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A B S T R A C T

A two-dimensional (2D) imaging technique, planar optode (PO) technique, is developed to investigate biogeo-
chemical processes at a high resolution in heterogeneous sediments and soils, especially at the sediment-water
interface. Compositional changes with depth in sediments are usually considered to be relatively steady.
However, the activities of benthic organisms can generate significant heterogeneity and complex 3D transport-
reaction patterns over millimeter to meter scales in the surficial sediments. Spatial and temporal quantification
of the variables such as O2 in the bioturbated sediments promoted the development of the planar optode.
Different planar optode techniques including composite planar optode for multi-analytes and the combination of
planar optode with diffusive gradients in thin films (DGT) have been developed and used to study the 2D solutes
distributions and/or dynamics of O2, pH, partial pressure of CO2 (pCO2), temperature, exoenzymes, and metal/
metalloid ions in sediments and soils. New findings observed in laboratory-based microcosm experiments and
field-based in situ studies using planar optode techniques, have significantly improved our understanding of
heterogeneous biogeochemical reactions and processes. In this article we provide a critical review on the: 1)
research progress using planar optode techniques; 2) principles, configurations, and devices used for planar
optode systems; 3) characteristics and interferences associated with planar optode measurements; and 4) ap-
plications of planar optode in the environment. We have suggested the barriers, advantages, and research needs
for the use of planar optodes.

1. Introduction

Obtaining data about solutes in the sediments, soils and wetlands at
a high level of spatial and temporal resolution is needed to understand
biogeochemical processes. Soil/sediment core slicing is a common
method for studying biogeochemical processes in sediments and soils
(Brendel and Luther III, 1995; Wenzel et al., 2001). Solute profiles that
cannot be measured can be predicted using model calculations. How-
ever, these models are based on limited measurements and ideal as-
sumptions, particularly for spatial and temporal monitoring. Over the
past two decades, microsensors (Pedersen et al., 2015b; Revsbech,
2005), diffusive equilibration in thin films (DET) (Bottrell et al., 2007;
Davison et al., 1991), high resolution dialysis (HR-Peeper) (Xu et al.,

2012), and diffusive gradients in thin films (DGT) (Davison, 2016;
Davison et al., 1997; Davison and Zhang, 1994) have provided analy-
tical support for high resolution sediment and soil studies. These
techniques have provided valuable insights into the ecological and
biogeochemical activities of soils and sediments (Klatt et al., 2016; Li
et al., 2019; Stockdale et al., 2009). However, a major limitation of
microsensors is that they only allow for one-dimensional measurements
(Belding et al., 2009; Lim et al., 2009), while the DGT, DET and HR-
Peeper techniques require a relatively long deployment time and
complex treatment processes (Ding et al., 2010, 2018; Gao et al., 2006).
Furthermore, they are not suitable for the study of real-time solute
transport-reaction dynamics in pore water of sediments and soils. Thus,
there is a significant need for novel and robust measurement techniques
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that enable non-invasive, real time, and high resolution to acquire
analyte information in environment (Pascal et al., 2016; Zhu, 2019).

A simpler and more robust two-dimensional (2D) imaging tech-
nique, referred to as the planar optode (PO) technique was first de-
veloped by Glud et al. (1996), which was used to measure fine scale 2D
O2 distributions in benthic communities. The technique is based on the
change of luminescence signal of specific indicator to reflect the analyte
information. Since then, many different POs have been developed and
used to study the 2D distributions and dynamics associated with a range
of physic-chemical parameters including temperature (Borisov and
Klimant, 2008a; Peng et al., 2010), pH (Hulth et al., 2002; Liebsch
et al., 2001; Zhu et al., 2005), pCO2 (Clarke et al., 2017; Schröder et al.,
2007a; Zhu and Aller, 2010), ammonium (NH4

+) (Strömberg, 2008;
Strömberg and Hulth, 2005), hydrogen sulfide (H2S) (Yin et al., 2017;
Zhu and Aller, 2013), nitrate (NO3

−) (Pedersen et al., 2015a), ferrous
iron (Fe2+) (Zhu and Aller, 2012), manganese (Mn2+) (Soto Neira
et al., 2011) and exoenzyme activity (Cao et al., 2011, 2013). POs have
been introduced in real-time applications to study the sediment-water
interface (SWI) (Polerecky et al., 2006; Przeslawski et al., 2009), plant
rhizospheres (Blossfeld, 2013; Koop-Jakobsen et al., 2018; Larsen et al.,
2015), biofilms and microbial mats (Glud et al., 1998, 1999;
Moßhammer et al., 2016; Staal et al., 2011a; Vrouwenvelder et al.,
2012). Composite POs have also been developed to simultaneously
measure multiple analytes, including O2/pH (Blossfeld et al., 2011; Lu
et al., 2011; Meier et al., 2011), O2/pCO2 (Borisov et al., 2006; Schröder
et al., 2007a), O2/temperature (Stich et al., 2008; Zelelow et al., 2003),
O2/pH/temperature (Stich et al., 2010b) and O2/pCO2/pH/temperature
(Borisov et al., 2011). In addition, the PO-DGT composite sensors are
integrated, by combining the PO sensing layer with DGT binding gel,
which is a promising development that can provide researchers with
new insights in different biogeochemical processes at the micro scale
(e.g., mineral formation and uptake by biota). PO-DGT has been applied
to perform the 2D imaging of O2 and trace metals and phosphorus
dynamics in sediments (Han et al., 2017; Lehto et al., 2017; Stahl et al.,
2012), and to study pH and multiple metals in rhizospheres (Hoefer
et al., 2017).

This paper provides a comprehensive review on principles, available
system configurations and devices, related performances and applica-
tions of planar optodes and their combination with the DGT technique.
Some of the problems with planar optodes, which are not often con-
sidered by scientists are discussed in detail (e.g., the wall effect and the
effects of light scattering particles). Furthermore, the challenges, future
development directions and potential applications of planar optodes are
presented.

2. The imaging principles and methods of planar optode

Most solutes in sediments or soils are colorless/non-fluorescent and
cannot be directly determined using optical methods; thus, a lumines-
cent transducer is needed to convert analyte concentrations into a
measurable optical signal. Based on analyte characteristics, analyte-
sensitive indicators can be immobilized in a thin layer of analyte-
permeable polymer matrix. Analyte diffuses into the matrix and inter-
acts with the immobilized indicators, and then the indicators are ex-
cited by light sources and emitting light signals, which are recorded by
charge coupled device (CCD)/digital camera (Fig. 1). Analyte con-
centration is quantified using the changes in the luminescence intensity
or lifetime. The principle of the planar optode measurement is based on
changes in luminescence intensity, lifetime and/or absorbance of the
optical transducer (Table 1). The intensity-based imaging includes pure
intensity, wavelength ratiometric, and color ratiometric measurements.
Lifetime-based imaging involves time domain (TD) lifetime imaging
(rapid lifetime determination (RLD), time domain dual lifetime refer-
encing (t-DLR)) and frequency domain (FD) lifetime imaging.

2.1. Luminescence intensity-based imaging

2.1.1. Pure luminescence intensity imaging
Pure luminescence intensity measurement has been widely applied

in PO imaging, based on the luminescence intensity change of a single
luminescent indicator (Choi and Hawkins, 2003; Konig et al., 2005).
The normal Stern-Volmer equation is often utilized for luminescence
quenching-based optical sensors:

= +I
I

K C1 sv
0 (1)

where I and I0 is the luminescence intensity in the presence and absence
of analytes, respectively; Ksv is the Stern-Volmer quenching constant;
and C is the analyte concentration. Several planar optodes have utilized
the normal Stern-Volmer equation to describe the relationship of ana-
lytes concentration and luminescence intensity, such as the optodes of
O2, H2S and CO2 (Choi and Hawkins, 2003; He and Rechnitz, 1995;
Schröder et al., 2007a; Zhu and Aller, 2013).

However, a non-linear response was presented in planar optodes
due to polymer-supported sensors exhibited a degree of heterogeneity,
compared with the ideal fluid solution system, especially the O2 planar
optode. Therefore, a more realistic two-site model includes quenching
at two heterogeneous sites was introduced to describe the nonlinear
Stern-Volmer quenching behavior (Borisov et al., 2011; Carraway et al.,
1991; Demas et al., 1995; Stich et al., 2008):
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Where α is the non-quenchable fraction; Ksv1 and Ksv2 is the Stern-
Volmer quenching constant of two sites, respectively; and [O2] is the O2

concentration. The two-site model assumes the existence of two dif-
ferent microenvironments with substantially different accessibility for
oxygen (Borisov et al., 2012). In some case, if one site of the im-
mobilized luminescent indicator is non-quenchable (inaccessible for
O2), the Ksv1 could be set as 0, the two-site model can be simplified to a
modified Stern-Volmer equation (Klimant et al., 1995; Koren et al.,
2019):
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where F and F0 are the fluorescence intensity in the presence and ab-
sence of O2, respectively; α is the non-quenchable fraction of the
fluorescence; and [O2] is the O2 concentration. For a given mixture of
luminescent indicators and matrix materials, α is temperature in-
dependent and constant in the dynamic range of the optode (Kühl,
2005). Therefore, once α has been determined (α can be determined
using at least three different O2 concentrations), O2 planar optodes can
be calibrated by a simple two-point calibration at experimental condi-
tion.

2.1.2. Wavelength ratiometric imaging
Wavelength ratiometric imaging is the other method of intensity-

based imaging, which relies on two different excitation wavelengths, or
two different emission wavelengths, or dual-excitation dual-emission of
luminescent indicators (Hulth et al., 2002; Song et al., 1997; Strömberg
and Hulth, 2003; Strömberg et al., 2009b). Zhu et al. (2005, 2006b)
developed a pH optode using 8-Hydroxypyrene-1, 3, 6-trisulfonic acid
trisodium salt (HPTS) which was covalently immobilized on surface of
polyvinyl alcohol (PVA) membrane. This pH shows fluorescence emis-
sion at 540 nm but dual excitation at 428 and 506 nm for the acid and
base forms of HPTS, respectively. The RGB (red, green, blue) color
image obtained at 540 nm, the intensity ratio σ of green channel
emission intensities excited at 506 to that excited at 428 nm are applied
to pH calculation (Kermis et al., 2002):
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where σmin and σmax are the ratio at the most acidic and basic ends of
the working range where total HPTS is dominated by HPTS and PTS−,
respectively. The εPTS−, ∅PTS− are the extinction coefficient and
quantum yield of PTS− at the base form excitation maximum λ2; and
εHPTS, ∅HPTS are the extinction coefficient and quantum yield of HPTS
at the excitation maximum λ2, respectively. The Ka′ value is the dis-
sociation constant of HPTS.

