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ABSTRACT: Although real-time monitoring of individual analytes using reversible optical chemical sensors (optodes) is well
established, it remains a challenge in optical sensing to monitor multiple analyte concentrations simultaneously. Here, we present a
novel sensing approach using hyperspectral imaging in combination with signal deconvolution of overlapping emission spectra of
multiple luminescent indicator dyes, which facilitates multi-indicator-based chemical imaging. The deconvolution algorithm uses a
linear combination model to describe the superimposed sensor signals and employs a sequential least-squares ﬁt to determine the
percent contribution of the individual indicator dyes to the total measured signal. As a proof of concept, we used the algorithm to
analyze the measured response of an O2 sensor composed of red-emitting Pd(II)/Pt(II) porphyrins and NIR-emitting Pd(II)/Pt(II)
benzoporphyrins with diﬀerent sensitivities. This facilitated chemical imaging of O2 over a wide dynamic range (0−950 hPa) with a
hyperspectral camera system (470−900 nm). The applicability of the novel method was demonstrated by imaging the O2
distribution in the heterogeneous microenvironment around the roots of the aquatic plant Littorella uniﬂora. The presented approach
of combining hyperspectral sensing with signal deconvolution is ﬂexible and can easily be adapted for use of various multi-indicatoror even multianalyte-based optical sensors with diﬀerent spectral characteristics, enabling high-resolution simultaneous imaging of
multiple analytes.
KEYWORDS: hyperspectral imaging, planar optodes, chemical imaging, image analysis, chemometrics, linear unmixing
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ques.6,11,12 The equipment, however, is more complex and
expensive, and although camera systems are limited to imaging
a maximum of two indicator dyes, that is, two analytes,
simultaneously,13,14 single indicator-based optodes are the
standard for this imaging approach. In comparison, ratiometric
imaging systems are comparatively cheap3,15,16 and can be
realized with many diﬀerent camera systems ranging from
simple handheld color cameras to high-end camera solutions.
Typically, this provides the user with three to four color

n natural systems including environmental and medical
samples, the activity of diﬀerent metabolic processes leads
to changes in analyte dynamics or distributions, which are
often coupled relative to each other and the underlying sample
structure. Thus, simultaneous monitoring of several analytes at
the exact same position is of high interest when working with
complex, natural samples.1,2 Chemical imaging of analyte
dynamics with luminescent optical sensors (so-called optodes)
has undergone a rapid development and is now used in a
variety of research areas.3,4 The main detection methods are
(i) intensity-based imaging (Figure 1A) employing an analytesensitive indicator dye and an inert reference dye to allow
ratiometric read out3,5 and (ii) lifetime-based imaging,6 which
is either done in the time domain7,8 or the frequency
domain.9,10 Lifetime-based imaging techniques are prone to
less interferences than intensity-based imaging techni© XXXX American Chemical Society
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Figure 1. Comparison of (A) a 4-channel RGB-NIR system (e.g., ref 17) with (C) a 150+ band hyperspectral camera system (SnapScan, Imec) and
(B, D) respective information obtained for the emission spectrum from individual and combined optical O2 sensors. As camera systems based on
Bayer ﬁlters (A) provide discrete signal information in three to four diﬀerent spectral windows, it is impossible to extract detailed information of
individual indicator contributions and only an overall intensity value can be extracted. Hyperspectral camera systems (C) record a full spectrum (in
this case over more than 150 spectral bands between ∼470 and 900 nm) of the sensor luminescence at high spectral resolution enabling
postacquisition deconvolution of the signal into contributions from speciﬁc sensor components (D).

