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Development of a rechargeable optical hydrogen
peroxide sensor — sensor design and biological
applicationf

Klaus Koren,*@ Peter @. Jensen® and Michael Kiih*®€

Hydrogen peroxide (H,O,) is an important member of the reactive oxygen species (ROS) family. Among
ROS, H,0, is considered the most long-lived and can accumulate inside and outside of cells, where it is
involved in both vital (signaling) and deadly (toxic) reactions depending on its concentration. Quantifying
H,0O, within biological samples is challenging and often not possible. Here we present a quasi-reversible
fiber-optic sensor capable of measuring H,O, concentrations ranging from 1-100 uM within different
biological samples. Based on a Prussian blue/white redox cycle and a simple sensor recharging and
readout strategy, H,O, can be measured with high spatial (~500 pm) and temporal (~30 s) resolution. The
sensor has a broad applicability both in complex environmental and biomedical systems, as demonstrated
by (i) H>,O, concentration profile measurements in natural photosynthetic biofilms under light stress
reaching H,O, concentrations as high as 15 pM, and (ii) the quantification of the transient increase of the
extracellular concentration of H,O, during stimulation of neutrophils.

1. Introduction

Hydrogen peroxide (H,0,) has two important roles in living
organisms;1 on the one hand H,0, is associated with cell
death, dysfunction and ageing,> on the other hand H,0, is
also involved in vital processes like cell signaling” and combat-
ting microbial intruders.” As a reactive oxygen species (ROS),
H,0, is involved in a variety of redox processes within organ-
isms.® In contrast to less stable and more reactive ROS such as
superoxide anion or hydroxyl radical, H,O, exhibits a longer
lifetime and a higher steady state concentration and can thus
accumulate within a cell and even diffuse out.”

Maintaining ROS levels below certain threshold concen-
trations is essential for cellular survival,”> but despite of the
development of new fluorescent® ' and genetically encoded
probes,' quantification of ROS concentrations remains chal-
lenging and is often not conducted in biomedical studies due
to a lack of suitable methods.>"'® While several probes (with
varying specificity) enable visualization of the localization and

“Marine Biological Section, Department of Biology, University of Copenhagen,

3000 Helsingor, Denmark. E-mail: klaus.koren@bio.ku.dk, mkuhl@bio.ku.dk
bDepartment of Clinical Microbiology, Rigshospitalet Copenhagen,

2100 Copenhagen, Denmark

‘Plant Functional Biology and Climate Change Cluster, University of Technology
Sydney, Ultimo, New South Wales 2007, Australia

tElectronic supplementary information (ESI) available. See DOI: 10.1039/
c6an00864j

4332 | Analyst, 2016, 141, 4332-4339

relative differences of certain ROS,"*"® the lack of quantitative

data is recognized as a main bottle neck in understanding
redox processes within cells or tissues.'®

A possible alternative to fluorescent probes could be the
use of mini- or microsensors. Optical'” as well as electro-
chemical® microsensors have been used in a variety of biologi-
cal systems and revealed quantitative information on small
molecules like O,," H'(pH),>° H,S,”" N,0** or NO.>* Micro-
sensors with tip diameters well below 100 um are now com-
mercially available and facilitate scientist to measure a variety
of analytes at high spatio-temporal resolution. As those
sensors are still bigger or at best in the same size range as
individual cells, the most promising member of the ROS
family to measure with microsensors is H,O, as it is most
likely to be found outside cells. Several electrochemical H,0,
sensor concepts exist’»>® including some strategies towards
intracellular measurements using nanoelectrodes.**>® Research-
ers within the field are very active in terms of modifying the
used electrodes in order to reduce the overpotential and improve
electrode kinetics.>> One of the most important materials used
to modify electrodes is Prussian blue (PB),***" i.e., ferric hexa-
cyanoferrate. By modifying electrodes with PB, the sensitivity
and selectivity of electrochemical H,O, sensors can be drastically
improved.*" PB is often considered an “artificial peroxidase” due
to its rather specific catalytic activity towards H,0,.** In terms of
(reversible) optical H,0, sensors only a few sensing principles®
have been reported, but they failed to be applicable in biological
systems due to lack of specificity.

