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Abstract
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Optical O, measurements with fiber-optic, planar or particle-based opt(r)
odes have become widespread in aquatic science since the first O, microopt(r)
odes were introduced in 1995. A wide variety of measuring systems are now
available both for lab-based and in situ field measurements at spatial scales
ranging from pm to m’s, and temporal scales ranging from <1 s to several
months. Furthermore, the market has seen an explosion in commercially
available optical O, sensor and measuring systems, which complement or
have replaced electrochemical O, sensors in several areas of application.
In this chapter, we give a broad overview of measuring schemes and instru-
ments used for optical O, sensing, and illustrate their application in various
aquatic environments. We also address demands and challenges related to
optical O, sensing in aquatic systems.
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7.1 Introduction

Molecular oxygen (O,) is a key analyte in aquatic systems, where the bal-
ance is between: (i) production via oxygenic photosynthesis, (ii) consump-
tion via aerobic respiration and re-oxidation of reduced chemical species,
and (iii) transport via diffusion and advection controls the O, concentra-
tion. Measurements of net O, consumption/production are thus import-
ant proxies for primary production and carbon mineralization in aquatic
habitats.' The solubility and diffusion of O, in water is relatively low, where
the content of O, in 1 L air-saturated water is about 1/30 of the O, content
in 1 L atmospheric air, and where the molecular diffusion coefficient of
0, in water is about 10000 times lower than in air.”> As aquatic organisms,
microbial cell aggregates, biofilms and impermeable sediments exchange
solutes with the surrounding/overlaying water phase via a diffusive bound-
ary layer (DBL),>* the O, supply often becomes limiting in systems with
high availability of organic matter leading to the formation of pronounced
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O, concentration gradients. The quantification of O, concentration and
dynamics is thus a key component of many ecophysiological and biogeo-
chemical studies in freshwater and marine systems, and many measuring
schemes have been applied. Historically, one of the most applied (and pre-
cise) methods for measuring O, is the well-established Winkler titration
method.® While this method is sufficient to quantify bulk water O, levels, it
requires sampling of relatively large volumes and has a limited time reso-
lution, and the preferred method for measuring O, in aquatic samples now
relies on the use of chemical O, sensors with high specificity, reversibility,
and sensitivity.

Electrochemical O, sensors, and especially polarographic cathode-type
and Clark-type O, electrodes,®” have been the predominant O, sensors in
aquatic science for many years, including the development of O, microelec-
trodes® and trace O, sensors,’ which have changed our understanding of O,
dynamics in biofilms, sediments, and the water column.>'*"* However, elec-
trochemical O, sensors are now increasingly complemented or exchanged
with luminescence quenching-based optical O, sensors, i.e. O, opt(r)odes,
for aquatic analyses. Although the principle of luminescence quenching by
0, has been known for a long time,'* optical O, sensing was mostly used in
blood gas analysis before it was introduced to aquatic science in 1995.'° In
the past 20 years, a variety of O, sensors have been developed and commer-
cialized, and optodes have also enabled new measuring schemes and appli-
cations in terms of O, imaging, distributed sensing with sensor particles, and
trace analysis.'*?

In this chapter, we review different optical O, sensor platforms and their
application in aquatic science following a chronological as well as applica-
tion-oriented order. Additionally, we highlight the demands and challenges
related to O, sensing in aquatic systems.

7.2 Optical O, Sensing Platforms

All O, opt(r)ode sensor platforms rely on the same basic sensing mecha-
nism, i.e., collision-based quenching of an excited indicator dye embedded
in a matrix (the so-called receptor). Collision-based dynamic quenching
lowers both the luminescence intensity and decay time of the indicator.
This quenching mechanism does not consume O, as the produced sin-
glet oxygen can return to the ground state. In an ideal case, such quench-
ing can be described by the Stern-Volmer relationship (eqn (7.1)) that
relates the change in luminescence intensity (I) or decay time () to the O,
concentration:

IO TO
R i [o) (7.1)
- s[0:],

where I, and 7, represent the luminescence intensity and decay time, respec-
tively, in the absence of the quencher (O,).
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However, in practice an ideal Stern-Volmer relationship is not achieved
with most sensors, where the immobilization of the indicator dye in a polymer
matrix leads to the establishment of more quenchable and a less-quenchable
fraction, which is often described by the so-called two-site model**** (eqn

(7.2)).
I T fi 5

1, 7, 1+K,'[0,] 1 Ky*[0,]

(7.2)

0

The factors f; and f, describe the percentage of indicator within the two frac-
tions, and Kg,' and Kg,* denote the corresponding quenching coefficients. If
one of the Ky, values is much higher than the other it is possible to set the
lower value equal to zero, i.e., introduce a non-quenchable fraction of the indi-
cator. This simplifies the mathematical expression. Generally, it is important
to describe the calibration function in detail and to determine the mentioned
parameters in order to enable simple two-point calibration of the sensor. For
two-point calibration, measurements in air-saturated and anoxic medium are
typically employed. It is important to notice that temperature compensation
is essential in order to obtain reliable O, measurements,* as temperature not
only effects the O, solubility, but also the calibration of the sensor. Salinity has
an additional effect on O, solubility and is thus relevant in marine applications.

The sensor sensitivity can be tuned by changing either the decay time of
the indicator’® or the O, permeability of the matrix.?” Signal intensities can
also be enhanced by adding scattering particles to the sensor layer, which
enhances excitation efficiency and homogenizes the dye exposure and emis-
sion in the polymer matrix.”**® Further details on the basics of O, optode
measuring schemes and characteristics can be found in recent reviews*
and in other chapters of this book.

In order to enable optical O, measurements, the receptor needs to be
excited and the obtained luminescence needs to be recorded. Excitation light
as well as the obtained luminescence signal can be guided to the receptor
and towards the detector unit (photodiode, photomultiplier or camera) by
several means. Depending on the optical design of the light paths and the
construction of the sensor, several sensing platforms can be distinguished.
The most important sensing platforms for aquatic applications are briefly
described in the following.