Based on the similar optical transduction principle, the 2D pCO2

distribution in marine sediments was also determined using the pH
indicator HPTS immobilized within an ethyl cellulose membrane,
which has single fluorescence emission maximum at 515 nm with dual
excitation at 405 nm and 475 nm for the acid and base form of HPTS,
respectively (Zhu and Aller, 2010; Zhu et al., 2006a). Therefore, the

pCO2 can be calculated by the intensity ratio R of fluorescence intensity
(green channel) at 515 nm excited at 475 to that excited at 405 nm:

=
′

− ′′pCO k
R

k2 (5)

where k′ and k′′ are constant.
In addition, wavelength ratiometric imaging method has been ap-

plied to measure ammonium/ammonia. This procedure relies on the
solvent sensitive or solvatochromic compound, merocyanine 540 (MC
540), which has optical characteristics that change excitation/emission
fluorescence properties upon shift of solvent (ex. 510 nm, em.568 nm
fluorescence in the hydrogel phase; ex.568, em.589 nm fluorescence in
the ether phase) (Strömberg and Hakonen, 2011; Strömberg and Hulth,
2006). Therefore, the ammonia concentration [NH3] can be quantified
using the intensity ratio R ether fluorescence/hydrogel fluorescence
(568 nm:589 nm/510 nm:568 nm):

Fig. 1. (a) PO systems: 1 camera; 2, 3 optical filters; 4 excitation light source; 5 trigger unit; 6 PO; (b) PO structure: 1 support material; 2 sensing layer; 3 optical
insulation layer.

Table 1
Overview of PO imaging approaches.

Imaging method Analytes Remark References

Luminescence intensity-
based imaging

PIa Enzyme Simple imaging approach, vulnerable to background interference. Cao et al. (2011), Pischedda et al. (2010),
Rudolph et al. (2011, 2017), Song et al. (2012),
Zhu and Aller, 2013

O2

H2S
pH

WRb pH Simple imaging approach, insensitive to background interference
and uneven distribution of indicators

Hakonen et al. (2010), Strömberg (2008),
Strömberg and Hulth (2005), Zhu and Aller
(2010), Zhu et al. (2006a, 2006b)

pCO2

NH3

CRc pH Simple imaging approach vulnerable to background interference Blossfeld et al. (2013), Jiang et al. (2017b),
Moßhammer et al. (2016), Tobias et al. (2012)O2

NH3

pCO2

Luminescence lifetime-
based imaging

RLDd Temperature Insensitive to background interference and photobleaching,
luminescent indicators degradation, but need expensive and fast
gateable CCD camera, home-made triggering systems and software

Borisov and Klimant (2008a), Konig et al.
(2005), Liebsch et al. (2000), Murniati et al.
(2016)

O2

pH
pCO2

t-DLRe pH Borisov et al. (2011), Liebsch et al. (2001),
Schröder et al. (2007a), Stahl et al. (2006)O2

pCO2

Temperature
RLD+ t-DLR pH Schröder et al. (2007b), Wang et al. (2012)

Temperature
O2

FDf O2 Insensitive to background light, but vulnerable to the background
fluorescence

Borisov et al. (2006), Franke and Holst (2015),
Koren et al. (2019)pCO2

Absorbance- based
imaging

Absg Fe2+ Simple imaging setups, only use inexpensive standard flatbed
scanner

Soto Neira et al. (2011), Yin et al. (2017), Zhu
and Aller (2012)Mn2+

H2S

a
Pure intensity.

b
Wavelength ratiometric.

c
Color ratiometric.

d
Rapid lifetime determination.

e
Time domain dual lifetime referencing.

f
Frequency domain.

g
Absorbance.
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= +R α NH R[ ]3 0 (6)

where R and R0 is the fluorescence ratio in the presence and absence of
NH3 respectively; and α is a constant determining the slope of the
function.

2.1.3. Color ratiometric imaging
Color ratiometric imaging is a relatively simple and inexpensive

setup that requires a built-in color filter in the camera to record color
image. The color image is split into red, green and blue or near infrared
(NIR) channels, and the intensity ratio of different color channels are
then used to determine the analyte concentrations. The different color
channels are dominated by different luminescent indicators (e.g. the
analyte-sensitive dyes and reference or donor dyes). Color ratiometric
imaging has been used to measure O2 distributions and dynamics. The
calibration curve for O2 optodes fit a modified Stern-Volmer equation
Eq. (3), where, R and R0 represent the pixel intensity ratio of different
color channel in the presence and absence of O2, respectively. The
variable R depends on the characteristics of the O2-sensitive indicator
and reference or donor indicator. Larsen et al. (2011) selected red
channels of PtOEP as the indicator; the green channels of Macrolex
yellow coumarin served as an internal reference. Other researchers used
the color ratiometric imaging setup (Christel et al., 2016; Haas et al.,
2013):

= −R Red Green
Green (7)

In addition, Jiang et al. (2017a) used the intensity ratio of the red
channels of the O2 indicator PtOEP and the blue channels of reference
quantum dots (QDs) (R=Red/Blue) to measure O2 distribution. The
intensity ratios of the red channels of the O2 indicator europium com-
plex (Eu(HPhN)3dpp) and the green channels of the reference coumarin
dye (Bu3Coum) (R=Red/green) have also been used (Moßhammer
et al., 2016).

Based on the color ratiometric imaging, the calibration curve of pH
optodes can be described using a sigmoidal curve with 4 fitting para-
meters (Larsen et al., 2011):

= +
+ − −R a

e
R

1 pH pK b0 ( )/a (8)

where a, b are fitting constants, with a expressing the asymptotic values
at low and high pH, b expressing the slope around pKa. The variable pKa

is the inflection point of the curve (acid dissociation constant). The
variable R and R0 represent the pixel intensity ratio or fluorescence
intensity at different pH values and at the lowest pH values within
standard curve, respectively. The intensity ratio R of the NIR channels
of the pH indicator (OHButoxy-aza-BODIPY) to the green channels of
the reference coumarin dye (Bu3Coum) (R=NIR/Green), the green
channels of the the pH indicator (5-Fluorescein) to the blue channels of
the reference quantum dots (QDs) (R=Green/Blue) have been applied
to obtain the pH calibration curve (Jiang et al., 2017a; Moßhammer
et al., 2016). These calibration parameters are determined using 6–10
points calibration that accounts for the expected pH range.

2.2. Lifetime-based imaging

Lifetime imaging is a robust method, where the luminescence decay
time of phosphorescence is recorded by using a fast flashlamp and
gateable CCD camera. Combining the rapid lifetime determination
(RLD) with the transparent oxygen optode allows an initial simulta-
neous investigation of the 2D distribution of O2 and sediment physical
structure (Holst and Grunwald, 2001). The RLD method has also been
used to study the distributions of O2, pH and CO2 (Hartmann and
Ziegler, 1996; Holst et al., 1998; Liebsch et al., 2000). Especially, the O2

optodes often be calibrated using the RLD method, based on the mod-
ified Stern-Volmer equation Eq. (3) (Glud et al., 2016; Jovanovic et al.,
2014), where τ and τ0 represent the luminescence lifetime in the pre-
sence and absence of O2, respectively. The lifetime τ is determined by
measuring two integrated intensities (I1 and I2) over a time-window of
equal width (△t) at two points t1 and t2 separated by time difference
(t2− t1) (Fig. 2a) (Grauw and Gerritsen, 2001; Liebsch et al., 2000;
Murniati et al., 2016):

= −t tτ
ln I

I

2 1
1
2 (9)

Time domain dual lifetime referencing (t-DLR) as a relatively simple
method has been applied for planar optode imaging, especially those
luminescent indicators with decay times of< 100 ns (Borisov et al.,
2011; Liebsch et al., 2001; Stich et al., 2010a). The t-DLR imaging

Fig. 2. Luminescence lifetime-based imaging ap-
proaches: (a) Rapid lifetime determination (RLD),
the lifetime τ is determined by measuring two in-
tegrated intensities (I1 and I2) over a time-window of
equal width (△t) at two points t1 and t2 separated by
time difference (t2–t1). (b) Time domain dual lifetime
referencing (t-DLR), two images are taken at two
time periods, during the excitation phase (t1–t2)
where analyte-sensitive and reference indicators
emit (Aex=Aana-ex+Aref-ex) and during the decay
phase (t3–t4) where only the reference indicator
emits (Aem=Aref-em). Modified from Schröder et al.
(2007a). (c) Frequency domain (FD) luminescence
lifetime, Luminescence is photoexcited with sinu-
soidally modulated light (black trace), and the lu-
minescence of the indicator probe (blue trace), but
phase-shifted by an angle, φ. Modified from Koren
et al. (2019). (For interpretation of the references to
color in this figure legend, the reader is referred to
the web version of this article.)
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approach is based on the acquisition of two images (Fig. 2b). One image
(Aex) is collected during the excitation period, when the light source is
on (the sum of luminescence intensity of both the analyte sensitive
fluorescence (Aana−ex) and the analyte insensitive phosphorescence
(Aref−ex)). The second image (Aem) is collected during decay period,
when the light source is off (the intensity of the analyte insensitive
phosphorescence (Aref−em)). The ratio of the images provides a re-
ference intensity distribution that reflects the analytes information at
each pixel, and t-DLR method has been applied the pH and CO2 imaging
(Schröder et al., 2005, 2007a, 2007b; Stahl et al., 2006). The lumi-
nescence ratio R=Aex/Aem and pH is also suitable for a sigmoidal
curve (Eq. (8)) (Liebsch et al., 2001; Stahl et al., 2006):

= =
+− −

−
R A

A
A A

A
ex

em

ref ex ana ex

ref em (10)

Frequency domain luminescence lifetime imaging has been also well
established to measure the lifetime of luminescent indicators. As shown
in Fig. 2c, the luminescent indicator is excited using sinusoidally
modulated light, and luminescence emission of indicator is sinusoidally
modulated as well, but phase-shifted by an angle, φ (Franke and Holst,
2015; Wang and Wolfbeis, 2014). In case of single exponential decay,
the phase angle of the luminescent signal modulated at a single mod-
ulation frequency fmod reflects the decay time τ of the luminescent in-
dicator (Ogurtsov and Papkovsky, 1998):

=Φ πf τtan( ) 2 mod (11)

The frequency domain luminescence lifetime imaging has been de-
monstrated to be a robust and simple chemical imaging method for
planar optode imaging, and shown to be well application in sediments
(Koren et al., 2019).