channels (red, green, and blue (RGB)3 and RGB + NIR15,17)
for sensor readout, typically from a reference dye and two
indicator dyes that are excited in the UV−blue spectral region
(Figure 1A). However, it is important that the luminescent
dyes show minimal spectral overlap with each other, with
emission spectra that match the sensitivity of the color
channels of the camera system, to minimize crosstalk between
the channels. Alternatively, more complex camera systems in
combination with ﬁlter wheels can be used18 to provide more
working windows for sequential imaging of multiple analytes,
but ratiometric approaches are inherently limited by the use of
band- or long-pass ﬁlters and signal integration over diﬀerent
discrete spectral windows.
A diﬀerent approach to imaging complex spectral signatures
originates from remote sensing,19 where the use of hyperspectral cameras enables acquisition of image stacks, providing
spectral information for each individual pixel. In contrast to
imaging with typical color cameras based on a red, green, and
blue channel, hyperspectral imaging systems collect spectral
information across the visible and near-infrared spectral range
in each pixel. Hyperspectral camera systems are frequently
used airborne, for example, for large-scale satellite imaging of
the Earth’s surface,19,20 but as camera technology has become
more compact and aﬀordable, hyperspectral imaging is
increasingly used at smaller scales, for example, on drones, in
the food industry for quality control,21 in medical diagnostics,19 or in environmental science.22,23 However, despite their
tremendous potential for sensor readout, such hyperspectral
cameras have not yet been used for chemical imaging of
luminescent dyes. Although this might partly be due to the
challenge of deconvoluting superimposed spectral signals
without loss in sensitivity or speciﬁcity of the sensor system,

spectral deconvolution of hyperspectral images is well
established in remote sensing and other spectroscopic
disciplines. In magnetic resonance spectroscopy for instance,
signal deconvolution is used for spectral resolution amelioration24 and in multispectral ﬂuorescence microscopy, it is
successfully applied, for example, via linear unmixing or
singular value decomposition approaches to determine the
percent contribution of diﬀerent individual ﬂuorophores to the
total measured signal in each pixel.25−27
Here, we present the ﬁrst use of a hyperspectral camera
system for chemical imaging in combination with a
mathematical approach for signal deconvolution of sensor
signals generated by two overlapping luminescence indicators
with diﬀerent dynamic range co-immobilized in a planar
optode. We used two sets of well-known O2 indicators: (i) a
red-emitting Pd(II)/Pt(II) tetrakispentaﬂuorphenyl-porphyrin-(TFPP) dual-indicator sensor and (ii) a near-infrared
(NIR)-emitting Pd(II)/Pt(II) meso-tetraphenyltetra-benzoporphyrin-(TPTBP) dual-indicator sensor, where the Pd(II)based sensors are typically used as O2 trace sensors with high
sensitivity but a narrow dynamic range.28−30 This novel
approach enables a more sensitive imaging of dissolved oxygen
over the full concentration range between 0−950 hPa, as
demonstrated by high-resolution hyperspectral imaging of the
O2 distribution in the heterogeneous microenvironment
around the roots of the aquatic plant Littorella uniﬂora. The
combination of sensor readout with a fast-scanning hyperspectral imaging camera and a signal deconvolution algorithm
enables multi-indicator-based imaging without spectral limitations and can potentially be applied to other dual-indicator
sensor systems, paving the way for novel multianalyte imaging
approaches.
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Scheme 1 provides an overview of the individual process steps, and
the Supporting Information provides a more detailed description of
the programming code.