7.2.1 Fiber-optic O, Opt(r)odes

The probably most widely used sensor platform for optical O, sensing uses
optical fibers to transport light towards and from the receptor. Total internal
reflection within the optical fiber(s) transports excitation light from the light
source to the receptor (indicator within polymer matrix) immobilized at the
tip of the fiber, and the O,-dependent luminescence is guided back to a detec-
tor. This setup is highly flexible and enables several measuring geometries.
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While initially bulky instrumentation like spectrometers, lasers or large
lamps'” were used for excitation and readout purposes, rapid advancements
in optoelectronic components have enabled significant miniaturization of
the detection systems used with O, opt(r)odes. Nowadays, optoelectronic
measuring systems for opt(rJodes are based on relatively cheap and low-
power consuming components like light emitting diodes (LEDs) and pho-
todiodes. In combination with advancements in electronics and battery
technology, standalone instruments capable of long term in situ monitoring
are now increasingly employed in aquatic science.

Fiber-optic opt(r)odes have the receptor immobilized on the analyte-
exposed end of an optical fiber. Different types of immobilization are possi-
ble and chosen depending on the application. Measurements in “bulk” water
are done with a large receptor area, which is often glued or screwed on to
the tip of glass or plastic fiber (see Figure 7.1). This enables straightforward
exchange of the receptor and uncouples the optics from the receptor. Such
sensors normally have a sensor tip of 1-10 mm and find application in water
monitoring or gas exchange measurements in respirometers or fermenters.
They are mechanically robust and easy to handle.

In applications involving small sample volumes, measurements of O, con-
centration gradients or requiring fast response times, the glass fiber tip is
miniaturized or tapered e.g. by chemical etching?® or local heating.*'*> After-
wards, the receptor (indicator and matrix dissolved in suitable solvent) is
typically applied by dip coating. Sometimes, it is necessary to modify the
glass surface prior to the coating process in order to increase adhesion.*
Micro-opt(r)odes®'®*** are characterized by a small sensor tip of <0.1 mm
(Figure 7.1). Very fast response times (<0.5-1 s) and high spatial resolution
(<50 um) can be obtained due to the small receptor volume at the measuring
tip. Micro-opt(r)odes find application in for example profiling or eddy-
correlation experiments.

Fiber-optic O, opt(r)odes can be regarded as the optical counterpart to
the classical amperometric Clark-type electrodes that also can be manu-
factured for bulk water sensing or for microscale measurements.® In con-
trast to Clark-type sensors, optical sensors generally do not consume the
analyte (see above) and do not display stirring sensitivity of the measuring
signal. Additionally, fiber-optical opt(r)odes need less maintenance than
electrolyte-containing electrodes and generally exhibit long-term stability
in their calibration and other measuring characteristics. This makes opt(r)
odes very attractive for long-term monitoring, and almost all commercial
electrode/sensor providers have nowadays added O, opt(r)odes to their
portfolio.

7.2.2 Planar Opt(r)odes for O, Imaging and Remote Read-out

A particular interesting sensing scheme for optical sensors is to use them
for imaging chemical parameters using cameras as a detector. This enables
2D (or even 3D) measurements of O,. Shortly after the first fiber-based
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Figure 7.1 Commonly used sensor platforms for optical O, measurements in
aquatic systems. Fiber-optic sensors are constructed either as micro-
opt(r)odes or as macro-opt(rjodes. Micro-opt(r)odes enable high resolu-
tion O, measurements, while macro-opt(r)odes are more mechanically
robust and typically used for longer term bulk measurements. Planar
opt(r)odes enable chemical imaging using camera based read-out.
Sensor nano- or microparticles can be dispersed within the sample or
used to coat tissues, biofilms or other (a)biotic structures. By integrat-
ing a sensor patch (small piece of a planar opt(r)ode) within a vessel,
the internal O, levels can be read out non-invasively through the trans-
parent wall.

0, sensors were introduced® such 2D imaging setups were also developed for
use in aquatic systems.?®*® For 2D imaging, the receptor is immobilized on a
transparent O, impermeable planar support (e.g a glass cover slip or plastic
polymer foil) (Figure 7.1). Large areas of such solid support can be covered
with a homogeneous receptor layer by simple knife-coating®®*’ or spin-coating
processes.** The planar support for the receptor can also be replaced by a
fiber-optic faceplate in order to increase the spatial resolution of the sensor.*
Such planar opt(r)odes can be put in contact with the sample e.g. by pressing
a sample against the sensor foil,* inserting it into the sample via a periscopic
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imaging system,’® or by growing cells and biofilms on top of the sensor foil.**
In all cases, the receptor is excited from behind (typically by LED’s) through
the transparent carrier, and the O,-dependend luminescence distribution is
imaged with a camera. First systems simply used the O,-dependent change in
luminescence intensity,?® but have since been replaced by more robust decay
time based’*"* and ratiometric*' imaging systems, which are less influenced
by e.g. uneven illumination or indicator distribution.”?

Imaging with planar opt(r)odes enables visualizing O, distribution on a
larger scale, while still preserving high spatial and temporal resolution. The
spatial resolution is determined by the imaged size compared to the reso-
lution of the camera; e.g. 1 cm x 1 cm with 1000 x 1000 pixels results in a
resolution of 10 pm per pixel. Several studies have used planar opt(r)odes
to visualize O, hotspots in marine environments.*>***! Despite their advan-
tage of generating 2D data, planar optodes also have a few disadvantages for
aquatic applications. Up front it has to be ensured that the sample is in good
contact with the planar opt(r)ode, which often requires manipulation of the
system and limits their application to sample surfaces with pronounced
topography. The opt(r)ode itself acts as a diffusion barrier and will change
the flow pattern at the surface, which can lead to unwanted “smearing” or
“edge” effects.”® Another type of smearing effect can occur when pushing
planar optodes into samples.***

Also within this category, the so-called sensor patches should be men-
tioned. This means that small pieces of sensor foil (planar opt(r)ode) are
fixed inside a transparent vessel, while sensor readout is facilitated via the
transparent vessel wall by pointing a fiber at the sensor spot. Such patches
can be integrated in all sorts of vessels such as fermenters or respirometry
chambers, and readout can be realized with different optical emitter/detector
units.*

