
temperature and oxygen concentration along with the
corresponding image intensities. The trained PLSR model
was then validated with a separate data set (15 points,
approximately 30% of the initial data set) to ensure its accuracy
and reliability. The variables were chosen using the recursive
weighted PLS method (rPLS).* The robustness of the
developed models was checked via cross-validation (CV)
using the random subsets method with 10 data splits and 5
iterations. Once validated, the model was applied to the
experimental images to extract quantitative information about
temperature and oxygen gradients.

Figure S shows scatter plots of measured vs predicted values
for the calibration (C) and external test data sets (P).

Using rPLS resulted in 9 variables (Rg, Fr/Pg, Fp/Py, Fg/
Rg, Pr/Fr, Pgo/Fy, Po/Rg, Rg/Pg, Rg/Pg) for temperature
calibration and 8 variables (Rg, Fr/Pr, Pr/Fg, Pr/Rg, P5/Pg,
Rg/Ty, Rg/Pg, Rg/Pg) for O, calibration.

For temperature, the root-mean-square error of calibration
(RMSEC) is 0.5 °C, with an R* value of 0.996, demonstrating
an excellent fit to the calibration data. The root-mean-square
error of prediction (RMSEP) is 0.5 °C, and the root-mean-
square error of cross-validation (RMSECV) is 0.6 °C, both
maintaining an R*> of 0.995. This consistency highlights the
model’s robustness and reliability when validated with
independent data sets.

Similarly, the RMSEC is 2.5 hPa with an R? of 0.998 for
oxygen. The RMSEP is 1.9 hPa, and the RMSECV is 3.1 hPa,
with R* values of 0.999 and 0.998, respectively. These metrics
confirm the model’s high accuracy and robustness.

3.4.1. Measurement Setup. The optode was taped to an
inner glass wall of an aquarium. The aquarium was tightly
packed with soil and contained a horizontally placed metal
pipe connected to tubing, which was insulated by foam, to
enable heating the soil around the pipe by 40 °C-hot water
flow, as shown in Figure 6 (dimensions are depicted in Figure
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Figure 6. Scheme of used setup. A vertical temperature gradient is
introduced by pumping hot water through the metal pipe.

S2). In this way, a vertical temperature gradient was introduced
into the measured system. The oxygen gradient formed
naturally upon water addition to the soil. The sensor foil was
illuminated by constant light intensity from a 460 nm high-
power LED during the parallel acquisition of RGB images and
hyperspectral cubes.

3.4.2. Results. From the RGB- and HS-camera measure-
ments, simultaneous O, and T 2D visualization was performed.
Figure 7 illustrates the temperature gradient formation in a soil

RGB Camera

40
35 8
o
t0 30 min 2h 19 h 30 2
e 252
£
20 ©
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Hyperspectral Camera

Figure 7. Time-lapse thermal imaging of heat transfer in soil with an
embedded water pipe. Captions denote the time after the initiation of
hot water flow.

sandwich with a water pipe system, through which hot water at
40 °C was circulated within 19 h; to reduce water evaporation
the soil chamber was covered with parafilm. While the
obtained images from both cameras look very similar and
reveal the same patterns, quantitative description is based on
the more thoroughly characterized RGB camera measure-
ments.
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Prior to the initiation of hot water flow, the temperature
distribution is uniform and corresponds to room temperature
(around 25 °C). As time progresses, there is a noticeable
increase in temperature around the metal pipe area,
demonstrating the heat transfer from the hot water to the
surrounding soil. The temperature within the soil sandwich
reached a steady state shortly after 30 min. The area closest to
the pipe reached 34 + 1 °C, which is close to that of the water
itself, while the upper and lower edge of the soil sandwich
remained close to room temperature. As expected, a steady
temperature gradient from the metal pipe to the upper and
lower edges is observed.

Figure 8 depicts the changes in oxygen partial pressure at
various stages of the experiment. After the initial heating
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Figure 8. Sequential 2D visualization of oxygen partial pressure in a
soil sandwich with a heated water pipe, indicating the impact of
temperature, time, and soil water content on soil oxygen levels.

period of 19 h, most of the soil sandwich showed a uniform
oxygen distribution (139 + 13 hPa) corresponding to a rather
well-aerated soil profile under atmospheric pressure, despite a
relatively high initial soil water content of 25%. The first signs
of deoxygenation start at the very bottom of the aquarium.

Air-saturated water was added continuously from the top in
four portions (three of SO mL each, and 20 mL for the last
addition). The water passed through the soil slowly and no
effect on temperature was observed. The total addition of 170
mL of water increased the soil water content to 32%, leading to
a gradual decrease in the oxygen level. This effect was more
significant in the vicinity of the water pipe, where the
temperature was higher than in the surrounding areas.