2.3. Absorbance-based imaging

Some planar optical sensors based on UV-VIS absorbance have been
developed to measure 2D distribution of various analytes. The planar
optical sensor was directly inserted into the soils or sediment, which
allow reacting with analytes in relatively short time (typically minutes).
The planar optical sensor was then retrieved and simply rinsed, finally
was imaged using inexpensively standard flatbed scanner (Zhu, 2019).
Yin et al. (2017) constructed a novel irreversible H2S sensor by using
the DPCO-Zn2+ complex entrapped in a transparent polymer layer
coated on a polyester matrix. The absorbance change (ΔA=A0−A, A0

is blank sensor absorbance without H2S and A is sensor absorbance with
H2S) of the DPCO-Zn2+ complex decreased with an increased in H2S
concentration; there was also a good linearity in the sensor response
(ΔA) at low H2S concentrations. In addition, 2D distributions of Fe2+ in
marine sediments was measured using a sensor which Ferrozine was
covalently immobilized onto a transparent poly (vinyl alcohol) mem-
brane backed by a polyester sheet (Zhu and Aller, 2012). The absor-
bance of sensor increased with an increase in Fe2+ concentration; there
was an excellent linear relationship between absorbance and Fe2+

concentrations in the range of 0–200 μM.

2.4. Advantages and disadvantages of various imaging methods

Pure intensity-based imaging approaches do not require sophisti-
cated equipment and tedious image processing. However, these tech-
niques are sensitive to changes in background reflection, external ex-
citation light sources and factors associated with the sensing membrane
(e.g. heterogeneous distribution of the luminescent indicators in the
sensing membrane) and illumination by the source. To some extent,
these interferences can be reduced by carefully pixel-to-pixel cali-
brating the optodes before and after use, or by covering the optical
isolation layer lying on top of the sensing layer (Glud et al., 1996;
Strömberg and Hulth, 2005). Compared to the pure intensity imaging

method, wavelength ratiometric measurements are relatively in-
sensitive to heterogeneous distributions of luminescent indicators and
fluctuation of excitation light. Furthermore, wavelength ratiometric
measurements can significantly minimize or eliminate the interference
from background reflectance (Zhu et al., 2006b). The color ratiometric
imaging makes it possible to simultaneously measure multiple analytes
using a single sensor (Larsen et al., 2011; Moßhammer et al., 2016).
However, this method is sensitive to color-dependent light scattering
from the soil or sediment behind the optode. Some studies have utilized
an opaque membrane or a semi-transparent layer of silicone as an op-
tical insulation layer to reduce this interference (Larsen et al., 2011).
However, the use of these optical insulation layers can increase the
response time, which limits the study of sediments or soils with in-
herently fast dynamics. Research suggests that the t90 response time
(time to reach 90% of the full signal) of an O2 optode with a silicone
layer is ~ 10 times higher than tan optode without the silicone layer
(Larsen et al., 2011). Insulation of the sensor, using silicone or other
insulating materials can obstruct structures behind the sensor, making
it cumbersome to assess the relative position of the sediment-water
interface (SWI), rhizosphere or related anomalies in the sediment
structure.

Lifetime-based imaging is often more accurate and stable than in-
tensity-based imaging. This is independent of interference due to het-
erogeneous illumination, photobleaching, luminescent indicators de-
gradation, or background interference signals (Borisov et al., 2012;
Holst et al., 1998). Furthermore, the lifetime-based imaging can mea-
sure multiple analytes simultaneously by combining RLD and t-DLR
imaging method (Schröder et al., 2007a; Wang et al., 2012). In case
where luminescent signals and background interference signals have
different decay time, lifetime imaging (μs) can be used to eliminate the
background interference signals (ns). Therefore, luminescent indicators
with relatively long lifetimes (> 1 μs) are best to use in lifetime ima-
ging (Borisov et al., 2010). Some studies have used TiO2 micro-particles
in lifetime imaging to help meet the strict requirements of this tech-
nique (e.g., helping enhance phosphorescence intensity and increase
the lifetimes of differential luminescent indicators) (Chatni et al.,
2009). However, these particles scatter light and thus carry a potential
risk of reducing spatial resolution (see Section 3.4). Koren et al. (2019)
compared the performances and characteristics of time domain and
frequency domain lifetime imaging. Similar calibration curves and O2

distributions in the rhizosphere were observed, but the frequency do-
main camera system showed slightly better imaging quality. On the
other hand, frequency domain lifetime imaging is not susceptible to the
weak external background light such as turned away desk-lamps or
nearby aquaria lights, but it is vulnerable to the background fluores-
cence (e.g. chlorophyll or other photopigments). The major dis-
advantages associated with the use of lifetime-based imaging are: (1)
lifetime-based imaging requires a more sophisticated, expensive camera
system, home-made triggering systems and software; (2) lifetime-based
imaging involves the division of two or more images, which can result
in considerably higher noise within the analytical signal (lifetime), re-
ducing the precision.

Planar optodes based on absorbance imaging are often irreversible,
one-shot irreversible planar sensors that cannot be used to measure
solute dynamics. However, they are particularly useful for resolving
complex 3D patterns of solute concentrations and relating these pat-
terns back to the biogenic structures in marine sediments. Recent stu-
dies have found that this technique is particularly effective when sensor
plates are deployed in marine sediments at regularly spaced intervals
(e.g. 1–2 cm apart) (Zhu et al., unpublished data). These sensor plates
have been found to be able to define successive vertical 2D sections, and
by using image processing software (e.g. Image J) to superimpose these
2D images, delivering a 3D construction of the desired sediment area
(Yin et al., 2017).
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3. Planar optode sensor

The PO sensor sheet includes an immobilized optical indicator in a
polymer membrane, supported by a transparent plastic sheet. It typi-
cally consists of three layers: a transparent support sheet, a sensing
polymer membrane, and an optical insulation layer or protective layer.

3.1. Support sheet

The support sheet mainly serves as a physical holder to support and
hold the soft sensing polymer membrane. The support sheet must be
transparent, resistant to organic solvents, and convenient for fabrica-
tion, transport, handling and deployment of sensor membrane. The
most frequently used support sheet is a dust free polyester support foil
(PET) (Glud et al., 1996, 1998; Jiang et al., 2017a). Other transparent
materials may be used, if they are resistant to the matrix solvent and
inert towards the indicators, such as glass support (Fischer and
Wenzhöfer, 2010; Kuhl et al., 2007; Wang et al., 2010). Some studies
have tested the spatial resolution of the PO setup using a resolution test
target (USAF 1951 resolution target). The results have shown that the
practical spatial resolution is less than the theoretical maximum re-
solution of the camera image sensor (Larsen et al., 2011; Strömberg and
Hulth, 2005). The image distortion was possibly caused by light being
guided into the support layer and the (aquarium) walls. Fischer and
Wenzhöfer (2010) used a fiber optic faceplate (FOFP) coated with in-
dicator dye, which ensured that the light could only travel in a straight
line in each single fiber. The use of FOFP can significantly reduce op-
tical cross-talk and enhance the maximal spatial resolution that can be
achieved with planar optode measurements (Bachar et al., 2008; Lehto
et al., 2017). Mayr et al. (2012) proposed a simple approach for coating
the additional optical filter layer at the bottom of the support sheet,
with the optical filter layer absorbing the cross-talk light to a higher
extent than the virtual signal, allowing for suppressing the optical cross-
talk effects.

3.2. Sensing membrane

The sensing membrane is a key component of planar optode, and
determines sensor characteristics including sensitivity, selectivity, dy-
namic range, response time and sensor stability. The indicator, re-
ference dye, polymer matrix, and some light-scattering particles are
integrated into a solid polymer layer to facilitate sensor interaction with
the solutes in the water medium.

3.2.1. Polymer matrix
Suitable polymer matrixes are essential for performances of planar

optodes, including analyte-permeability, response time, sensitivity,
chemical stability, dynamic range and tolerance to the environmental
interferences (Courbat et al., 2009; Koren et al., 2013; Wolfbeis, 2005).
The frequently used polymer matrixes in planar optodes, as well as their
suitable analytes and physicochemical characteristics were summarized
in Table 2. Polystyrene (PS) and its derivatives, ethyl cellulose (EC),
plasticized poly (vinyl chloride) (PVC), sol-gel, polydimethylsiloxane
(PDMS), and polymethyl methacrylate (PMMA) are gas permeable.
Therefore, they are often used in the measurement of dissolved gasous
analytes such as O2, CO2 and H2S (Glud et al., 1996; Precht et al., 2004;
Zhu and Aller, 2013; Zhu et al., 2006a). PDMS, PS and PMMA matrixes
are completely ion-impermeable polymer matrices which can effec-
tively decrease the cross-sensitivity to ions strength and protons.
Compared with the PDMS and PS, PMMA has relative lower O2 per-
meability, and it is only useful for sensing O2 at high partial pressure
(Wang and Wolfbeis, 2014). PS has been the most common O2 polymer
matrix due to its moderate oxygen permeability, good chemical stability
and mechanical properties, as well as compatibility with most O2 in-
dicators (Borisov et al., 2014). Koren et al. (2013) evaluated the effects
of different polystyrene-derivatives polymer matrixes on the dynamic

range and sensitivity of O2 planar optodes. The results indicated that
the sensitivity of O2 planar optode was related to the spacing between
the polymer strands and void volume. tButPS matrixes can increase the
void volume in polymer matrix which dramatically improved the sen-
sitivity of O2 planar optodes, compared with PS and other polystyrene-
derivatives. In addition, the working range of O2 planar optode can be
tuned using different polystyrene-derivatives although using the same
indicator (Koren et al., 2013), and this make it feasible to customize the
sensor response range based on practical application and sensing en-
vironments.

HydroMed D4 is an ether-based hydrophilic urethane that has ex-
cellent adhesive and cohesive properties. It is optically transparent and
mechanically robust, and is highly permeable for gas, water and pro-
tons. These characteristics make it suitable for the determination of pH,
O2, H2S, NO3

− and extracellular enzyme activity (Cao et al., 2013;
Pedersen et al., 2015a; Schröder et al., 2007b; Yin et al., 2017). Fur-
thermore, HydroMed D4 is also used as the immobilization matrix for
planar optodes based on optical microparticles or nanoparticles, due to
its high permeability for various analytes (Borisov et al., 2006; Meier
et al., 2011). Poly (vinyl alcohol) (PVA), high molecular weight PVC as
well as poly(acrylonitrile) (PAN) have been applied to be polymer
matrixes to design the temperature optodes by using O2-sensitive in-
dicators, due to their low gas permeability (Liebsch et al., 1999; Peng
et al., 2010; Stich et al., 2008). Furthermore, some luminescent in-
dicators can be covalent bond on the PVA surface through a water-
soluble polymer chain, such as pH iindicator hydrophilic HPTS and
Fe2+ indicator ferrozine (Zhu and Aller, 2012; Zhu et al., 2005). In
addition, PVA is also easily available, transparent in the UV–VIS range
and hydrophilic properties.

3.2.2. Luminescent indicators
The recently published reviews and books have provided compre-

hensive introductions and summaries of the performances and char-
acteristics of O2 luminescent indicators (Bittig et al., 2018; Borisov
et al., 2012; Dmitriev and Papkovsky, 2018; Wang and Wolfbeis, 2014),
pH luminescent indicators (Han and Burgess, 2009; Wencel et al., 2014)
and temperature indicators (Wang et al., 2013). The characteristics,
polymer matrix materials, dynamic range of analytes and applications
of luminescent indicators and optical microparticles or nanoparticles
applied in planar optodes have been summarized in the Tables 3 and 4,
respectively. Furthermore, the detail discussions about the perfor-
mances and characteristics of luminescent indicators were presented in
Supporting Information.