7.2.3 Particle-based Optical O, Sensors

An imaging-based sensor platform that has been introduced to aquatic
systems relatively recently*® employs distributed sensing with micro- or
nano-meter sized O, sensor particles. Rather than coating the receptor
(indicator within a matrix) onto a fiber tip or a planar carrier, solid support
particles can be made out of the matrix containing the indicator. Several
straightforward methods for fabrication and use of O, sensitive particles
are available.” " Such sensor particles may also contain additional func-
tionalities, like surface functionalization and magnetic properties,*” making
them attractive e.g. in applications mapping O, dynamics on flow-exposed
surfaces that are coated with O, sensitive particles.?**' Sensor particles can
also be immobilized into (semi)transparent gels such as agar and agarose,
which can be used for embedding biological samples. This has e.g. been
used for mapping the distribution and dynamics of O, in the rhizosphere
of aquatic plants, which were planted in artificial sediments containing O,
sensor particles.?
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7.3 Challenges Related to Optical O, Measurements
in Aquatic Systems

Aquatic habitats exhibit an extreme variety in environmental conditions,
which present challenges to environmental O, monitoring. In polar or
alpine regions, sensors have to deal with low temperatures, in the deep-sea
extreme pressures prevail, and in light-exposed habitats strong solar radia-
tion (including UV radiation) can lead to sensor bleaching and deterioration.
Furthermore, several environmental parameters might change in parallel
e.g. in intertidal zones, where temperature, salinity and light co-vary. In order
to meet these and many other challenges, special sensor designs have been
developed. Below, we discuss some of the common challenges and solutions
for optical O, measurements in various aquatic systems.

7.3.1 Large O, Dynamics

While O, levels within certain environments and organisms are highly regu-
lated (e.g. blood oxygenation), aquatic systems can exhibit extremely varying
O, levels. Photosynthetic systems like microbial mats or dense algal cul-
tures can easily reach O, levels exceeding air-saturation several times and
approaching 100% O, when exposed to light.'® At the other extreme, the
so-called oxygen minimum zones (OMZ) in the oceans are characterized by
extremely low O, availability in the nM range.’*>* An advantage of optical
O, sensors is that they can relatively easily be optimized for specific measur-
ing characteristics needed in a particular habitat without changing the basic
optical readout methods.

The dynamic range of an optical O, sensor can be tuned by altering the
decay time of the indicator or the permeability of the immobilization poly-
mer matrix. Due to intense research on indicator synthesis, many differ-
ent classes and variants of indicators are described*?® and can be used to
taylorize the measuring characteristics of O, opt(r)odes. Additionally, the
permeability of the polymer can be altered by either changing the type of
polymer® or by altering the monomer structure.”” The latter may be the pre-
ferred method when only slight (2-5 times) changes in sensitivity are desir-
able. Changing to an entirely different polymer (e.g. between less permeable
polystyrene and highly permeable silicone) can result in more dramatic
changes in the sensitivity, but one has to be careful that the indicator and
the polymer are compatible. If the indicator does not dissolve well in the
polymer or even aggregates within the polymer, this leads to signal drift and
changing sensor calibration.

Many commercial providers of O, opt(rjodes (e.g. Pyro-Science GmbH,
Presens GmbH, Ocean Optics) offer sensors optimized for different dynamic
ranges, i.e., normal range O, sensors (typically 0-50% O, with a limit of detec-
tion (LOD) of 0.02% O,) and trace O, sensors (typically 0-10% O, with LOD of
0.005% O,). Commonly used oceanographic sensors have an LOD of ~1 pM,
which is generally acceptable. However, in oxygen minimum zones (OMZs)
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Figure 7.2 Design and application of the LUMOS* sensor device for trace O, mea-
surements (A). The entire optics (panel B), an IR thermometer and
the electronic components are packed into a small device that can be
attached to a vessel containing the trace O, sensor patch. The optical
trace sensor provides similar respiration rates than an electrochemical
trace O, sensor (STOX), but the LUMOS data is less noisy (C). Reprinted
from PLoS One, 2015, 10, €0128125,"® https://doi.org/10.1371/jour-
nal.pone.0128125. © 2015 Lehner et al. Published under a CC BY 4.0
licence, https://creativecommons.org/licenses/by/4.0/.

a significantly lower LOD is needed to describe the true O, availability.
Therefore, highly sensitive trace O, opt(r)odes were developed.***® Larsen
et al. (2016) used a combination of a standard (LOD 200 nM), a mid-range
(LOD 50 nM) and a trace sensor (LOD 5 nM) in order to fully describe the O,
profile within an OMZ.* Also, O, consumption measurements at nM con-
centrations were performed using a specially developed sensor material and
optical setup (LUMOS)***® (see Figure 7.2). Optical sensors for ultra-trace O,
measurements enable O, measurements down to a LOD of 7 pM.”” Optical O,
sensors thus outcompete electrochemical sensors in terms of LOD; although
also highly sensitive trace electrochemical O, sensors were developed and
successfully applied.®*®

7.3.2 Extreme Environments Require Special Designs

As mentioned, extreme conditions can be found within aquatic habitats.
Probably some of the harshest environments on Earth are found in the deep
marine trenches under extreme hydrostatic pressure and low temperature.
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Nevertheless, optical O, sensors have also been applied successfully in such
extreme deep-sea habitats. First, micro-opt(r)odes were adopted and tested
for use at high pressures,’ showing that the performance of O, micro-opt(r)
odes is similar to pressure-compensated O, microelectrodes. Also 2D imag-
ing setups have been developed and tested for imaging O, in the seafloor****
both in coastal regions®® and the deep sea.” This enabled in situ visualiza-
tion of the spatio-temporal O, dynamics in the seafloor as affected by worm
burrows and other animal activities (bioturbation and bio-irrigation),*® sedi-
mentation of marine snow particles, as well as photosynthetic O, production
in shallow waters.*>°!