This journal is © The Royal Society of Chemistry 2016
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Recently, the potential of exploiting the redox reaction
induced change in the optical properties of PB has been rea-
lized.>*> It was shown that upon exposure to a reducing
agent, PB can be reduced to colorless Prussian white (PW)
than can be oxidized back to PB by H,0,. Regeneration of the
sensor was possible, but the kinetics were rather slow and the
reduction and oxidation steps were separated in space compro-
mising real-time sensing.**

In this study, we present a new quasi-reversible lumine-
scence-based optical H,O, sensor using PB as sensing element
with fast kinetics and high stability. Recharging can be accom-
plished in close proximity to the sample using a “recharger
gel” (containing ascorbic acid donating electrons to PB oxi-
dized by H,0,). By using a differential readout scheme, we
measured the rate of oxidation which is directly linked to the
H,0, concentration. We describe the sensor design and fabri-
cation along with its measuring characteristics and demon-
strate its application for quantitative H,O, measurements in
environmental and biomedical science.

2. Experimental section

Chromium(m)-Activated Yttrium Aluminum Borate (Cr-YAB)
was synthesized and characterized as reported elsewhere.*®
Polyurethane hydrogel (Hydromed D4) was obtained from
AdvanSource Biomaterials (http:/www.advbiomaterials.com).
Multimode low OH fibers with a core diameter of 400 um,
30 um cladding and equipped with ST connectors were pur-
chased from Laser Components Nordic. The protective plastic
coating was removed using standard stripping tools from RS
Components. Micromanipulator with a motorized z-axis,
optical O, microsensors (50 pm tip diameter) and the fiber
optical phase fluorimeter Firestingll were obtained from Pyro
Science (Aachen, Germany, pyro-science.com).

2.1. Sensor preparation

2.2 mg of Prussian blue (PB) and 140 mg of Cr-YAB were
dispersed in 1 g of a 10% w/w D4 in ethanol/water (9/1) and the
flat-cut end of an optical fiber was dip-coated with this dis-
persion. In detail, a small drop of the dispersion was placed on
the tip of a flat spatula. The flat-cut fiber tip was slowly dipped
into the drop until the entire tip was covered with the dispersion
(as judged by naked eye or with a magnification glass). After slow
retraction of the fiber from the dispersion, the sensor was dried
at ambient air for half an hour and was ready to use thereafter.

2.2. Recharging gel

To recharge/regenerate the sensor a 1% agarose gel containing
0.05 M of ascorbic acid in PBS (phosphate-buffered saline)
adjusted to pH 7.4 was used. The ascorbic acid was dissolved
in PBS, the buffer adjusted and subsequently the agar was
added and dissolved at elevated temperatures. Around 3 ml of
the hot solution was filled in 15 ml centrifugation tubes
(vwr.com). After hardening the recharging gels could be stored
in the fridge for several weeks.

This journal is © The Royal Society of Chemistry 2016
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2.3. Measurement setup

The coated optical fiber was fixed in a Pasteur pipet using a
rubber stopper and the pipet was mounted on a motorized
micromanipulator controlled by the manufacturer’s profiling
software (Profix, Pyroscience GmbH, Germany). This allowed
for rapid and reproducible vertical positioning of the sensor
tip. A tube with the recharging gel was fixed below the sensor,
the bottom of the tube was cut open, and the sensor was
lowered through the gel in the tube. Calibration solutions or
samples were placed underneath the tube opening and it was
ensured that the recharging gel was in contact with the sample
(no air between); see Fig. 2 and S10.1 In general the following
settings were used: the sensor was charged in the gel for 17
seconds and was lowered with a speed of 2 mm s~ into the
sample, where it was left for 5 seconds and then retracted into
the gel. Measuring signals were recorded using the logger soft-
ware of the fiber-optic phase fluorimeter (Firestingll, Pyro-
Science GmbH, Germany). The modulation frequency of the
meter was set to 470 Hz, the LED intensity and amplification
were set to maximum levels, and the measurement time 1 data
point each 0.75 s. The experimental setup is shown in Fig. 2. If
not stated otherwise the measurements were performed at
room temperature (22 °C) and checked with a digital thermo-
meter. Every sensor was calibrated prior to and after the
measurement.