EXPERIMENTAL SECTION

Camera Setup. Diﬀerent acquisition methods are employed in
hyperspectral cameras.31,32 In this study, we used a novel fastrecording line-scan hyperspectral camera system (Imec SnapScan
VNIR camera; imec-int.com, Belgium), which records hyperspectral
image cubes by moving a special ﬁlter plate in front of the camera
chip.33,34 This enables hyperspectral imaging with up to 150 bands/
channels covering a wavelength range from ∼470 to 900 nm (Figure
1B) at high spatial resolution (17 μm per pixel; 7Mpx per band). A
color-corrected objective (Apo-Xenoplan lens, f2.0; SchneiderKreuznach GmbH, Germany) was mounted on the camera, which
was connected to a PC and controlled using hyperspectral imagerecording software (HSI Snapscan v1.4.1.0; imec-int.com, Belgium).
For acquisition of a single hyperspectral cube, the camera was set to
scan the full image frame [1088 × 2048 pixels (H × W)] and full
spectral wavelength range (∼470−900 nm) with a pixel step of 3 nm
and an integration time of 100 ms. The pixel blur and binning were
set to 0 and 1, respectively. The overall acquisition time for one
hyperspectral image cube using the described settings was 66 s.
Planar sensor foils (see detailed sensor preparation in the
Supporting Information) were excited with a high-power LED light
source (460 nm; LED Hub, Omicron Laserage Laserprodukte GmbH,
Rodgau, Germany) equipped with a 1 m liquid light guide and a
collimating lens and controlled via a PC running the manufacturers’
software. To avoid optical crosstalk between the LED and camera, a
475 nm short-pass ﬁlter (475 nm, OD 4.0; Edmund Optics Inc.,
edmundoptics.com, USA) was mounted in front of the LED light
guide.
Biological Application. A sandwich chamber for imaging
dissolved oxygen dynamics in the rhizosphere of the aquatic plant
L. uniﬂora was prepared according to the literature.10 Brieﬂy, the
planar optode containing the O2-sensitive indicator dyes was ﬁxed on
a glass slide using a thin water ﬁlm and tape. Trapped air bubbles were
carefully removed using a soft tissue to avoid scratching of the
indicator layer. A second glass slide, with three microscope slides (0.1
cm thickness) glued on three sides as spacers, was ﬁlled with sieved
sediment (mesh size <0.5 mm), leaving approx. 2 cm free below the
open side. The roots of L. uniﬂora were carefully placed on the
sediment and the leaves above the sediment were kept moist. The
sandwich chamber was carefully closed without entrapping air
bubbles. Clamps were used to secure the two glass plates and
playdough was used to seal the sides. The sandwich chamber was
carefully placed into an aquarium, slightly tilted to facilitate root
growth toward the planar optode, and kept under light (148 μmol
photons m−2 s−1; 400−700 nm)/dark conditions (13 h/11 h) to allow
equilibration prior to measurement. Before each measurement, the
external illumination was switched oﬀ and images were acquired for
both dual-indicator sensors.
Data Processing. Required Programming Packages. The
radiometric correction of the raw image stacks (hyperspectral
cubes) is done using a MATLAB script that can be obtained from
the camera manufacturer upon request (hsisupport@imec.be). The
presented algorithms for the single- and dual-indicator calibration and
evaluation are self-coded using Python 3.7.4 (python.org). for
execution of the code, the following Python packages are required:
For loading and processing hyperspectral images, we used Spectral
Python (SPy, spectralpython.net), matplotlib (matplotlib.org), and
Python Imaging Library (PIL; pypi.org/project/Pillow); for curve
ﬁtting and solving the integration and the optimization problem, SciPy
(scipy.org) and the nonlinear least-squares ﬁtting (lmf it; lmﬁt.github.io) were used. Further packages required are numpy, pandas, math,
random, time, glob, pathlib, os, h5py, and xlrd. All libraries required
were to date at the time the paper was submitted. The Python code
can be downloaded from GitHub (github.com/silviaelisabeth/Signaldeconvolution-in-optical-chemical-imaging-for-reliable-multi-analytesensing) and is openly accessible.
Workﬂow for Image Analysis and Signal Deconvolution. The
following procedures for indicator calibration and evaluation are a
descriptive summary of the individual mathematical steps carried out.

Scheme 1. Workﬂow for Image Analysis and Signal
Deconvolution to Enable Broad-Range Sensing of Dissolved
O2 Using Linear Unmixing on Hyperspectral Sensor Data

Preparation Steps. First, acquired image stacks (raw images, also
known as hyperspectral cubes) were radiometrically corrected using
the angularity model described by Pichette et al.35 A preprocessing
step is included for all acquired and radiometrically corrected
hyperspectral images in order to remove redundant information to
accelerate the analysis of subsequent evaluation steps. The
preprocessing of the images includes an extraction of regions of
interest (RoIs), in which the spectral information is collected, and the
determination of average intensities along the wavelength range
within each RoI, among others. Outliers are also removed and
replications of the same concentration point are merged by averaging
the respective spectra. After these preparation steps, the corrected and
prepared images are used for signal deconvolution and separation.
Signal Deconvolution and Separation Using Linear Unmixing.
To deconvolute the hyperspectral images and to extract the individual
contribution of the single indicators to the superimposed signal, we
used a linear unmixing approach described by Hiraoka et al.26 Here,
the superimposed sensor signal recorded with the hyperspectral
camera is assumed as a linear combination of the signals from the two
indicators and the reference dye. Using a generic spectrum of each
dye, the superimposed spectrum can be separated to determine the
contribution of each dye (linear unmixing). The process of linear
unmixing is visualized in Figure 2 and summarized in equation (eq 1)
ψ (λ , O2 ) = α(O2 )·φ(λ , Pd) + β(O2 )· φ(λ , Pt)