Besides extreme hydrostatic pressure, also extreme temperatures can be
challenging for optical O, sensors. Besides the need to apply the appropriate
corrections for temperature and salinity effects, opt(r)odes are well suited
for measurements below 0 °C as the sensor does not contain any electro-
lyte or other liquid phases that could freeze; this can be a problem for elec-
trode-based sensors. Microopt(r)odes have for example been applied within
sea ice, where sensors have either been frozen into forming sea ice® or used
to measure gradients at the sea ice water interface.*® Also planar opt(r)odes
have been used at temperatures below 0 °C to investigate the O, dynamics in
sea ice during melting.**

O, opt(r)odes are also well suited for measurements in hot water. Many
commercial sensors are specified for measurements in water up to 55 °C, but
as long as the mechanical properties of the sensor matrix are not affected,
measurements at much higher temperatures are possible e.g. in geother-
mal springs where microopt(r)odes have been applied up to 85 °C (M. Kiihl,
unpublished data).

A further challenge for optical O, sensors arises from background irradi-
ance. When measuring O, production within photosynthetic systems such
as microbial mats, biofilms or a coral reef, the sensor may be exposed to
high levels of solar radiation including high levels of UV light. This can lead
to bleaching of the indicator and saturation of the detector by background
light (despite strong spectral filtering). Solutions for this include the use of
an O, permeable optical isolation layer on microopt(rjodes'® or planar sen-
sors,” which may however result in a longer response time. Nevertheless, it
remains important to check that the background light is not affecting the
measurement. Background light can be better controlled in the laboratory,
and it might also be possible and useful to switch the light source (e.g. used
to stimulate photosynthesis) off, e.g. at the onset of imaging the O, distribu-
tion.”"* Besides background light, also background fluorescence of chloro-
phyll and other fluorescent pigments in the sample can interfere with the
luminescence signal used to sense O,. Especially in dense photosynthetic
systems such as biofilms and coral tissue, this can be a significant problem
and needs special sensor optimization in terms of optical isolation, tuning of
the sensor composition enabling excitation outside the absorption max-
ima of chlorophyll, or by using a time gated readout where the fast decaying
chlorophyll fluorescence is filtered out.
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In conclusion, optical O, sensors have proved useful within extreme
aquatic environments, although often special developments are needed in
order to meet the challenges presented by extreme environments.

7.3.3 Sensor Stability - from Mechanical Stress to Biofouling

A key challenge for sensors in aquatic environments is mechanical and opti-
cal stability. Although often overlooked, this issue is far from solved and pres-
ents a key challenge for future sensor development and optimization. Several
aspects affect the stability of optical sensors. Obviously, photostability
(especially of the O, indicator) is a key issue. However, several O, indicators
exhibit very good photostability and withstand extended illumination with-
out significantly affecting the measurement.*® The mechanical stability of
optical O, sensors is generally high, especially when robust sensor designs
are used rather than microsensors.

The major factor limiting stability and applicability of O, sensors in
aquatic systems is biofouling. Biofouling describes the generally unwanted
formation of a biological cover on any surface submerged in water. A sensor
surface will first be colonized by bacterial or algal biofilms, which primes
the ground for settlement of larvae and propagules of other organisms that
further colonize the sensor, this includes also larger algae or even barnacles
and mussels on the submerged sensor. Obviously, the formation of any sort
of biological cover of the sensor (in particular the receptor) will affect the
readings. Biofouling results in changed O, diffusion towards the sensor as
well as incorrect readings due to respiration or O, production in the biofilm
coating the sensor. Biofouling can thus strongly compromise the long term
application of optical sensors for monitoring purposes in aquatic habitats.

Solutions to the biofouling problem are manifold and include mechanical
as well as chemical solutions.®® Automated wipers or brushes are commonly
used for mechanical cleaning, which will prevent large organism settling on
the sensor, while often not preventing the formation of thin biofilms on the
sensor. Critical factors are robustness of the mechanical cleaning system as
well as power consumption. Alternative mechanical systems include shut-
ters that hide the sensor surface and only open during the measurement
period. Here, copper-based shutters have proven useful, as copper also inhib-
its microbial growth®® by releasing the biocide Cu®'. In general, the use of
biocide-releasing paints was found to be an effective anti-fouling strategy, in
line with experiences from ship paints. Nevertheless, the release of a biocide
might also affect the conditions around the sensor and therefore the validity
of the sensor reading. Chemical modification of the sensor surface with
anti-fouling or repelling layers was also investigated and showed promising
results. For example a coating with a phosphorylcholine-containing polymer
resulted in a sensor with reduced bio-fouling, and showed only minor effects
on the sensor characteristics.””

Biofouling is a key limitation, when it comes to using optical O, sensors
for long-term monitoring in aquatic habitats. Several attempts have been
made to reduce biofouling, but no “golden solution” has been identified.
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Figure 7.3 Optical O, sensors are applied in multiple areas of aquatic science rang-
ing from high-resolution profiling or imaging measurements to long-
term monitoring.

Most likely, such a universal solution will not be found, as the rate and spe-
cies composition of biofouling on sensors is highly dependent on the envi-
ronment. Nutrient availability, temperature, light exposure, flow and depth
are just a few of the many environmental factors that influence biofouling.
Detailed studies on both sensor materials as well as environmental factors
are thus needed to get a better understanding of how to prevent biofouling
and optimize long-term deployment of optical O, sensors in aquatic environ-
ments (Figure 7.3).

7.4 Applications of Optical O, Sensors

Since first introduced to aquatic science,'® optical O, sensors have become
widely applied in aquatic science and are now available (also commercially) in
alarge variety of designs and measuring characteristics. Currently, commercial
optical and electrochemical O, sensors share the market more or less equally.

7.4.1 Application of Micro-opt(r)odes

While electrochemical microsensors have been used since the mid/end
1960s*'"12%8 to measure O, in aquatic systems, optical O, microsensors were
first introduced to aquatic science in 1995.'%'®3> While at first the lumines-
cence intensity was used to quantify 0,,'® lifetime-based measurements
were introduced soon thereafter as a prerequisite for more robust sensor
readout.’® The main advantages of O, micro-opt(r)odes are: (i) high spatial
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resolution (around 30-50 pm depending on the measuring tip diameter), (ii)
fast response time (down to <1 s), and (iii) no O, consumption by the sensor.
In contrast to O, microelectrodes, they are also not cross-sensitive to H,S,
which can be present in the seafloor and in biofilms. These advantages are
also the main drivers of using micro-opt(r)odes. In the following some of the
main areas of application will be described.