3.2.3. Optical insulation layer
An optical insulation layer is coated on top of sensor film. The layer

plays an important role in an intensity-based imaging setup, as it can
eliminate light scattering from sediments or soils, but also prevent some
large particles in sediments or soils from damaging the sensing layer. In
some studies, the sensing layer was coated with a thin black silicone to
ensure optical insulation (Glud et al., 1996; Klimant and Wolfbeis,
1995); a white, opaque membrane was applied as insulation (Hoefer
et al., 2017). In addition, the carbon black, TiO2, and ZnO2 nano-
particles were embedded thin translucent silicon/hydrogels as insula-
tion layer (Brodersen et al., 2017; Hoefer et al., 2017; Larsen et al.,
2011). For gas-analytes planar optodes (e.g., O2, CO2 and H2S), a gas
permeable silicone rubber often be coated onto the top of sensing layer
to eliminate the cross-sensitive of various nonvolatile inorganic and
organic aqueous ions and molecules.

3.3. Luminescent indicators immobilized methods

Luminescent indicators are generally immobilized into the polymer
matrix through physical entrapment or chemical binding. The physical
entrapment method as commonly used method is easy and fast, it has
been widely applied for preparation of O2, CO2, H2S, pH and
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temperature planar optodes (Borisov and Klimant, 2008a; Glud et al.,
1996; Rudolph et al., 2013; Zhu and Aller, 2013; Zhu et al., 2006a).
However, physical entrapment method has several significant short-
comings, which mainly resulted from luminescent indicators can freely
migrate in the matrix. Firstly, physical entrapment method is only
suitable for immobilize non- or low polar indicators, but not suitable for
polar indicators due to the significant leaching problem, such as some
polar pH indicators, HPTS and fluorescein isothiocyanate (FITC).
Second, simple physical entrapment cannot prevent aggregation be-
tween dye molecules with time. Third, diffusion of the dye molecules
into adjusting materials such as polymeric support is thermo-
dynamically favored and readily occurs with time (Koren et al., 2012;
Zhang and Wang, 1994).

Compared to physical entrapment method, the chemical binding
method can prevent the occurrence of leaching and aggregation pro-
blems by covalently binding the indicators to the polymer matrix
through functional groups, such as the carboxyl group, amine group or
sulfonyl group. Furthermore, the covalently grafted methods showed
better reversibility and higher photochemical stability than the physi-
cally physical entrapment method (Zhang et al., 2011). The pH in-
dicator HPTS and the Fe2+ indicator ferrozine have been covalently
conjugated on the PVA membrane surface, and both showed great
stability (Zhu and Aller, 2012; Zhu et al., 2005). However, these
methods are usually more complicated and time-consuming. A powerful
approach, named “click chemistry”, has potential to graft the indicator
dye onto the polymer (Kolb and Sharpless, 2003; Moses and
Moorhouse, 2007). This has been proven to be an effective method to
glucose analysis and O2 imaging in cells (Dmitriev et al., 2014; Odaci
et al., 2009). Koren et al. (2012) utilized a dithiol as the nucleophilic
substitution of the labile para‑fluorine atoms of the pentafluorophenyl
residues, then covalent-linking the O2 indicator onto the click-modified
polymer to generate a cross-linked O2 sensing material. The results
showed that the O2 optode prepared with cross-linked O2 sensing ma-
terial had better stability than O2 optode prepared by physical en-
trapment method, even exposed within organic solvents. The in-
troduction of click chemistry gives us another reliable choice to
improve the stability of planar optodes.

3.4. Luminescent signal enhancement

Luminescent signal enhancement in sensing layer is useful for

improving the signal-to-noise ratio, reducing interference from back-
ground fluorescence or ambient light. However, increasing the in-
dicator dye concentration to enhance luminescent signal can lead to dye
migration and aggregation, and even self-quenching. As such, it is im-
portant to identify the most effective methods for increasing sensors
brightness. Two main approaches have been developed to enhance the
sensors lightness. One is to use light-scattering particles, such as TiO2,
SiO2, gold silver or diamond, which are entrapped in matrix materials
(Chatni et al., 2009; Glud et al., 1996; Gryczynski et al., 2003; Jiang
et al., 2017b; Moßhammer et al., 2016). The intensity of light emerging
from the sensing layer is increased by particle scattering (Chatni et al.,
2009; Precht et al., 2004). In addition, Polerecky et al. (2000) suggested
that most of the luminescence emitted by indicators embedded within
the very thin sensing layer tend to be trapped within and guided along
the supporting layer, if the supporting layer has a higher-refractive
index than the ultimate surrounding media (e.g. water, or air). There-
fore, the use of light scattering particles like TiO2 might disturb optical
waveguide configuration, leading to much brighter light leaving the
optode, and reducing the lateral spatial resolution.

Another method that enhances luminescent sensors brightness is
antenna dye. Antenna dye is based on light harvesting, which effec-
tively collects the excitation light energy and transfers the energy to the
indicators (Mayr et al., 2009). Antenna dye such as Quantum dots
(QDs), Macrolex fluorescence yellow 10GN (MY), as well as Coumarin 6
and Coumarin 545T have been developed to support the imaging of O2,
pH, and NH3 (Jiang et al., 2017a; Larsen et al., 2011; Mayr et al., 2009).
This method of increasing fluorescent sensor brightness is simple,
flexible and has only a slight effect on the dynamic range. However, the
spectral overlap of antenna dye and indicator dye can make it difficult
to separate wavelengths when using a common camera, which could
lead to inaccurate measurements. Furthermore, indicators and antenna
dyes often require the same excitation bands, which can increase add to
the difficulty of choosing the suitable dyes to use in analysis.

3.5. Composite planar optodes

Composite planar optodes have been developed for simultaneous
monitoring of multiple parameters at the same or almost the same
physical positions by combining multiple luminescent indicators and
microparticles or nanoparticles in the sensing layer (Borisov et al.,
2011; Ehgartner et al., 2014; Moßhammer et al., 2016; Pedersen et al.,

Table 2
Overview of matrix materials, suitable analyte and physicochemical characteristics.

Polymer Analyte Characteristics References

Polystyrene (PS) and its
derivatives

O2 Moderate gas permeability, good optical transparency and
mechanical properties, the sensitively and dynamic range of O2

planar optode are depended on characteristics of PS- derivatives

Koren et al. (2013)

Sol-gel O2, pH Moderate gas permeability, good optical transparent, tolerate high
temperatures, not biodegraded, excellent chemical and
photochemical stability,

Konig et al. (2005), Koren et al. (2012),
Wencel et al. (2009)

Polymethyl methacrylate
(PMMA)

O2, NH3 Poor oxygen permeability, but useful for high oxygen
concentration, good optical transparency, good mechanical
properties.

Courbat et al. (2009), Jiang et al. (2017b)

Plasticized- poly (vinyl
chloride) (PVC)

O2, H2S Moderate gas permeability, good optical and mechanical properties, Glud et al. (1996, 1998)

High molecular weight PVC Temperature Low oxygen permeability, positive effects on the temperature
sensitivity of the indicator

Stich et al. (2008)

Poly(vinyl alcohol) (PVA) pH, Fe2+, temperature Low oxygen permeability, easy chemical modification, hydrophilic
properties, mechanical flexibility

Peng et al. (2010), Zhu and Aller (2012),
Zhu et al. (2005)

Ethyl cellulose (EC) O2, H2S, pCO2 High gas permeability, good optical transparency and mechanical
strength, good photo- and thermal stability

Baleizao et al. (2008), Nagl et al. (2007),
Zhu and Aller (2013), Zhu et al. (2006a)

Hydromed D4 pH, extracellular enzyme,
NH3, Temperature, NO3

−
High gas permeability, water and protons, optically transparent and
mechanically robust, equilibrium water contents approaching 50%

Cao et al. (2011), Pedersen et al. (2015a),
Rudolph et al. (2017), Stahl et al. (2006),
Tobias et al. (2012)

Polyacrylonitrile (PAN) Temperature Extremely low gas permeability, low uptake of water, good
optically transparent, often used to polymer for optical
microparticles or nanoparticles (pH, temperature)

Liebsch et al. (1999), Meier et al. (2011)
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2015b; Schröder et al., 2007a). Typically, different indicators need
different wavelength light sources to excite their molecules. The images
are recorded at different emission wavelengths with cameras, and
several filters are required to reduce the cross-talk between different
indicators. In addition, the optical microparticles or nanoparticles in-
corporated into inert polymer can effectively avoid the fluorescence
resonance energy transfer (FRET) between different luminescent in-
dicators (the maximal FRET distance is 10 nm) (Meier et al., 2011).
However, the potential risk needs to be considered including leakage of
microparticles or nanoparticles and reduction of spatial resolution.

3.6. Composition of PO-DGT

There has been a recent increase in the application of a combined
PO-DGT hybrid sensor. The PO-DGT hybrid layer generally consists of
support material, a PO sensing layer, DGT binding gel, and protective
membrane, the thin DGT binding gel overlying on the surface of PO
sensing layer. The preparation of PO-DGT layer mainly consist two
method, one is to disperse the DGT adsorbent materials in the hydrogel
and then coat it on the surface of the PO sensing layer to obtain a single
hybrid sensing layer (Han et al., 2017; Hoefer et al., 2017). Other
method is that ultra-thin DGT gel (approximately 50/150 μm thick,

Table 3
Overview on optical indicators, dynamic range, polymer matrix and applications in planar optodes.

Analytes Indicator Polymer matrix Dynamic Imaging
approaches

Application References

O2 PtOEP PS 0–100% air sat. PI Microscale water flows;
sediments; rhizospheres;
seawater

Han et al. (2016), Jiang et al. (2017a),
Oguri et al. (2006), Song et al. (2011,
2012)

CR

PtTFPP PS 0–100% air sat. PI Sediments, rhizospheres,
soils

Christel et al. (2016), Frederiksen and
Glud (2006), Koren et al. (2012, 2019),
Pischedda et al. (2011)

Sol-gel RLD
CR
FD

Ru-DPP PS 0–>100% air sat. PI Biofilms, sediments,
seawater, biofilms,
biological skeleton

Glud et al. (1998), Jiang et al. (2017b),
Konig et al. (2005), Kuhl et al. (2008),
Staal et al. (2011b), Xu et al. (2001)

FD
Plasticized-PVC RLD
Sol-gel
PMMA

Iridium (III)
complex

PS 0–>100% air sat. PI Biofilms, benthic
microalgal communities,

Borisov and Klimant (2007), Hancke
et al. (2014), Staal et al. (2011a)RLD

Eu(HPhN)3dpp PS 0–40% air sat. CR Microbial mats Borisov et al. (2014), Moßhammer
et al. (2016)

Fullerene C70 EC 0–>100% air sat. RLD – Baleizao et al. (2008), Nagl et al.
(2007)Organo-silica

pH Hydrophilic-HPTS PVA 5.5–8.6 WR Sediments, Hakonen et al. (2010), Hulth et al.
(2002), Zhu et al. (2005)

Lipophilic-HPTS Hydromed D4 6.0–9.0 CR Sediments Borisov et al. (2009a), Larsen et al.
(2011)

HPTS-IP Sol-gel 5.0–8.0 WR – Wencel et al. (2009)
DHFA Hydromed D4 7.0–9.3 PI Sediments Schröder et al. (2005, 2007b)

t-DLR
DHFAE Hydromed D4 7.0–9.3 WR Sediments Schröder et al. (2005), Stahl et al.