(1)

where φ is the spectral response of the single indicators and α and β
are the O2-sensitive coeﬃcients (contributions). ψ is the superimposed signal recorded with the hyperspectral camera. The
coeﬃcients (α, β) for each single indicator are determined with a
sequential least-squares ﬁt (eq S4).
C
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Figure 2. From the hyperspectral cube to signal separation using linear unmixing. The superimposed signal (ψ) is extracted from the
radiometrically corrected hyperspectral cube (A). Signal deconvolution is achieved by applying a linear unmixing approach, assuming that the
individual indicators [φ(Pt) and φ(Pd)] are not interacting with each other and contribute linearly to the total signal. Panel (B) exempliﬁes the
linear unmixing for a porphyrin-based (Pd−TFPP/Pt−TFPP) dual-indicator under anoxic conditions. The superimposed spectrum (ψ) recorded
on the hyperspectral camera is indicated with open symbols (ο), whereas the individual indicators are indicated as colored solid lines. The
hypothetical sum of both individual indicators multiplied with their respective coeﬃcient [α for φ(Pt) and β for φ(Pd)] is shown as a black dashed
line coinciding with the superimposed signal. The spectral deviation of the theoretical sum from the actual measured signal is shown in the
residuals.
To determine a mathematical function for the spectral response of
the single indicators (φ) based on sample data, the hyperspectral
images of the respective single indicators are used at the three lowest
O2 concentrations (0−60 hPa), that is, the highest luminescence
signal intensities. The prepared images at these calibration points are
normalized to the maximal indicator intensity and averaged afterward
(Figure S3). A self-coded Python script allows the curve ﬁtting of the
sample data, assuming a combination of two Voigt proﬁles and one
Gaussian proﬁle to describe the spectral response: the indicator dye
and the reference dye are described with a Voigt proﬁle, while the
background noise is ﬁt with a Gaussian proﬁle. The generic function
of the spectral response (φ) is then used in a sequential least-squares
ﬁt to determine the contribution of each single O2 indicator to the
superimposed signal at each calibration point (eq 1). Figure S4
exempliﬁes the signal deconvolution and separation of the TPTBP
dual-indicator sensor at each calibration point using linear unmixing.
Sensor Calibration. The calibration of all indicators, the unmixed
single indicators and the respective single indicators, follows the same
protocol. First, the integral of the indicator dye emission and the
reference dye emission is determined using Simpson’s rule for
numerical integration of deﬁnite integrals.36 The integration limits
used are listed in Table S1. Afterward, the integral of the indicator dye
is divided by the integral of the reference dye to obtain the ratio at
each calibration point, thus allowing a ratiometric evaluation. The
ratio is then ﬁt against the analyte concentration using the simpliﬁed
two-side Stern−Volmer ﬁt as it is commonly done for O2 sensors (eq
S4).37,38
Indicator Recombination for Dual-Indicator Imaging. Recombination of the unmixed and calibrated single indicators is done to
achieve broad-range imaging of dissolved O2 within one dualindicator sensor, as both indicators exhibit highest sensitivity in
diﬀerent concentration ranges. The recombination is done with regard
to the slopes of the calibration curves of the corresponding indicator
pair, as shown in Figure S5. The calibration curves for the respective
single indicators were stepwise linearized and the slopes of the linear
regression were compared between the indicators to identify the
steeper slope. The indicator with the steeper slope is used in the
respective concentration range, indicating a higher analyte sensitivity.