7.4.1.1 Profiling

The development and application of microsensors in aquatic science has
enabled measurements of chemical concentration profiles, temperature and
light profiles between the mixed water and (i) the porous seafloor sediment
matrix, (ii) the exopolymer matrix of biofilms and marine snow particles, and
(iii) the tissues of aquatic plants and animals."'** Such measurements of
physico-chemical gradients give detailed insight to mass transfer, radiative
exposure, optical properties, and chemical transformation processes in such
surface-associated aquatic systems. The introduction of O, microelectrodes
to marine science in the mid/end 1960s*'"'*% has thus lead to a detailed
understanding of important mechanisms such as the diffusive boundary
layer,® the O, penetration depth into sediments," and the O, dynamics in
corals.”” The solubility of O, in water is much lower than in air (about 30
times) and O, diffuses 10000 times slower in water as in air. At the same
time, O, is the most energetically favorable electron acceptor for respiratory
metabolism and is produced by oxygenic photosynthesis in aquatic plants,
algae and cyanobacteria. This leads to the formation of O, concentration gra-
dients in aquatic systems that require fine scale measurements for accurate
quantification, typically at <0.1 mm spatial resolution.

Optical O, sensing was actually first introduced to aquatic biology by the
development of O, microopt(rjodes.'® Such optical microsensors have sim-
ilar measuring characteristics in terms of response time and temperature
dependence as electrochemical microsensors, but they are much easier to
fabricate, have no intrinsic O, consumption and are not susceptible to e.g.
H,S interference. They can be used in the same types of applications as elec-
trochemical O, microsensors, but also in settings where microelectrodes are
challenged e.g. by low temperatures® or strong electromagnetic fields. In
terms of measuring systems, very similar setups for motorized microprofil-
ing in 1D, 2D, or even 3D configurations are commercially available for both
O, microelectrodes and micro-opt(rjodes, which can be regarded as largely
complementary techniques in most applications.

7.4.1.2 Eddy Correlation Spectroscopy

The flux of O, across the sediment-water interface is a good proxy for the
integrated benthic carbon mineralization as well as primary production of
biofilms and sediments." There are several established methods to deter-
mine the O, uptake of sediments in the field including measurements of
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0, concentration microprofiles’® or by using chamber incubations of known
sediment areas/volumes.”" Both established methods use either optical or
electrochemical O, sensors. In 2003, a new method called eddy correlation
was introduced to aquatic science enabling non-invasive quantification of the
net O, uptake/production of larger areas of sediments and other surfaces.”
This so-called eddy-covariance or eddy-correlation method measures the
covariance between two parameters simultaneously, namely the fluctuating
vertical velocity component using an acoustic Doppler velocimeter and the
fluctuating O, concentration using a microsensor within the same sampling
volume. Measurements are typically performed in the turbulent boundary
layer 10-50 cm above the sediment at a frequency of 14-25 Hz. As the method
is non-invasive and does not need any sensor to penetrate the surface, it can
be used to measure integral O, fluxes over large areas of complex habitats
(not accessible by other means) like coral reefs,”” hard bottom substrates,”
seagrass meadows’* or sea ice.”*”°

In recentyears, this technique has seen a significant boost and commercial
systems are now on the market further stimulating the use of eddy correla-
tion systems in aquatic systems. Many of these systems employ fast-responding
electrochemical O, microsensors. As such sensors consume O, as part of the
measurement process (contrary to optical sensors), O, microelectrodes have
an inherent, albeit small, stirring sensitivity. It was shown that this stirring
sensitivity, even if very low, can result in an artificial flux.”” Optical O, micro-
sensors were also tested in the same study and did not exhibit such artefacts.
Consequently, due to the lack of stirring sensitivity and the fast response time
of optical O, microsensors, they are now recommended as the preferred O,
microsensor for eddy covariance measuring systems.”” Recently a dual sen-
sor measuring O, as well as temperature at the same time was developed and
successfully applied for eddy covariance measurements.”® In terms of sensor
design, this sensor is rather a bulk sensor than a microsensor. Nevertheless,
the achieved response time is remarkably short (¢, of ~0.5 s for O,), while the
sensor at the same time is more sturdy and does not show any stirring sensi-
tivity. In the field of eddy correlation measurements, the sensor performance
is essential for the data quality and the conclusions that can be drawn from
the measurements. Therefore, optical sensors have a great potential in this
field and have already provided excellent data.

7.4.2 Applications of Bulk Sensors and Sensor Patches

Bulk sensors or O, macro-opt(rjodes are characterized by a sensor tip
size of ~1 mm or more. Spatial resolution is thus low and generally the
response time is longer than for O, micro-opt(r)odes, i.e., several seconds.
The main benefit of these macro sensors is their improved mechanical
stability. Bulk sensors come in a variety of designs and are often made to
fit a certain application. In contrast to micro-opt(r)odes, bulk sensors are
often constructed using cheaper plastic fibers to guide the light between
the optics and the receptor.” Alternatively, entire sensor modules or
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heads can also be constructed,®® where the sensor material (receptor) is
directly placed on top of the optical part. Sensor patches may also be seen
as bulk sensors integrated into a vessel enabling external readout through
a transparent wall via a fiber, camera or other types of detector modules
(see e.g. Figure 7.2).