(2006)t-DLR
DCIFODA Hydromed D4 5.5–8 CR Rhizospheres Ehgartner et al. (2014), Hoefer et al.

(2017)
aza-BODIPY
complexs

Hydromed D4 7.2–8.8 CR Microbial mats Ehgartner et al. (2014), Jokic et al.
(2012), Moßhammer et al. (2016)

5-Fluorescein Hydromed D4 6–8 PI Seawater, rhizospheres Jiang et al. (2017a, 2018), Rudolph
et al. (2013)CR

H2S Pyronin Y EC nd-3150 μmol/L PI Sediment Zhu and Aller, 2013
LOD: 4 μmol/L

DPCO-Zn2+ Hydromed D4 0–4000 μmol/L Absorbance Sediments Yin et al. (2017)
LOD: 4.8 μmol/L

TOFMA PVC 0–735 μmol/L PI – Choi and Hawkins (2003)
pCO2 TOA+PTS− EC 0–40 matm WR Sediments Schröder et al. (2007a), Zhu and Aller

(2010), Zhu et al. (2006a)LOD: 0.193 matm PI
t-DLR

NO3
− HPTS-TOA Hydromed D4 1–50mmol/L CR – Pedersen et al. (2015a)

Extracellular
enzyme

Leu-MCA Hydromed D4 0.10–0.45 μmol sub/
h/g

PI Sediments Cao et al. (2011, 2013)

NH3 Merocyanine 540 Hydrogel and cyano
phenyl dodecyl ether

LOD: 2 nmol/L WR biological tissues Strömberg and Hakonen (2011)

Bromophenol blue CA 0–1000 μg/L CR – Tobias et al. (2012)
Hydromed D4 LOD: 1 μg/L

NH4
+ Merocyanine 540 Hydrogel and cyano

phenyl dodecyl ether
10 μM–100mM WR Soils, rhizospheres Delin and Strömberg (2011),

Strömberg (2008), Strömberg and
Hulth (2001)

Fe2+ Ferrozine PVA nd-200 μmol/L Absorbance Sediments Zhu and Aller (2012)
LOD: 4.5 μmol/L

Mn2+ Cd-TSPP Polyurethane 0–400 μmol/L Absorbance Sediments Soto Neira et al. (2013a, 2013b)
LOD: 0.3 μmol/L

Temperature Eu(III) chelates PAN 0–50 °C RLD – Borisov and Klimant (2008a)
Ru(phen)3(PF6)2 PAN 0–60 °C RLD Liebsch et al. (1999)
Cr(III)-doped YAB Hydrogel D4 0–50 °C RLD Borisov et al. (2010)
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typical DGT gel is 400/800 μm thick) is mounted onto the planar op-
tode with tape to obtain a double layer sensor (Lehto et al., 2017;
Martin et al., 2019). The latter is easier to operate for preparation, but it
has potential risk for lateral diffusion of planar optode analytes in the
DGT gel.

In addition, studies have found the DGT binding gel can sig-
nificantly increase the response time (Hoefer et al., 2017; Stahl et al.,
2012). This may be attributed to the diffusional barrier caused by
overlaying additional DGT gel, and a relatively thick filter membrane.
This increase of the diffusion distance of analyte would delay the op-
tical response of the luminophore indicators in the sensing layers. In
addition, limited binding capacity of thin DGT gel, dye leakage and
transfer, and other artificial factors may affect the sensor performance.
Therefore, it remains challenging to develop a sensor capable of DGT
and PO measurements.

4. Planar optode imaging system

The imaging system (Fig. 1) mainly consists of an excitation light
source and camera. Halogen/xenon arc lamps are equipped with
narrow band filters (Glud et al., 1996, 1998; Pischedda et al., 2008) and
high-power light emitting diodes (LEDs) typically have narrow band
emissions (Hancke et al., 2014; Schröder et al., 2007b). Both of them
are used as light sources to excite analyte-sensitive luminescent in-
dicators in planar optode. The lamp disadvantages of high cost and
power consumption, the requirement for warming up before use and
the difficulty in adjusting excitation light intensity have limited its
application (Strömberg et al., 2009a). LEDs have recently become more
widely used as an excitation light sources, due to their distinct ad-
vantages (i.e. high power-to-size ratio, low cost, narrow emission
spectra, stability, and ability to vary light emission in the ~ ns range)
(Holst et al., 1998; Strömberg et al., 2009a).

Different imaging methods use different cameras to acquire images.
In lifetime-based imaging, a highly light-sensitive fast gateable CCD
camera is required to acquire a phosphorescence emission image during
intensity decay (μs scale) (Borisov et al., 2011; Holst and Grunwald,
2001; Strömberg and Hakonen, 2011). In intensity-based imaging, both
inexpensive DSLR (digital single-lens reflex) and CMOS (com-
plementary metal oxide semiconductor) or CCD camera have been used
as detection systems (Lehto et al., 2017; Pedersen et al., 2015a; Song
et al., 2012; Zhu et al., 2005). Previous studies using the color

ratiometric method have been mostly based on a single-CCD camera,
which separates the emission light into three primary colors: red, green,
and blue (Jiang et al., 2017a). However, single-CCD camera detects
only one-third of the color information for each pixel. The other two-
thirds must be interpolated with a demosaicing algorithm to ‘fill in the
gaps’, which results in a much lower effective resolution.

To address this problem, Jiang et al. (2017a) used a 3CCD camera to
perform the imaging. Each CCD separately measured the primary
colors, red, green, or blue light. This solution can enhance resolution
and lower noise; however, this method is limited by the spectral overlap
of indicators. Measuring multiple analytes using a composite PO (i.e.
two or more indicators immobilized within a single PO membrane) has
been applied; however, it is challenging to separate the emissions from
the multiple dyes. One simple approach to address this has been to use a
2CCD camera with an RGB camera chip and a NIR camera chip to re-
duce the cross-talk. The 2CCD set-up allows ratiometric imaging si-
multaneously in the visible light and in the NIR (Ehgartner et al., 2014;
Moßhammer et al., 2016).

4.1. VisiSens system

A robust instrument, called the VisiSens system, has been developed
to study analyte distributions and dynamics. Based on the PO principle,
the VisiSens system is an integrated system with image acquisition
hardware and software to process images (Kumari and Gupta, 2017;
Lenzewski et al., 2018; Tschiersch et al., 2011, 2012). VisiSens pro-
duces a range of different instruments, designed for various applica-
tions. For VisiSens TD system, the fields of view from mm2 up to
30 cm×25 cm are possible. In addition, a compact and portable
handheld imaging system is suited for laboratory experiments, but can
also be used for in situ investigations out in the field. Studies have
demonstrated that VisiSens system can be applied to investigate the O2,
pH and CO2 dynamic in soils, the rhizosphere, stem and leaf of plants,
as well as within the developing seed (Faget et al., 2013; Lenzewski
et al., 2018; Tschiersch et al., 2011, 2012), and O2 dynamics in the oak
wood of wine barrels (Nevares et al., 2014). The VisiSens system can be
highly beneficial for other research areas, such as biotechnology or
medicine. VisiSens system is the first commercially available from
PreSens GmbH, Regensburg, Germany.

Table 4
Overview on optical micro- and nanoparticles, dynamic range and polymer matrix in planar optodes.

Analytes Indicator-polymer Polymer matrix Dynamic Imaging approaches References

O2 PtTFPP-PSa Hydromed D4 0–100% air sat. CR Meier et al. (2011)
PtTFPP-PSANb Hydromed D4 0–100% air sat. t-DLR Stich et al. (2008)
PdTFPP-PSANc Hydromed D4 0–100% air sat. RLD Borisov and Wolfbeis (2006)
Ir(CS)2(acac)-PSANd EC – RLD Borisov et al. (2011)

pH FITC-ACe Hydromed D4 4–8 CR Meier et al. (2011)
FITC-PANf Hydromed D4 4–8 t-DLR Wang et al. (2012)

pCO2 HPTS(TOA)3-ECg PDMS – FD Borisov et al. (2006)
Temperature Eu(tta)3(dpbt)-PVCh Hydrogel D4 0–50 °C RLD Stich et al. (2008)

Eu-DT-PMMAi PVA 0–50 °C RLD Peng et al. (2010)
Ru(dpp)-PANj Hydrogel D4 0–60 °C RLD Wang et al. (2012)
Eu(tta)3L-PANk Hydrogel D4 0–60 °C RLD Borisov and Wolfbeis (2006)

a
PtTFPP embedded into the polystyrene (PS) polymer.

b
PtTFPP embedded into the poly(styreneco-acrylonitrile) (PSAN)) polymer.

c
PdTFPP embedded into the PSAN polymer.

d
Ir(CS)2(acac) embedded into PSAN polymer.

e
FITC covalently bound onto the surface of amino-cellulose (AC) particles.

f
FITC covalently bound onto the surface of amino-functionalized polyacrylonitrile (PAN-NH2) nanoparticles.

g
HPTS(TOA)3 embedded into ethyl cellulose (EC) polymer.

h
Eu(tta)3(dpbt) embedded into high molecular weight PVC.B2

i
Eu-tris(dinaphthoylmethane)-bis(trioctylphosphine oxide) (Eu-DT) embedded into the poly(methyl methacrylate) (PMMA).

j
Ru(dpp) embedded into PAN polymer.

k Eu(tta)3L embedded into PAN polymer.

C. Li, et al. Earth-Science Reviews 197 (2019) 102916

9



4.2. Planar optode analysis equipment for laboratory imaging

Recently, Nanjing EasySensor Environmental Technology Co., Ltd.
developed a novel planar optode analysis equipment for O2, pH and
pCO2 imaging in laboratory (www.easysensor.net). As shown in Fig. 3,
this PO analysis equipment consists of the sealed box and computer
control system. In the sealed box, the four different excitation light
sources include 415 nm LEDs for O2 and pCO2 measurements; 425 nm
LEDs for pH measurement; 470 nm LEDs for pCO2 measurement;
505 nm LEDs for pH measurement, and every LED equips with diffusers
for obtaining uniform excitation light. Additional 485 nm and 515 nm
short-pass filters are equipped in the front of 470 nm and 505 nm LEDs
to eliminate interferences of impure excitation lights, respectively.
Three different band-pass filters as emission filters are equipped in the
front of the CCD camera (515 nm, 545 nm, and 650 nm for pCO2, pH,
and O2 measurements, respectively). In addition, the self-developed
printed circuit board is used to modulate the LEDs and image capture.
The sealed box provides the dark environment, which can minimize
external light interference. Furthermore, this analysis equipment with
moderate volume (650mm (length)× 450mm (width)× 450mm
(height)) is suitable for laboratory simulation experiments of sediments
and soils.