indicator signals are generally accomplished by either taking
advantage of diﬀerent lifetimes or diﬀerent spectral properties
of the indicators. Nevertheless, successful multi-indicator
imaging with luminescent sensors has been limited to only a
few examples,17,27,39,42−44 where the used imaging approaches
impose high spectral constrains on the choice of indicators,
hindering full deconvolution of overlapping luminescence
signals. We developed a novel hyperspectral approach for
optical chemical imaging with multiple sensor dyes that have
overlapping spectral emission characteristics. We (i) describe a
hyperspectral measuring setup for O2 imaging with planar
optodes over a wide dynamic range, (ii) describe a novel data
analysis approach for signal deconvolution of two overlapping
luminescent indicators, and (iii) demonstrate its applicability
for multi-indicator imaging without spectral limitations. In the
following, we ﬁrst describe and discuss the hyperspectral image
acquisition approach and the subsequent image analysis
including signal deconvolution. Then, we demonstrate an
application of the novel chemical imaging approach for
mapping O2 distributions in sediments surrounding the roots
of an aquatic plant.
Camera Characteristics. The use of a hyperspectral
camera abolishes spectral restrictions compared to that of
multichannel color cameras or monochrome cameras in
combination with ﬁlter wheels. In our study, we used a
camera system providing >150 spectral bands between ∼470
and 900 nm with a spectral resolution of up to <1−10 nm and
a very good pixel resolution of 17 μm. A shortcoming of this
speciﬁc hyperspectral camera when imaging luminescence
signals is the need for a radiometric correction of each
hyperspectral image stack that needs to be conducted after
each acquisition. The corresponding script and all Supporting
Information for correction can be obtained from the
manufacturer upon request; however, it has to be noted that
the correction procedure is under development and still
requires improvements, as some spectral artifacts remain,
notably in the wavelength range between 600 and 650 nm,
where the diﬀerent zones of the spectral ﬁlters overlap and
change.45 This results in a noisy and slightly distorted signal in

■

RESULTS AND DISCUSSION
The idea of multi-indicator chemical imaging is not new, and
several attempts have been proposed in the literature,15,39−41
where signal separation and deconvolution of the multiple
D
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Figure 3. Calibration curve of the dual-indicator O2 sensors compared to that of the corresponding single-indicator O2 sensors. (A) Calibration
curves of the unmixed dual-indicator Pt−TFPP/Pd−TFPP O2 optode and (B) calibration curves of the unmixed dual-indicator Pt−TPTBP/Pd−
TPTBP O2 optode over the full calibration range between 0 and 950 hPa. The coeﬃcients of the unmixed dual indicators are determined by linear
unmixing and are marked in colors for each indicator. The corresponding ﬁt for the associated single indicator is shown in gray colors and dotted
lines. Error bars indicate the standard deviation of the respective indicator. Panels (A,B) show the whole calibration range from 0 to 950 hPa and
panels (C,D) are zoom-ins between 0 to 200 hPa.

the superimposed signal and thus overestimates the contribution of the Pd-based indicator at high O2 concentrations.
The generic, mathematical description of the spectral
response of the single indicators φ was done by curve ﬁtting
of sample data at the highest signal intensity to reduce the
inﬂuence of artifacts. As the spectral descriptions of the
indicators are crucial for the performance of the signal
deconvolution, the curve ﬁts were validated with a state-ofthe-art spectrometer. The results are shown in Figure S2. In all
cases, the spectral deviation was low as indicated by the small
residuals (≤0.3 for TFPP indicators and ≤0.2 for TPTBP
indicators).
Sensor Calibration and Limit of Detection. For the
calibration of the single- and dual-indicator O2 sensors, we
used an integral-based approach instead of the standard
approach using the maximal intensity. Although the intensity
approach is the standard approach using certain wavelengths
indicating the maximal emission intensity of the indicator and
reference dye,44 the integral approach determines the integral
under the emission curve of the indicator and the reference
using Simpson’s rule for numerical integration of deﬁnite
integrals.36 Both approaches are equally valid; however,
because the evaluation of the dual-indicator sensor is based
on the integration of the generic functions of the single
indicators, we decided to use the integral approach for the
single indicators as well.
In Figure 3, calibration curves for the single and unmixed
dual indicators are compared. In terms of their signal ratio R0/
R, the unmixed dual indicators exhibit a distorted calibration