This observed pattern of oxygen depletion can be attributed
to several factors. First, the infusion of water fills the air-filled
soil pores. Second, the water partial pressure increases with
temperature, leading to a decreased pO, in warmer areas.
Third, the elevated temperature around the pipe may
accelerate microbial activity and oxygen consumption, leading
to localized areas of lower oxygen levels and hotspots within
the soil.*

In fact, temperature has a well-known impact on microbial
respiration and growth. Although some microbes are adapted
to growing at low temperatures, most soil microbes thrive at
elevated temperatures.” As surface temperatures increase, the
microbial growth rate can impact soil terrestrial biogeochem-
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ical processes and feedback mechanisms within the soil."* This
laboratory experiment simulates such an increase in soil
temperature and therefore it can help study bacterial responses
to changing climate via direct measurement of both soil
temperature and O, levels, which in turn are linked to
respiration.

Both measurement methods reveal the same trends in the soil
experiment (see Figures 7 and 8), despite being vastly
different. Both measurement methods have distinct advantages
and disadvantages. The RGB camera with a removed NIR filter
is inexpensive. It offers quicker image acquisition compared to
the HS camera, but it only features three color channels
compared to >150 bands in the used HS camera. The color
channels of the RGB camera do not match the spectrum of our
sensor foil, which means that additional optical filters need to
be placed in front of the RGB camera. However, that also gives
the possibility to individually set the integration time for each
signal, and, for each manually placed filter, we get information
from three color channels which proved useful in the building
of the PLSR model. It should be noted that this could also be
achieved using a monochrome camera, but without obtaining
the additional spectral information from the other channels.

The HS camera is much more expensive and offers slower
acquisition times, and, in our specific setup, the low TADF to
phosphorescence ratio of the indicator (among other already
discussed factors) makes reliable quantitative measurements a
challenging task. Future improvements of the indicators TADF
to phosphorescence ratio (or using the Pd(II) indicator analog
in a less oxygen-permeable matrix) and/or instrumentation
could overcome this limitation and enable measurements at
temperatures below 15 °C. In general, spectral data in
hyperspectral imaging allows for a high amount of flexibility
in dealing with complex tasks. For example, overlapping signals
can be unmixed/deconvoluted,’’ additional intrinsic optical
information on biological samples can be gained,38 and
machine learning® can be employed in multidye optodes
with complex spectral cross-interferences which would be
inaccessible with conventional methods. This allows indicators
for more parameters, with partially overlapping spectra and
spectral cross-interferences, to be combined into multi-
parameter sensing materials. We expect such multiparameter
sensing materials to become increasingly relevant in con-
junction with hyperspectral imaging to unravel complex,
intertwined processes in various research fields, while RGB
cameras present an affordable alternative for less demanding
tasks and will allow for a broader distribution of the
methodology.

A new dually emitting indicator for simultaneous temperature
and oxygen measurements was synthesized and incorporated
into an optode. The indicator can be efficiently excited in the
blue-green- and red regions of the visible spectrum and shows
bright dual emission of TADF and phosphorescence that can
be used for temperature determination. The oxygen concen-
tration can be assessed by dynamic quenching of the long-lived
excited tri})let state. The previously reported synthesis
procedure” (for similar compounds) was simplified and
improved in yield. In comparison to the previously reported
best-performing indicator (platinum(II) anthraquinonopor-
phyrin),”” the TADF to phosphorescence ratio was increased
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by a factor of 1.7. The introduced tert-butyl groups significantly
improved solubility in apolar solvents and provide steric
shielding from chemical attack on the quinone double bonds.

As a proof of concept, soil measurements with artificial
temperature gradients and naturally forming oxygen gradients
were performed using an RGB camera with a removed NIR
filter, and an HS camera. A clear positive correlation between
oxygen depletion rate (corresponding to microbial growth)
and temperature was observed within the soil sample. The still
moderate indicator TADF to phosphorescence ratio of 0.17 (at
25 °C) proved to be the main bottleneck in the HS
measurements. With improvements in indicator and/or
instrumentation, and with the help of the rapidly growing
field of artificial intelligence, we expect similar indicators to be
incorporated into multiparameter sensing materials for
researching complex, intertwined processes in complex bio-
logical matrices.

Going back to Wolfbeis and his statement on a sensor being
more than just the molecule, we believe this study nicely shows
how the indicator (receptor) and the measurement setup play
together. Improvements in either of them can result in new
possibilities. Improving the indicator for sure will improve the
sensor system as a whole. At the same time, HS imaging has
only been possible for a rather short time and only recently it
has been discovered for chemical sensing. This new imaging
mode with all the data it provides is ideally suited to feed
advanced chemometrics and artificial intelligence models.
However, even with advanced data treatment, the interplay
between sensing material and measurement setup will
ultimately limit the quality of results.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.4c00040.
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