4.3. In situ measurement devices of planar optodes

PO has been widely applied for imaging studies in laboratory mi-
crocosms to acquire 2D distributions and dynamics of analytes.
However, there have been few field applications of PO, largely because
of the complex experimental setups and devices (Vieweg et al., 2013).
In situ deployment was first performed by Glud et al. (2001) to obtain
2D O2 distribution in benthic sediments in shallow water. In filed stu-
dies, the central instrument housing is mounted on an inverted peri-
scope and contains, the excitation light source, optical filters, CCD
camera and associated electronics. The CCD camera is connected to a
personal computer (PC) at the surface using a fiber optical link (Fig. 4a,
b). The instrument is a powerful tool for field applications and has been
applied to study the effect of fauna activity and photosynthesis on O2

distribution (Wenzhöfer and Glud, 2004).
Another in situ sediment profile imaging (SPI) instrument, CHEM-

SPI, has also been used in filed studies (Fig. 4c, d) (Fan et al., 2011).
This CHEM-SPI system loaded three adjacent fluorosensor foils, which
simultaneously measured vertical sections of pH, O2, and pCO2 dis-
tributions, and recorded visible images of the sediment structure closely
associated with the solute fluorescence images. Later, the optical system
and electronics of CHEM-SPI were simplified, leading to the develop-
ment of the CHEM-SPII-2 benthic sensing system. The CHEM-SPII-2
imaging system has been used in situ to measure 2D dissolved Mn2+and

Fe2+ in marine sediments (Soto Neira et al., 2013a, 2013b). This
technique has been applied in sediment environments; however, rela-
tively large PO devices can disturb the natural sediment structure.
Moreover, field applications of PO are only suitable in fine-grained
marine and shallow lacustrine settings, which allow the instrument to
be easily inserted into the sediment. It is difficult to apply the tool in
coarser, sandy to gravelly sediments (Glud et al., 2001; Vieweg et al.,
2013).

5. Application of planar optodes

5.1. Application of O2 optodes

5.1.1. Sediments
As a high resolution, in situ measurement technique, PO has been

widely focused on O2 distributions and dynamics in sediments. The
spatial and temporal 2D O2 concentration gradient at the SWI was first
observed using planar optode (Glud et al., 1996); other researchers
have observed similar results (Glud et al., 2001; Oguri et al., 2006).
Moreover, O2 optodes are suitable for investigating O2 dynamic
changes in sediments due to their long-term stability and rapid response
time. For example, Behrens et al. (2007) evaluated the distribution and
dynamic of O2 around buried sandeels (Ammodytes tobianus) in sedi-
ment. Ammodytes tobianus can live in anaerobic sediments using in-
verted porewater cones, allowing these organisms to obtain oxygen
from the overlying waters. Similarly, Wenzhöfer and Glud (2004) in-
vestigated the effects of fauna activity for O2 distributions and dy-
namics in sediments, using the in-situ instrument containing planar
optodes. Through this technique, they characterized the spatial and
temporal variability of O2 (timescale: days) and found that fauna ac-
tivity can stimulate changes in O2 dynamics, which could affect benthic
mineralization (Glud et al., 2016; Pischedda et al., 2010). However,
these studies give snapshots of O2 dynamic at different stages but do not
manage to capture the true dynamic changes of oxygen concentrations
in the sediments.

The true O2 dynamics in sediments were captured in various con-
dition, e.g. ripple movement (Precht et al., 2004), organic matter de-
gradation (Franke et al., 2006) or affected by bioirrigation (Murphy and
Reidenbach, 2016; Pischedda et al., 2011; Polerecky et al., 2006;
Volkenborn et al., 2010, 2012). The waves could significantly increase
the O2 penetration, which changed from depths of ~ 3mm to depths ~
5mm in sediment surface. The oxygen consumption rates at locations of
the particular organic matter sediments can reach to 18-times higher
than the surrounding sediments. In addition, burrowing macrofauna
and bioirrigation as sediment conduits can cause overlying oxygenated
water to penetrate the sediment, increasing the heterogeneity of oxygen
distribution, and influencing biogeochemical processes of other

Fig. 3. (a): the section structure of planar optode analysis equipment consisting of 1 planar optode, 2 the CCD camera system (including camera, lens and filter), 3 the
excitation source system (including LEDs, filters and diffusers), 4 the power source and trigger; (b): the appearance structure of planar optode analysis equipment
(www.easysensor.net).
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elements (Fig. 5). The oxygen consumption rates in different sediment
depths can be easily measured, based on continuous O2 concentration
profiles obtained by PO with high temporal-spatial resolution
(Polerecky et al., 2005; Precht et al., 2004). Moreover, these were
probably the first studies where the dynamic component information
captured by PO was actually quantified and interpreted in the context
of sediment biogeochemistry.

The recent combination of PO and DGT techniques has been applied
a combined PO-DGT sensor to simultaneously measure dissolved O2 and
trace metal dynamics in sediment (Lehto et al., 2017; Stahl et al., 2012).

The exchange of overlying oxygenated water drives a gradual increase
in the O2 concentration around the burrows; this exchange then affects
metal mobilization in irrigated burrows (Stahl et al., 2012). Organic
matter deposition can induce highly localized anoxic conditions or high
oxygen consumption rates at the SWI (Franke et al., 2006), increased Fe
and Mn mobilization, and the S(II) increase reduced Co, Ni and Zn due
to the co-precipitation (Lehto et al., 2017). These studies enhance our
understanding of biogeochemical cycle processes induced by redox
condition at the SWI.

Fig. 4. (a) and (b) Illustration of the central housing and the periscope head and in situ measurement device, respectively: 1 PO, 2 sensor window, 3 LEDs, 4 diffuser,
5 mirror, 6 dichroic mirror, 7 excitation filter, 8 lens, 9 CCD camera, 10 electronics controlling the excitation light, 11 connectors (one optic and one electric), 12
central housing, 13 battery for video and light, 14 video camera, 15 niskin bottle, and 16 positioning elevator (Glud et al., 2001). Reprinted with permission from
Glud et al., Copyright (2001), John Wiley and Sons; (c) and (d) schematic cross-section of multispectral imaging system and in situ measurement device, respectively:
1 Umbilical cable, 2 constant current power module for LEDs, 3 power supply for steppers, 4 stepper driver, 5 digital camera, 6 emission filter wheel, 7 LED wheel
with excitation filters, 8 steppers, 9 power supply for camera, 10 optical window with PO attached, 11 lead racks, 12 adjustable collar, 13 hydraulic cylinder with
flow control valve, 14 lifting arms (Fan et al., 2011). Reprinted with permission from Fan et al., Copyright (2011), Springer Nature.

Fig. 5. A, B and C demonstrate the dynamics of O2 within 24 h of analysis, along 3 cm profiles in sediment-water interfaces. D is the corresponding synchronous
porewater pressure at the sediment-water interface (Volkenborn et al., 2012). Reprinted with permission from Volkenborn et al., Copyright (2012), Inter-Research.
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5.1.2. Biofilms
Planar optode is also an ideal tool for studying O2 dynamics in

biofilm, living cells, biological tissues, and microbial activity due to its
high spatial resolution, rapid response, and high sensitivity (Borer
et al., 2018; Kuhl et al., 2007, 2008; Xu et al., 2001). For example, Glud
et al. (1998) suggested that average O2 saturation decreased and the
heterogeneity increased at the base of biofilm, as the biofilm developed.
The heterogeneity of O2 distribution depended on high biomass clusters
and the free flow speed of the overlaying water lying above the biofilm.
The study of Kuhl et al. (2007) showed that the O2 spatial distribution
at the biofilm became significantly more heterogeneous with the in-
creased flow. Furthermore, the relationship between biomass and O2

distributions was developed under both steady state and non-steady
state conditions. This demonstrated that O2 distributions in biofilms
change dynamically in response to flow and substrate conditions (Staal
et al., 2011a, 2011b). Prest et al. (2012) performed biofilm activity
measurements in operating membrane systems using O2 optodes. They
clearly identified low and high activity areas based on O2 concentration
distribution imaging.

5.1.3. Soils
Planar O2 optodes have also been used to study the effects of O2

availability on greenhouse gas emissions, such as CO2, N2O and CH4 in
soils or fertilized soils (Askaer et al., 2010; Christel et al., 2016;
Elberling et al., 2011; Van Nguyen et al., 2017; Zhu et al., 2014). Some
studies have found that small-scale soil heterogeneity strongly affects
the spatial distribution of O2 availability in wetland soils. O2 controls
the CH4 oxidation under aerobic conditions, and CH4 can be produced
in anoxic zones (Askaer et al., 2010). The availability and spatial dis-
tribution of O2 in soil are controlling factors in N2O production and
emissions to the atmosphere. After manure was added to the soil, an
anoxic layer formed rapidly around the layered manure. Uniformly
distributed manure led to a more widespread anoxia, and the emission
rates of N2O increased immediately with O2 depletion (Zhu et al.,
2014). Other studies have found similar results (Van Nguyen et al.,
2017). In addition, research found that manure degradation resulted in
increased O2 consumption, and more CO2 was released from the
manure solid-amended soil (Christel et al., 2016).

5.1.4. Rhizospheres
Frederiksen and Glud (2006) investigated the radial oxygen loss

(ROL) processes in rhizosphere of Zostera marina using planar optode.
Studies showed the of rhizosphere is not only driven by the day/night
lighting cycle, but also by the oxygen content of the water. Further-
more, the ROL of rhizosphere was localized to the root apical, extending
up to 8mm along the root. Other studies have found similar results
around the plant rhizosphere in soils or sediments (Jovanovic et al.,
2015; Koop-Jakobsen and Wenzhöfer, 2014; Koren et al., 2015). Larsen
et al. (2015) used a planar O2 optode to investigate O2 dynamics in the
rhizosphere of young rice plants. The study revealed that different parts
of the rhizosphere exhibited a high spatiotemporal heterogeneity in
rhizosphere O2 dynamics and differences in the radial oxygen loss. In
addition, the heterogeneously distributed metal plaques along the root
were observed, which were corresponding with the oxic zone adjacent
the root. The form of metal plaques in rhizosphere is critical for plant
uptake of nutrients (Wei et al., 2019; Xing et al., 2018). Marzocchi et al.
(2019) further investigated O2 dynamics in the rhizosphere of Vallis-
neria spiralis and its implication for nutrient availability combining PO
and microplate sampler. The depletions of both NH4

+ and PO4
3− in the

rhizosphere were observed, resulted from ROL of rhizosphere and plant
uptake process.