that speciﬁc wavelength range, thus aﬀecting the performance
of the signal deconvolution algorithm. Even though the
artifacts are addressed by ﬁtting the corresponding region
with a noise function assuming a Gaussian proﬁle, the
instrumental noise becomes prevalent at higher O2 concentrations and low indicator signals (Figure S4). However, there
are many diﬀerent hyperspectral camera systems on the market
and our approach of combining hyperspectral sensor readout
with signal deconvolution is not linked to a particular
hyperspectral camera.
Workﬂow for Image Analysis and Signal Deconvolution. Signal Deconvolution and Separation Using Linear
Unmixing. An overview of the principle of the signal
deconvolution is shown in Figure 2, and the performance of
the linear unmixing algorithm is exempliﬁed for the TPTBP
dual-indicator O2 sensor in Figure S4. The algorithm performs
well, assuming a linear contribution of all indicators without
any cross-interaction because of the spectral overlap of the
respective absorption and/or emission spectra. The theoretical
sum of the contributing indicators coincides with the measured
superimposed signal, resulting in only minor spectral
deviations.
However, at high O 2 concentrations, that is, low
luminescence signal intensities, the performance of the linear
unmixing decreased slightly as the deviation of the hypothetical
sum of the two indicators from the superimposed signal
increased (Figure S4). One reason for this might be that the
algorithm always assumes a contribution of both indicators to
E
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Figure 4. Mapping of O2 in sediment around the roots of the freshwater plant L. uniﬂora in light using the TFPP dual-indicator sensor (Pd−TFPP/
Pt−TFPP) in combination with a hyperspectral camera system. Panels (A−C) visualize the dissolved O2 concentration in each pixel of the image
frame, as calculated using a linear unmixing approach. Panels (A,B) show results from the individual indicators upon signal separation, whereas
panel (C) combines the results of both indicators, enabling high-resolution broad-range imaging. The corresponding panels (D−F) are examples of
O2 concentration proﬁles extracted from the O2 images along two line proﬁles (LPs), as marked as colored (LP1 = white, LP2 = blue) straight lines
in the image frame.

hPa for Pd−TFPP and Pt−TFPP, respectively). For the
TPTBP system, however, both parameters, that is, the LoD
and the K sv ratio, are diminished compared to the
corresponding parameters of the single indicator. The LoD
of the dual-indicator sensor is intermediate (1.00 hPa)
compared to the LoD of the single indicators (0.73 hPa and
1.63 hPa for Pd-TPTBP and Pt-TPTBP, respectively) and the
Ksv ratio changes from 2.0 to 3.18. As mentioned above, one
reason for the over- or underestimation of the unmixed dualindicator sensors is that the performance of the signal
deconvolution decreases at higher O2 concentrations, where
the instrument noise becomes prevalent while the algorithm
tries to include both indicators in the linear combination
(Figure S4). However, as these factors are either instrumental-

curve compared to the corresponding single indicator,
especially at higher O2 concentrations. This distortion results
in an amended sensitivity and limit of detection (LoD). The
amended sensitivity can also be described by the calibration
parameters of the simpliﬁed Stern−Volmer ﬁt (cf. Table S2),
notably in the quenching constant Ksv and the ratio of the
quenching constants for the respective indicator analogues
(Pd−/Pt−TFPP or Pd−/Pt−TPTBP). For the TFPP dualindicator sensor, the ratio of the quenching constants is greatly
overestimated compared to the corresponding ratio of the
single indicators (11.38 vs 6.69 for the dual-indicator and
single-indicator sensors, respectively). The LoD of the dual
indicator (0.03 hPa), as calculated from eq S1, is reduced
compared to that of the single indicators (0.15 hPa and 2.87
F
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approached an upper limit signiﬁcantly underestimating the
“true” O2 concentration (Figure 4A). In comparison, the Ptanalogue sensor exhibited a more noisy signal at low O2 levels
with a small oﬀset of the zero levels, while it showed a much
better signal quality at high O2 concentrations (>125 hPa). By
combining the beneﬁts of both indicators, the Pd-indicator for
trace O2 and the Pt-indicator for higher O2 concentrations, the
new broad-range dual-indicator sensor allowed sensitive
imaging of dissolved O2 over the full concentration range
between 0 and 950 hPa (Figure 4F).