7.4.2.1 Respirometry

The O, consumption or production of aquatic organisms is an important
physiological and environmental parameter, and such respirometric mea-
surements involve species (or system samples) of many different sizes rang-
ing from microorganisms to fish. Three different experimental approaches
are used for respirometry: (i) closed systems, (ii) flow-through systems, and
(iii) intermittent flow systems.*! In closed systems, the sample of interest
is placed inside a closed airtight vessel and O, consumption in the water
within the vessel is followed over time. This system is the easiest to use
and the only option for small species like bacteria or algae that would be
washed out in a flow-through system. Flow through-systems provide a con-
stant in and out flow of water and measure the difference in O, concentra-
tion between inlet and outlet to determine the respiration rate. Due to the
flow regime and constant replenishment of aerated water, this system is
well suited for respirometry on larger organisms during different modes of
their activity (e.g. during swimming).** Intermittent flow systems combine
the two other methods by repeatedly closing and opening the system. Res-
piration is measured in the closed system state, where after the system is
flushed with aerated water to ensure removal of waste products and to rees-
tablish ambient O, levels; then the cycle can start again.®® The advantages
and potential errors of the different types of respirometry are discussed
elsewhere. "%

In terms of sensors, a variety of O, sensors designs are used in respirome-
try. As mentioned, optical O, sensors do not consume O, during the measure-
ment. This becomes particularly important when very low respiration rates
are measured or in measurements on very small volumes. Micro-opt(r)odes
can be inserted into specially designed low volume respiration chambers and
are used to measure e.g. respiration of invertebrates or sponges.® This early
study®® compared micro-opt(r)odes with other commonly used methods and
concluded that opt(r)ode technology is advantageous when compared to
other methods due to negligible drift, ease of use and stability. Micro-opt(r)
odes are used for small volume applications and are commercially available.
Alternatively, also respiration vessels with integrated sensor spots (sensor
patches) can be used and read out through a transparent wall using opti-
cal fibers. A variety of bulk sensors can also be inserted into respirometers
e.g. for in situ sensing of O, in incubation chambers.*’

An advantage of optical sensors is that they can be used at different O,
regimes and that their sensitivity can be tuned to fit the problem. For exam-
ple, trace sensors were used to measure O, consumption and production at
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very low O, levels.’*®® Photosynthetic O, net production can also be deter-
mined using optical sensors within closed systems.®* When studying photo-
synthetic O, production it is, however, important to protect the sensor with
an optical isolation (especially at high light levels).

7.4.2.2 Environmental Monitoring

Oxygen monitoring in the environment typically involves long-term mea-
surements, which are important means to better understand e.g. biogeo-
chemical dynamics within the environment or to monitor water quality or
processes involved in water treatment. Low power consumption makes opt(r)
ode system very interesting for long term monitoring, but biofouling has to
be addressed and can be a limiting factor for the actual deployment time.
There are several companies on the market providing optical sensors for
such O, monitoring. Sensors can e.g. be mounted on conductivity-tempera-
ture-depth (CTD) profilers used for oceanographic or lake measurements®
or be implemented on buoys for continuous measurement.”® Electrochem-
ical sensors still dominate this field of application, mainly for historical
reasons and because this technology is well established within the field.
However, opt(r)ode based devices are now increasingly used in many mon-
itoring applications due to their better long-term stability and mechanical
robustness.

Besides water monitoring, also monitoring within wetlands or riverbeds is
highly relevant. For such purposes, systems based on multiple robust fiber-
based O, sensors have been developed for long-term deployment in the envi-
ronment (Figure 7.4). For example a multi-fiber O, opt(r)ode consisting of
100 individual sensors was constructed enabling simultaneous readout of
all 100 sensors®! by fixing the ends of all the fibers in a matrix in front of
a camera system imaging all sensors at once. The fiber measuring tips can
then be placed at any position within the environment,”” and the detector
system records sensor readout autonomously. In other systems, sensor fibers
were arranged (along with thermocouples) along a spear that was inserted
into a wetland, which enabled combined long-term (several months) in situ
monitoring of O, and temperature in peat soil at 10 position over a distance
of 1 m.” In a similar spear concept, the fibers are not fixed at one position
but can be moved within the spear that is entirely coated on one side with a
planar O, opt(r)ode.****

7.4.3 Chemical Imaging

Contrary to fiber- or electrode-based sensors, planar opt(r)ode-based sen-
sors can also be used to image the distribution and dynamics of O,. Imaging
is achieved by using a camera as detector unit in combination with appro-
priate filters and excitation sources. The great advantage of this method is
that 2D information on the O, distribution and dynamics over larger areas
can be obtained, thus alleviating the inherent limitation of microsensors
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to a few point measurements. This enables visualization of the spatio-tem-
poral heterogeneity in O, concentration at different scales. Depending on
the chosen setup, O, images with high spatial resolution (<50 um) can be
obtained or larger areas (up to entire root systems) can be imaged simulta-
neously.” The possibility to visualize heterogeneities and dynamics at once
as well as the possibility of combining O, imaging with structural or other
imaging techniques (e.g. chlorophyll fluorescence) makes this technique
highly interesting for different applications in aquatic systems.**® Such
measurements have mainly employed planar-opt(r)odes but recently also
particle based methods have been applied.'****" While such chemical imag-
ing was initially purely intensity-based, more robust referenced measure-
ments now use either lifetime-based’™®” or ratiometric*' imaging systems.
Such O, imaging has now been implemented in a variety of applications
ranging from microscopic imaging (Figure 7.5(1)) of O, dynamics in bio-
films,**® organisms®"** and in sediments,?®*! including the development of
special imaging systems for in situ O, imaging® (Figure 7.5(2)). In the fol-
lowing, we present just a few of these applications representative of O, imag-
ing at different spatial scales.

7.4.3.1 Microscopic O, Imaging

By mounting a lifetime-based or ratiometric luminescence imaging system
on a microscope®*39%1% gor ¢ g by using a simple USB-based microscope
equipped with excitation LED’s and a long-pass filter,"""'% the O, distri-
bution and dynamics can be imaged at very high (um) spatial resolution
at the level of a few cell clusters or biofilms. For microscopic imaging with
planar sensors, it is important to apply very thin planar opt(r)odes to avoid
the receptor layer acting as an O, reservoir and/or O, diffusion matrix,
which would lead to smearing effects and low spatio-temporal resolution.
Thin sub-um receptor layers can e.g. be immobilized via spin-coating onto
glass cover slips, which are silanized to facilitate better binding between
the glass and receptor layer.*® Such coverslip sensors can be constructed
to exhibit near-ideal Stern-Volmer quenching by O,, and they have a well-
defined temperature response. By mounting coverslip sensors as lids in
flow-chambers or membrane filtration reactors (Figure 7.5), it is possible
to monitor the O, concentration gradients and dynamics relative to the
distribution of the cellular biomass in biofilms using simple ratiometric
imaging approaches.’®'? Higher resolution studies combining O, imaging
with laser confocal scanning microscopy on aquatic biofilms have also been
realized.”