Recently, several studies have combined O2 optodes with microbial
community profiling to investigated the relationships between ROL and
the abundance, activity, and spatial orientation of cable bacteria
(Martin et al., 2019; Scholz et al., 2019). The cable bacteria is ubiqui-
tous and actives in the rhizosphere of aquatic plants whether in

seawater or freshwater, furthermore, the higher densities and activities
of cable bacteria around the rhizosphere than the bulk sediments.
Therefore, the ROL and it induced the abundant cable bacteria in the
rhizosphere can protect the root from toxic, free sulfide (Brodersen
et al., 2018; Jensen et al., 2007). The combination of O2 optode, DGT
and microbial community profiling provide an effective tool to rethink
sediment biogeochemistry after the discovery of cable bacteria.

Furthermore, Williams et al. (2014) used PO-DGT sandwich sensors
to interpret the effect of ROL and pH on the mobility of heavy metals in
roots in wetland soil. The root-induced O2 enrichment and pH decrease
increased the mobilization As, Pb, and Fe(II) adjacent to the root tips
compared with bulk soil, especially, the Fe(II) flux at the root tips was
3- and 27-fold higher than the anaerobic soil and aerobic rooting zone,
respectively. Brodersen et al. (2017) combined PO with DGT to study
seagrass-mediated phosphorus and iron solubilization in tropical sedi-
ments. The seagrass-mediated the reduction of ~0.8 pH at the basal leaf
meristem of rhizosphere, which resulted in the ~20 and 10-fold con-
centration increase of phosphorus and Fe(II), respectively. The results
showed that phosphate was released to meet the nutritional needs of
seagrass through the ROL and local acidification of the rhizosphere,
which results in dissolution of carbonates and organic carbon, reduc-
tion of insoluble Fe(III) oxyhydroxides and sulfide oxidation to release
P.

O2 is one of the most important biogeochemical factors that can
affect cycling of various important elements, e.g. carbon, nitrogen,
phosphorus, sulfur and metals (Glud, 2008). Planar O2 optodes can si-
multaneously map the 2D media structures (e.g., burrows, biofilms, and
rhizospheres) and O2 dynamics with a spatio-temporal resolution of
sub-mm and a few seconds. The combination of O2 optodes and other
analysis technologies will bring us more critical information to under-
stand the biogeochemical processes. However, the O2 optodes is parti-
cularly sensitive to temperature, especially during the in-situ mea-
surement in marine or lake. Therefore, in order to ensure the precise
and reliable measurements, the compensation or calibration for the
temperature effects need to done.

5.2. Application of pH optodes

5.2.1. Sediments
Significant pH gradients have been found between the overlying

water and sediment, and adjacent to burrow structures (Hakonen et al.,
2010; Hulth et al., 2002; Zhu et al., 2005, 2006b). The pH distributions
and dynamics in the sediments can be changed by the presence of
burrows that are induced by the pumping of overlying water into se-
diments. The completely infilled structures become low pH sites
(> 1 pH unit lower than the overlying water), due to the degradation
of locally elevated reactive substrates (Zhu et al., 2005, 2006b). Ad-
ditionally, the in-situ seasonal measurements indicated the pH in se-
diment is depended on temperature, organic matter inputs, and mac-
rofaunal activities, which play a vital role for diagenetic process (Fan
et al., 2011).

5.2.2. Rhizospheres
The pH distributions and dynamics in the rhizosphere have strongly

relationship with plant species and soil type (Blossfeld et al., 2010; Sun
et al., 2019). alpine pennycress and ryegrass alkalinized rhizospheres by
up to 1.7 and 1.5 pH units, respectively, whereas maize acidified its
rhizosphere by up to approximately 0.7 pH units. Other studies have
also shown that roots can drive the pH change of surrounding roots in
sediments and soils, and pH varies as a function of the distance from
root surface, location along root axes, and root maturity (Faget et al.,
2013; Kreuzeder et al., 2018; Rudolph et al., 2013). Rudolph et al.
(2017) used a device with a glass rhizotron equipped with pH and O2

sensitive sensor foils. This allowed the mapping of water content,
oxygen, and pH dynamics in the rhizosphere of young maize roots,
which indicated the pH and O2 distributions are depended on the
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rhizosphere age and water content around the rhizosphere.
Furthermore, the relationships of pH distribution and metal avail-

able in the Salix smithiana rhizosphere were investigated using a hybrid
PO-DGT sensor (Hoefer et al., 2017). The rhizosphere induced acid-
ification in root soil was accompanied by the increase metal flux of Al,
Co, Cu, Fe, Mn, Ni and Pb, indicating pH-induced metal solubilization
around the rhizosphere (Fig. 6). The results of this study are slightly
different from that of Williams et al. (2014), which caused by different
soil properties and plant species.

5.2.3. Other fields
Some hybrid planar optode sensors have been introduced to si-

multaneously measure the pH and O2 in seawater, and microbial mats
(Jiang et al., 2017a; Moßhammer et al., 2016). Jiang et al. (2017a) used
a composite sensor to reveal the effect of rain drops on pH and O2

distributions and dynamics in the surface water. Within 40 s after
rainfall, the O2 content increased 2.3mg/L and the pH value decreased
to 7.2. The simultaneous imaging of pH and O2 revealed dynamic
changes as a function of irradiance in a microbial mat, the pH and O2

concentration increased with mat photosynthesis (Moßhammer et al.,
2016).

The pH value is another key parameter that can reflect multiple
biogeochemical reactions and transport processes, e.g., C, N, S cycling,
metal availability (Gambrell et al., 1991), soil fertility (Buss et al.,
2018). The complex distributions and dynamics of pH in micro-
environments (e.g., borrows, rhizosphere) have been quantified and
visualized using pH optodes. The major limitation of common pH op-
tode based on the hydrophilic-HPTS is that it is sensitive to ionic
strength. Other lipophilic luminescent indicators such as 5-Fluorescein,
6,8-dihydroxypyrene-1,3-disulfonic acid (DHPDS) and 20,70-dihexyl-
5(6)-N-octadecyl-carboxamidofluorescein (DHFA) have negligible re-
sponses to ionic strength. However, these pH optodes are often of high

cost or poor stability. In addition, theses current planar pH optodes can
be achieved only for a narrow range of pH, with the dynamic range
usually limited to approximately pKa±1 or 1.5. The work range of pH
optodes should be further broadened to be applied in some environ-
ments where the pH varies greatly.

5.3. Application of pCO2 optodes

5.3.1. Sediments
CO2 dynamics at the microscale significantly support an under-

standing of carbon cycling processes. Research using a pCO2 optode
revealed a steep pCO2 concentration gradient between the overlying
water to sediment, and a thin diffusive boundary layer is evident at the
SWI (Zhu et al., 2006a). In addition, planar pCO2 optode was also used
to study CO2 distributions and dynamics in bioturbated sediments (Zhu
and Aller, 2010; Zhu et al., 2006a). The results showed a relative de-
crease in pCO2 in the inhabited well irrigated burrows compared to
surrounding sediment, in contrast, those abandoned burrows have
higher pCO2. The increased pCO2 around the abandoned burrows were
resulted from elevated respiration and a residual influence of burrow
formation on microbial activity.

5.3.2. Rhizospheres
The CO2 dynamics in rhizosphere of Viminaria juncea have been

obtained using the pCO2 optode (Blossfeld et al., 2013). According to
the pCO2 dynamics imaging within 3 days, pCO2 distributions within
the entire root rhizosphere, and pCO2 significantly increased as a
function of root growth. Lenzewski et al. (2018) investigated the dy-
namics of CO2 and O2 in the rhizosphere of Lobelia dortmanna in dif-
ferent light conditions. In light conditions, researchers observed that
there was an aerobic zone with a radius of 3mm, a CO2-depleted zone
with a radius 2mm at the root surface (due to root-mediated CO2

Fig. 6. Images of pH were recorded 23 h after gel application; PO and DGT images show the trace metals average flux to the gel during the exposure period in a Salix
smithiana rhizosphere (Hoefer et al., 2017). Reprinted with permission from Hoefer et al., Copyright (2017), Elsevier.
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uptake), and a CO2-rich zone with a radius 10mm around the root (due
to microbial CO2 production). However, in light-limited conditions,
root-mediated CO2 uptake was stopped and the CO2-depleted zone
eventually disappeared. Results indicated that photosynthetic O2 pro-
duction could elevate O2 release in the rhizosphere, and that increased
O2 concentrations could stimulate the microbial community in sedi-
ment, increasing the supply of inorganic carbon for photosynthesis by
building up a CO2 reservoir around the root.

pCO2 optodes have presented new insights into the cycling and
transport of carbon in sediments and rhizosphere. Nevertheless, the
pCO2 optodes easily suffer from the interference of temperature and
H2S (Zhu and Aller, 2010). Especially in marine sediments, high H2S
concentration can severely interfere with CO2 measurements. There-
fore, the measurement using pCO2 optodes can be done in low H2S
concentration (< 100 μM) and stable temperature conditions, or
making compensation in combination with temperature sensor.

5.4. Application of NH4
+ optodes

PO methods have been used to investigated ammonium concentra-
tions, diffusion, and transport in soil after fertilization (Strömberg and
Hulth, 2005). The release and mobilization of ammonium in pore water
was studied following the dissolution of a fertilizer stick in soil. Results
revealed sharp concentration gradients (200× 10−6–4500× 10−6 M)
over distances of< 10mm close to the fertilizer stick (Strömberg and
Hulth, 2006). Another study compared ammonium responses after the
fertilization of sandy loam and clay with different manures (Strömberg
et al., 2009a). Different soil types resulted in a significant difference in
ammonium concentrations as a function of time. Spatial movements of
ammonium were generally limited in clay than in sandy loam. Other
studies have found that when manure is applied at different locations in
the soil, the ammonium diffuses differently. For example, the ammo-
nium was distributed across a larger soil volume when manure was
applied below the soil surface, rather than above (Delin and Strömberg,
2011).

The main limitation of NH4
+ optode based on the solvent sensitive

dye MC 540, is that it is susceptible to interferences of ionic strength
and potassium ions (K+). The high ionic strength can induce the ag-
gregation of MC 540, causing the formation of less fluorescent or non-
fluorescent forms. The K+ has a possible competitive selectivity for
NH4

+ measurement, due to the comparable binding characteristics to
the crown ether nonactin.