based or result from the algorithm, the bias is reproducible and
is addressed by the calibration. The rather high indicator
concentration for the dual-indicator sensor may lead to
aggregation, thus aﬀecting the sensor sensitivity as well.
However, preliminary tests showed no sign of aggregation,
which is why we aimed to get suﬃcient signals at a reasonable
exposure time, which allowed for imaging the chemical
microenvironment at high temporal resolution.
Indicator Recombination for Dual-Indicator Imaging.
Because both indicators image the same analyte but exhibit
diﬀerent sensitivities over diﬀerent concentration ranges, the
results of the unmixed indicators must be recombined to a
joint result of the dual-indicator sensor. The recombination
was done with regard to the slopes of the (partially) linearized
calibration curves of the corresponding indicator pair, as shown
in Figure S5. A steeper slope correlated with higher analyte
sensitivity, resulting in a more accurate analyte sensing. For the
porphyrin-based dual-indicator sensor (Pd−/Pt−TFPP), the
Pd-analogue exhibited a steeper slope of the calibration curve
as compared to the Pt-analogue in the O2 concentration range
between 0 and 125 hPa, meaning that Pd−TFPP dominated
the dual-indicator O2 sensor within this concentration range,
while Pt−TFPP dominated the dual-indicator sensor at higher
O2 concentrations. The benzoporphyrin-based dual-indicator
O2 sensor (Pd−/Pt−TPTBP) was dominated by the Pdanalogue until 355 hPa, as the Pd-analogue showed a steeper
slope in the lower O2 concentration range. At higher O2
concentrations, the Pt-analogue predominated the response of
the dual-indicator sensor. By combining the readout of the
dual-indicator O2 optode with subsequent signal analysis, it
thus becomes possible to realize a better sensor response over
a wider dynamic range.
Application of the Dual-Indicator Sensor for Imaging
O2 as a Trace and Broad-Range Sensor in High
Resolution. We tested the applicability of the dual-indicator
sensors on a real-life sample, by mapping the dissolved O2
concentration in the rhizosphere of the freshwater plant L.
uniﬂora via hyperspectral luminescence imaging. During
cultivation, the plant was kept under experimental light/dark
conditions (13 h/11 h). Prior to measurement, the plant was
illuminated for 30 min under a photon irradiance (400−700
nm) of 148 μmol photons m−2 s−1. Photosynthesis of the plant
and translocation of produced O2 to its roots led to
oxygenation of the rhizosphere sediment. Here, we discuss
the results of the TFPP dual-indicator sensor (Figure 4), while
the corresponding results for the TPTBP dual-indicator sensor
are presented in the Supporting Information (Figure S6).
Images of the O2 distribution around the plant root as
determined with the unmixed TFPP dual-indicator O2 sensors
are shown in Figure 4A,B. The O2 concentration was
determined in each pixel for the unmixed indicators and
recombined to a broad-range dual-indicator sensor, as shown
in Figure 4C. To analyze the O2 dynamics in more detail, two
diﬀerent line proﬁles (LPs) were selected in the images. The
ﬁrst LP shows a depth proﬁle (LP1) of the soil−water
interphase and the second LP (LP2) is a cross-section of the
microenvironment around the root of the plant. Depthresolved O2 concentration gradients are shown in Figure 4D−
F. Figure 4F shows the broad-range dual-indicator O2 sensor
readout as a recombination of the unmixed indicators shown in
Figure 4D,E. Although the Pd-analogue O2 sensor readout
exhibited high sensitivity at low−moderate O2 levels, its
readout at higher O2 levels became noisier and even