While the above mentioned examples of application mainly have involved
cell/biofilm growth on planar opt(r)odes, microscopic O, imaging can also
employ sensor micro- or nano-particles,'*'% albeit few applications have so
far been realized in aquatic science, where most particle-based imaging has
been done at a more macroscopic level.'*20°1107
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7.4.3.2 0O, Imaging in Sediments

Knowledge about the O, distribution and dynamics in sediments is crucial
for the understanding of overall carbon mineralization and the zonation of
different aerobic and anaerobic processes involved in overall carbon and
nutrient cycling. Dependent on the composition of the sediment and its asso-
ciated fauna and flora, a distinct mosaic of oxic and anoxic micro-niches can
establish within the sediment.'”®® When first introduced, planar opt(r)odes
already showed heterogeneities in the diffusive boundary layer due to the
topography of the sediment and also hotspots of O, consumption due to vari-
ations in available labile carbon.? In the presence of macrofauna such as bur-
rowing animals, the O, availability within the sediment can exhibit extreme
spatio-temporal heterogeneity.** Planar opt(r)odes are ideal tools to visualize
such effects of burrowing animals on the O, availability within sediments.'®
By confining burrowing animals close to the planar opt(r)ode, it is e.g. possi-
ble to study the sediment O, dynamics associated with the bio-irrigation of
the burrow and consequently the changes in the surrounding sediment lay-
ers (Figure 7.6).*>'% Such studies can be done at various scales depending on
the sediment characteristics and animal sizes, as planar opt(r)odes and the
measuring systems can easily by adapted for measurements even over several
10th of cm?. Besides lab-based studies, such effects of bio-irrigation and bio-
turbation can also be observed in situ using special autonomous instruments
platforms for planar opt(r)ode-based chemical imaging.***°

Recently, also sensor particles were used to study the dynamics of biotur-
bation at the water sediment interface (Figure 7.6). For this purpose a spe-
cial lifetime-based method was developed that uses a laser sheet to excite O,
sensor nanoparticles dispersed within the overlaying water.'’” This enabled
the imaging of the outburst of anoxic water from a ventilating burrow, which
could be followed without disturbing the natural flow.

Besides the effects of fauna, aquatic plants can also strongly impact the
O, dynamics within sediments. As an example, seagrasses transport O, from
the leaves to their roots, where O, is released at their root tips''! protecting
the most sensitive parts of below-ground plant tissue against intrusion of
toxic H,S from the surrounding sediment. Chemical imaging enables visual-
ization of such hotspots and can be used to study dynamic O, changes in the
plant rhizosphere e.g. as a function of light exposure of the leaves or the O,
content of the surrounding water (Figure 7.7).** Similar O, transport towards
the roots is found in other aquatic’ or water locked plants like rice.'** For
example, a recent study monitored the effect of O, release from the roots of
the salt marsh grass Spartina anglica on the bulk sediment. By using both
planar-opt(rjodes and bulk sensors, the authors could show that the effect is
very localized and is not sufficient to significantly aerate the bulk sediment.’’

Planar opt(r)odes were first applied to map the O, dynamics in the seagrass
rhizosphere,*'"* while sensor nanoparticles were applied more recently
enabling similar resolution but larger coverage of the complete rhizosphere.
For particle-based O, imaging, seagrass specimens were grown in an artificial
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Figure 7.7 Examples of planar opt(r)ode- and nanoparticle-based imaging of O,
in the rhizosphere of aquatic plants. Oxygenation around the roots of
aquatic plants can be visualized by using planar opt(r)odes like shown
in (1)* and (3)""? or by embedding the plant in a sensor nanoparticle
containing agar (2).>° Reproduced with permission from ref. 43, © 2006,
by the Association for the Sciences of Limnology and Oceanography,
Inc.; ref. 20. Copyright 2015 American Chemical Society, and P. N. Wil-
liams, et al., Environ. Sci. Technol., 2014, 48, 8498-8506,'> under a CC
BY 4.0 license, https://creativecommons.org/licenses/by/4.0/. Copyright
© 2014 American Chemical Society.

agar-based sediment resembling the natural sediment in terms of H,S con-
tent and pH. Addition of O, sensor nanoparticles to the artificial sediment
matrix enabled visualization of O, microenvironments over the entire root
system.'?** Such measurements were used to study the effects of rising water
temperature and hypoxia on the O, transport to the rhizosphere.

In summary, planar opt(r)ode-based as well as more recently developed
particle-based O, imaging has yielded numerous novel insights to factors
regulating the O, microenvironment in sediments and rhizospheres.'*®

7.4.3.3 0, Imaging on Structurally Complex Samples

Soft samples like sediments are easy to manipulate, and it is relatively easy
to bring the opt(r)ode into contact with the sample or to insert microsen-
sors for profiling, while measurements on hard and/or structurally complex
samples are more challenging. For such systems, both planar opt(r)ode- and
particle-based O, imaging has great advantages (see examples in Figure 7.8).
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Figure 7.8 Examples of planar opt(r)ode- and particle-based O, imaging of struc-

turally challenging samples: (1) light dependent O, dynamics of a
ascidian sample visualized by pressing it against a planar opt(r)ode.*
Reprinted from Kiihl et al., Front. Microbiol., 2012, 3, 402,” https://doi.
0rg/10.3389/fmicb.2012.00402. © 2012 Kiihl, Behrendt, Trampe, Qvor-
trup, Schreiber, Borisov, Klimant and Larkum. Published under the CC
BY 3.0 licence, https://creativecommons.org/licenses/by/3.0/. (2) Surface
O, imaging of a coral fragment enabled by spray-painting the sample
with sensor nanoparticles.”® Reprinted from Sensors and Actuators B:
Chemical, 237, K. Koren, S. L. Jakobsen and M. Kiihl, In vivo imaging
of O, dynamics on coral surfaces spray-painted with sensor nanopar-
ticles, 1095-1101,>' Copyright 2016, with permission from Elsevier; (3)
O, dynamics in the endolithic subsurface algal communities of a stony
coral visualized by pressing the sample against a planar opt(r)ode.*!
Reproduced from ref. 21 with permission from John Wiley and Sons
Inc. © 2008 Phycological Society of America.