5.5. Application of H2S optodes

Zhu and Aller (2013) developed a novel H2S optode to study the
spatial and temporal 2D H2S distributions in bioturbated salt marsh
sediment. The application of 2D imaging revealed that H2S concentra-
tions in the burrow wall were low or close to zero. The images clearly
revealed a sub-boundary around the burrows, due to the injection of
overlying oxygenated water (Fig. 7). Some transient phenomena were
also documented. For example, abandoned and refilled burrows and the
mucus trails left by macrofauna, such as the polychaete Nepthys incise,
became hotspots of microbial decomposition activity for approximately
1–2 days following formation (Fig. 7). This activity was associated with
elevated H2S levels. This H2S optode was not completely reversible in
high H2S concentrations. In addition, the measurements of H2S optode
were limited within 5–6 measurement cycles in high H2S concentra-
tions. Otherwise, relatively high measurement error could be in-
troduced due to the losing response. An irreversible H2S planar optical
sensor was applied in the bioirrigated sediments, based on the absor-
bance (Yin et al., 2017). The similar distribution trends of H2S in
marine sediment were observed with Zhu and Aller (2013).

5.6. Application of Fe2+ optodes

Planar optodes have been widely used to study O2, pH, and pCO2;
however, few studies have examined metal distributions. Zhu and Aller
(2012) developed an irreversible planar optical sensor to determine the
2D distribution of Fe2+ in marine sediments, based on absorbance. The
results showed that complex heterogeneous distribution patterns of
Fe2+ were related to the physical structure and other natural diagenetic
heterogeneity. Low Fe2+ concentration (< 5 μM) cannot be detected in
the oxic zone of the sediment, due to rapid Fe2+ oxidation. The single
use planar optical sensor has also been used to collect in situ 2D dis-
tributions of Fe2+ and Mn2+ in marine surface (Soto Neira et al.,
2013a, 2013b).

Fe2+ optode is an irreversible sensor, which cannot be used for the
study of reaction dynamics. Compared with other planar optodes (e.g.
O2 and pH), it requires relatively long equilibration time (10–30min).
However, compared with other reversible Fe2+ imaging approaches
based the DET (Cesbron et al., 2014; Robertson et al., 2009; Thibault de
Chanvalon et al., 2017), the Fe2+ optode shows faster response, and has
better stability, easier imaging steps and a lower cost. In addition, the
Fe2+ is boned by Ferrozine to form Ferrozine-Fe2+ complex in the
surface of sensor membrane and the Fe2+ optode is approximately
10 μm thick, which can effective eliminate the lateral diffusion of Fe2+

in the membrane and provide more stable reaction.

6. Outlook and conclusions

6.1. The wall effect

The wall effect cannot be avoided when using planar optodes,
whether application involves simulating sediment or soil environments
in the laboratory or in situ measurement in the field. The presence of a
planar optode (physical boundary) in the middle of a 3D section of
sediments/soils can affect the gradients and dynamics of dissolved
analytes. In fact, half of the biogeochemical activities in sediments or
soils are absent when the planar optode is inserted. Polerecky et al.
(2006) carried out a comprehensive evaluation for the wall effect when
planar optode was applied in bioirrigated sediments. They found: (1) if
the burrows are adjacent to O2 optode, the oxygen consumption capa-
city of the sediment around burrows is lower, especially in the areas of
the planar optode side of the burrow. The missing oxygen consumption
capacity cannot be immediately compensated, leading to an over-
estimation of the effects of bioirrigation on oxygen exchange at the
sediment-water interface. (2) if the burrow is too far away from the O2

planar optode, O2 can be consumed before it reaches the planar optode,
leading to an underestimation of the effects of bioirrigation. This is also
true when using planar optodes in rhizosphere studies in sediments and
soils. Consequently, more effective models and methods are still re-
quired to obtain a reasonable interpretation of the dynamics and gra-
dients of analytes based on measurements taken using planar optodes.

6.2. Micro- and nanoparticles based sensors

The micro- and nanoparticles based sensors have been proven to be
an effective approach to overcome the wall effect (Moßhammer et al.,
2019). Optical micro- and nanoparticles are prepared by entrapping the
luminescent indicators into nanobeads or polymers. Several simple and
effective methods are applied to produce optical micro- and nano-
particles, such as precipitation (Borisov et al., 2009a, 2009b), polymer
staining (Borisov and Klimant, 2008b) and mini-emulsion solvent eva-
poration (Mistlberger et al., 2010). Micro- and nanoparticles can be
coated on sample surfaces or embedded into samples, allowing for vi-
sualization and quantification of chemical gradients over 2D and 3D
structures. Koren et al. (2015) investigated the O2 distribution and
dynamics in the whole seagrass rhizosphere under light and darkness
conditions by embedding optical O2 nanoparticles into a transparent
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artificial sediment matrix. Furthermore, Elgetti Brodersen et al. (2016)
further mapped spatio-temporal dynamics of pH and O2 of the whole
seagrass rhizosphere under different temperature and light conditions.
In addition, the micro- and nanoparticles based sensors are also used to
visualize O2 distributions and dynamics on various complex surfaces,
including sediment-water interface (Murniati et al., 2016) and coral
surfaces (Koren et al., 2016), or within transparent organisms (Glud
et al., 2015). The micro- and nanoparticles based sensors can reduce or
eliminate the wall effect, while providing fast response and high ac-
cessibility for analytes due to the high surface to volume ratio of the
optical micro- and nanoparticles (Moßhammer et al., 2019). Currently,
only O2 and pH micro- and nanoparticles based sensors were applied for
the studies of biogeochemical progresses, while the other micro- and
nanoparticles based sensors such as pCO2, H2S and NH3, have tre-
mendous development and application potential.

6.3. Multi-analyte imaging

The multi-analyte planar optides do not truly measure the multiple
analytes at the same spatial-temporal point, because some analytes
have to diffuse a few extra micrometers to reach the respective sensing
layers (Pedersen et al., 2015b). Despite this fact, hybrid planar optodes
have the potential to provide real-time imaging of multiple analytes
simultaneously using multiple indicators incorporated into a single
sensor. However, to data, this technique has been limited to monitoring
only two or three physic-chemical parameters simultaneously.

The development of spectroscopic imaging, called hyper-spectral
imaging approach, has the potential to overcome the long-standing
problem of cross-talk between absorbance spectrums. The hyper-spec-
tral imaging measures the complete spectra rather than just light in-
tensity integrated over narrow bands, thus allowing differentiation of
the different sensor response by spectral decomposition (Polerecky
et al., 2009b). Hyper-spectral imaging has been successfully applied in
the analysis of pigments in mixed microbial communities and mon-
itoring of the temporal dynamics of plant leaf water content (Ge et al.,
2016; Polerecky et al., 2009a). In addition, this technique (combined
with DET) has been used in the simultaneous 2D imaging of Fe2+ and P,
as well as NO2

− and NO3
− in sediments (Cesbron et al., 2014; Metzger

et al., 2016). Thus, the hyper-spectral imaging is a good prospect for

further development and use in multiple analyte imaging using planar
optodes.

6.4. Expanding the measurement capabilities of planar optodes

PO has been mainly applied to measure O2, pH, pCO2, H2S, Fe2+,
Mn2+, temperature and ammonium; few studies have measured other
anions and redox metals. These aspects need further research attention,
such as metal cations, oxyanions and enzyme activities. Combining PO
and other measurement technologies (especially DGT) is other effective
approach for broadening the range of analytes. PO-DGT has been de-
veloped to simultaneously 2D image O2 and labile P/trace metal dy-
namics, as well as pH and trace metal dynamics. The combination of
pCO2, temperature and NH4

+ PO analytes with trace metal and other
elements associated with DGT analytes need to further exploited.
Optimizing the trade-off between DGT capacity and PO response time,
as well as the portability and capacity for multi-parameter measure-
ments, are critical for the advance of PO-DGT technique.

6.5. Improvement the environmental monitoring capabilities of planar
optodes

The rapid response time and long-term stability of planar optodes
make them suitable for use in in-situ monitoring of analyte dynamics in
sediments and soils. However, most researchers still use laboratory and
mesocosm studies to obtain the spatial and temporal distribution and
dynamics of analytes in sediments/soils. Only a few studies have used
planar optodes for field measurements in marine sediments, as the in-
situ equipment is a relatively large with a complex experimental setup
(Fan et al., 2011; Glud et al., 2001; Wenzhöfer and Glud, 2004). Rickelt
et al. (2013) developed a novel in-situ O2 measurement device
equipped with 10 vertical O2 sensors. Each O2 sensors were made by
fixing the O2-sensitive indicator on surface of polymethyl methacrylate
plastic fiber material. This in-situ O2 sensor was able to track analyte
dynamic for 3 consecutive weeks in a peat soil environment. Further-
more, studies suggested that six of the ten sensors could still have stable
performance after 4 years of deployment (Rickelt et al., 2013). In ad-
dition, Vieweg et al. (2013) also constructed a novel in-situ O2 mea-
surement instrument and successfully obtained the O2 dynamic in the

Fig. 7. the change of the structure of bioturbated sediment and the corresponding H2S distribution with time (Zhu and Aller, 2013) Reprinted with permission from
Zhu and Aller., Copyright (2013), Elsevier.
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sediment. This sensor was constructed with an O2-sensitive layer
mounted on the outside of the acrylic tube, and quantified O2 con-
centration along the sediment profile using a piston equipped with
excitation and detection systems, inside the acrylic tube. These studies
have proved that the planar optode has great potential for use in in-situ
and real-time monitoring. Furthermore, the technology can be ex-
panded to other analytes, such as pH, pCO2, NH3 and H2S. Therefore,
application of planar optodes in real-time monitoring and evaluation of
the dynamics of various analytes in sediments or soils represents an
important way forward in the fields of biogeochemical process studies
and environmental risk assessment.

6.6. Future developments in applied fields

A large amount of applied research has demonstrated the effec-
tiveness of planar optodes for the study of biogeochemical processes
within sediments and soils. In addition, their non-invasive, real-time,
high resolution and user-friendly characteristics make planar optodes
suitable for investigating pathogenesis of various diseases. In vivo
oxygen-detection systems (based on the planar optode imaging prin-
ciple) are well established for monitoring the O2 dynamics in mouse
skin tissue (Hofmann et al., 2013; Warnat et al., 2012), embryos (Zhu
et al., 2015) and free parascapular flap in the patients (Gehmert et al.,
2011). Monitoring of O2 dynamics in skin tissue is important, as it can
help us gain a better understanding of tissue oxygenation and patho-
genic pathways of various associated diseases. Therefore, in addition to
research on the biogeochemistry in sediments or soils, planar optodes
should be pursued in further in vivo research concerning the metabo-
lism and physiology of humans and test animals.

7. Conclusions

This review provides a detailed discussion on the principles, com-
position, characteristics, and applications of POs, noting their obstacles
to move forward and some effective solutions. Planar optodes have
broad spaces for development in the biogeochemistry, especially for use
in sediment and soil analysis and in combination with other sampling
techniques and advance modeling. Therefore, more attention needs be
given to promote the advancement of this technology.
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