■

CONCLUSIONS
We have developed a novel approach for using multi-indicator
optodes in combination with hyperspectral luminescence
imaging and signal deconvolution of overlapping emission
spectra. The signal analysis algorithm is based on wellestablished principles for signal separation and deconvolution
in spectroscopy and multispectral ﬂuorescence microscopy. It
assumes that the superimposed luminescence spectrum from a
multi-indicator optode can be described as a linear
combination of individual spectra without any indicator
interactions. Sequential least-squares ﬁtting then determines
the contribution of the individual indicators to the combined
sensor signal. We demonstrated the novel approach using a
fast-scanning hyperspectral camera system in combination with
an optode containing two luminescent O2 indicators, allowing
broad-range imaging of dissolved O2. Although linear unmixing
leads to some distortion of the calibration curve for the
unmixed indicators because of reduced deconvolution
performance at higher O2 concentrations (lower signal
intensities), the recombination of the respective unmixed
indicators to a joint, broad-range dual-indicator O2 sensor
enables sensitive imaging of O2 dynamics over the full
concentration range between 0 and 950 hPa with less-noisy
results. The applicability of the method and the dual-indicator
O2 planar optodes was demonstrated by imaging the O2
microenvironment around the roots of the aquatic plant L.
uniﬂora. The combination of hyperspectral imaging and signal
deconvolution enables multi-indicator imaging without spectral
limitations and can easily be applied to other dual-indicator
sensor systems. Hyperspectral luminescence imaging in
combination with signal deconvolution can thus overcome
the spectral restrictions of current optode readout systems and
now enables multi-indicator chemical imaging at high spatial
and temporal resolution. This approach tailors a new
generation of optical chemical multianalyte sensors for diverse
applications such as monitoring complex dynamics of
covarying environmental parameters in natural samples.
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(18) Kühl, M.; Behrendt, L.; Trampe, E.; Qvortrup, K.; Schreiber,
U.; Borisov, S. M.; Klimant, I.; Larkum, A. W. D. Microenvironmental
Ecology of the Chlorophyll B-Containing Symbiotic Cyanobacterium
Prochloron in the Didemnid Ascidian Lissoclinum Patella. Front.
Microbiol. 2012, 3, 1−18.
(19) Khan, M. J.; Khan, H. S.; Yousaf, A.; Khurshid, K.; Abbas, A.
Modern Trends in Hyperspectral Image Analysis: A Review. IEEE
Access 2018, 6, 14118−14129.
(20) Stuart, M. B.; McGonigle, A. J. S.; Willmott, J. R. Hyperspectral
Imaging in Environmental Monitoring: A Review of Recent
Developments and Technological Advances in Compact Field
Deployable Systems. Sensors 2019, 19, 3071.
(21) Feng, Y.-Z.; Sun, D.-W. Application of Hyperspectral Imaging
in Food Safety Inspection and Control: A Review. Crit. Rev. Food Sci.
Nutr. 2012, 52, 1039−1058.
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Michael Kühl − Marine Biological Section, Department of
Biology, University of Copenhagen, 3000 Helsingør, Denmark
Complete contact information is available at:
https://pubs.acs.org/10.1021/acssensors.0c02084
Author Contributions

K.K. and M.K. conceived the project. S.E.Z. and K.K. designed
the experiments with support from M.M. and M.K. S.E.Z.
performed the experiments and developed the evaluation
algorithm. S.E.Z. and M.M. wrote the manuscript with editorial
help from K.K. and M.K.
Notes

The authors declare no competing ﬁnancial interest.

■

ACKNOWLEDGMENTS
We thank Ronny M. Baaske, Mette L.G. Nikolajsen, and Lars
B. Pedersen (Department of Biology, Aarhus University) for
excellent technical assistance and Vincent Scholz for his help
with the initial preparation of the soil sandwich. We
acknowledge the professional assistance in programming
provided by Fatemeh Zardbani, Prof. Panagiotis Karras
(Department of Computer Science, Aarhus University), and
Dr. Lennard Krause (Department of Chemistry, Aarhus
University). The study was supported by a research grant
from the Grundfos Foundation (K.K.), a Sapere Aude grant
(DFF-8048-00057B; K.K.) and a project grant (DFF-802200301B; M.K.) from the Independent Research Fund
Denmark, and a project grant from the Villum Foundation
(00023073; M.K.).

■

ABBREVIATIONS
SLR camera, single-lens reﬂex camera; RoI, region of interest;
LP, line proﬁle

■

Article

REFERENCES
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