Imaging of the O, dynamics in endolithic subsurface algal communities of
stony corals have e.g. been done with planar opt(r)odes.* For this, a smooth
vertical cross-section through the hard coral skeleton was put in contact
with a planar-opt(r)ode.”* Another structurally complex sample is the sym-
biont-containing ascidian Lissoclinum patella, which forms a cartilage-like
structure with internal populations of microbial symbionts.”® Cross-sections
through the ascidians were pressed against a planar opt(r)ode® enabling
mapping of strong O, dynamics due to photosynthesis and respiration at a
scale of several cm®.
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While cutting is a possible way to enable O, imaging for certain samples,
it is certainly not a universal solution. A way to study the O, dynamics on
complex surfaces is to coat the surface with sensor material. Potentially a
planar opt(r)ode could be pressed onto the surface, but in this case the sen-
sor foil will act as a diffusion barrier imposing strong artefacts. The applica-
tion of optical O, sensor particles can overcome or minimize this problem.
It was demonstrated that micro-** as well as nanoparticle®® based O, sensors
can be used to visualize the dynamics on the surface of corals. The mag-
netic microparticles were held in place on the coral with the help of a strong
magnet placed underneath the coral. For the nanoparticles a spray-painting
approach was chosen, which yielded homogeneous coverage of the studied
species without any detectable short-term harm of the investigated coral.
Such distributed sensing with O, sensor particles has just been introduced to
aquatic science and holds a strong potential for novel applications in natural
samples with complex surface topography.

7.5 Future Challenges

Optical O, sensors are the most advanced optical sensors on the market.
Many applications have been made possible by this technology especially
in aquatic environments. So the question arises — what is coming next for
optical O, sensors?

7.5.1 Multi-analyte Measurements

There is now an increasing interest in further combining and developing
optical sensors for multi-analyte sensing and imaging. As O, sensors are so
well developed and many different indicators are available, they are ideal
for muli-analyte chemical imaging systems. Dual optical sensors for imag-
ing O, and pH;® 0O, and CO,,""* and O, and temperature* have already been
described and partly tested on aquatic samples.®® Besides combining two
optical sensors within a planar setup, the combination of O, sensors with
other analytical techniques is of interest. For example, diffusive gradients in
thin films (DGT) is an exciting technology enabling 2D ion sensing. Similar
to planar-opt(r)odes, this method also uses thin films and can be put on top
of an opt(rJode* '™ and such combined sensing bears a strong potential in
various aquatic systems.''®

Multiplexing of different sensor materials for multi-analyte measurements
is also of interest for the development of novel fiber-based sensors. This can
be facilitated either by combining several fibers or sensing positions for dif-
ferent analytes'”'"® or by combining several sensing functionalities within
one fiber.""? Either way, cross-sensitivities need to be minimized and easy
calibration protocols need to be established in order to allow multi-analyte
sensing to find its way into real world applications. Once the usability is
there, the possible applications are endless.
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7.5.2 Special O, Microniches and Their Impact on Other
Process

Several processes in aquatic systems are dependent on certain O, concentra-
tions. For example, dinitrogen (N,) fixation and denitrification are favored
at hypoxic or anoxic conditions. Dinitrogen fixing filamentous cyanobacte-
ria localize this process in specialized cell, the so-called heterocysts, that
exhibit hypoxia or anoxia. Also within marine snow, low O, concentrations
are expected to favor N, fixation and other anaerobic processes. However,
only few microsensor based studies have investigated the O, microenviron-
ment in these systems. Nanoparticle-based O, sensors or dissolved O, indi-
cators that find use in cell culture experiments,'*'*°*2 could be used to
stain such cyanobacteria or marine snow particles enabling mapping of O,
concentrations using e.g. lifetime-based O, microscopy. First experiments in
this direction were made when looking into the O, levels within copepod
carcasses.'”® These measurements showed that the inside of carcasses can
easily be anoxic, even in fully air saturated waters. Knowledge of such anoxic
microniches in aerated aquatic habitats is still scarce, but the application of
high-resolution optical O, sensing and imaging methodology for studying O,
microenvironments seems very promising.

7.5.3 Low Cost Instrumentation for Long-term Monitoring

A better understanding of the O, dynamics at larger spatial and temporal
scales is still needed in many, if not all, aquatic systems. This calls for rela-
tively low cost robust O, sensors that can be widely deployed for long-term
environmental monitoring, and here optical O, sensor technology is the way
to go as such sensor systems consume less energy and can be produced rela-
tively cheaply as compared to electrochemical sensors. This is a rapidly devel-
oping field, which will supplement existing monitoring sensor networks. As
mentioned, a major challenge for such monitoring is sensor stability and in
particular biofouling.

7.6 Conclusions

Since its introduction to aquatic science in 1995, the technology for opti-
cal O, sensing in aquatic systems has undergone astonishing development
now encompassing fiber-optic micro- and macro-sensors, sensor patches for
remote readout, planar opt(r)odes, as well as nano- and micro-particle based
sensors for mapping O, concentration and dynamics at high spatial resolu-
tion. Furthermore, optical sensors for multi-parameter chemical sensing are
now also available for application in aquatic science. While this development
has largely been driven by interdisciplinary efforts of analytical chemists,
biologist and engineers, the market for optical O, sensors has also increased
enormously. A large diversity of optical O, sensors is commercially available,
and optical O, sensing is now considered a standard technique in many areas
of aquatic science.
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