2.4. Biofilm measurements

Sediment samples covered with a well-developed brownish-
green photosynthetic biofilm of diatoms and cyanobacteria
were collected at a brackish seawater site at Logstor Bredning,
Limfjorden near the city of Aggersund, Denmark (57°00' 02.15 N,
9°17' 12.89 E). The samples were mounted in a flow
chamber and flushed with a constant flow of aerated seawater
from a seawater reservoir. The temperature of the seawater was
kept constant with the help of an aquarium heater and was
checked constantly with an electric thermometer (testo 110;
http://www.testo.de). The biofilm was illuminated with a fiber-
optic tungsten halogen lamp equipped with a collimating lens
(KL-2500, Schott GmbH, Germany). The scalar irradiance at
the biofilm surface was determined with an underwater
quantum irradiance meter (ULM-500, WALZ, walz.com). The
position of the microsensor measuring tips relative to the
biofilm-surface were determined using an USB microscope
(Dino-lite digital microscope, dino-light.eu). O, concentration
profiles were measured with a commercial fiber-optic O,
microsensor with 50 um tip diameter (Pyro Science) that were
calibrated according to the manufacturer.

2.5. PMN measurements

Experimental details on the PMN measurements can be found
in the ESL ¥

2.6. Data analysis

All data was analyzed using OriginPro 9 (Microcal, USA). As the
sensor is based on a kinetic measuring principle, the change
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of signal over time correlates to the analyte concentration (see
Fig. 3 and S12f). The intensity traces generated by the
measurement device were imported and the first derivative was
taken in order to obtain AS/At traces. As the change from PW
to PB results in a decrease of the signal over time, —AS/At were
extracted from the differential plot and correlated to the
known H,0, concentrations in case of calibrations. For the
real measurements, measured —AS/At values were then con-
verted into H,O, concentrations with the help of the previously
generated calibration curve that showed a linear correlation
between —AS/At and [H,0,].

3. Results

3.1. Sensor principle and design

The optical H,O, sensor employs the pigment Prussian blue
(PB) as sensing element undergoing a H,0,-dependent redox
cycle. Prussian blue, i.e., ferric hexacyanoferrate, is one of the
first discovered synthetic pigments®” and can be easily reduced
to its uncolored form Prussian white (PW),*® that reacts rather
specifically with H,O, restoring the oxidized and deep blue-
colored form (PB) and thus coupling the color change to H,0,
concentration (Fig. 1A). To enable a fast redox-cycling, i.e.,
reconditioning of PB to PW after H,O, exposure, we con-
structed a recharger gel, containing ascorbic acid as a reduc-
tant that could be placed in close proximity to the sample.

In order to produce a miniaturized optical fiber-based
sensor, the H,O, - induced color change of PB was coupled to
a change in Iluminescence from chromium(m)-Activated
Yttrium Aluminum Borate (Cr-YAB), a highly (photo)stable
luminescent crystal.>® The excitation and emission spectra of
Cr-YAB overlap with the broad absorption spectrum of
PB (Fig. 1B), where oxidized PB will reduce the emission of
Cr-YAB significantly due to the inner-filter effect, while color-

A

e Recharging gel
Ascorbic acid

\

Pruss\ap blue Pruss‘ia/ﬁlvvhite
KFe""Fe"(CN), K Fe're!(CN),

~_
— =

OH H,0,

normalized absorption/excitation

View Article Online

Analyst

less PW will not cause signal reduction. The spectral character-
istics of the combined PB/Cr-YAB indicator immobilized on
the tip of an optical fiber are compatible with a commercial
fiber-optic meter for luminescence amplitude and lifetime
measurements (FireStingll, Pyro Science GmbH, Germany).
This instrument uses a 625 nm LED as excitation source and
collects luminescence above 700 nm (RG9 glass filter) and
enables flexible use with different types of optical fibers con-
nected via a standard ST connector. An additional benefit of
the emitter is that Cr-YAB is not susceptible to photobleaching
and only shows cross-sensitivity to temperature (as every
sensor) while being insensitive to other analytes like O, or
pH.36

The optical fiber tip with the immobilized PB/Cr-YAB indi-
cator can be moved through the recharger gel with the help of
a motorized micromanipulator. This enables fast measure-
ments, as the sensor can be dipped in the sample for a few
seconds and recharged directly thereafter by retracting it into
the gel (Fig. 2). One measurement and recharging cycle takes
~30 seconds, which is fast enough to follow many relevant bio-
logical processes involving H,0,. In terms of spatial resolution
the size of the fiber tip (in this case 400 pm) and the diffusibil-
ity of H,0, have to be considered. The diffusion coefficient of
H,0, in water, D(H,0,) at room temperature is ~1.4 x 107>
em® s71.°° Within a ¢t = 5 s measuring period, peroxide can
thus diffuse a distance of ~(2Dt)"* = 118 pm. As the sensor tip
is larger than diffusive distance of H,0, we conclude that a
spatial resolution of <500 pm can be achieved.

As the reaction of PW with H,0, is responsible for the
change in signal intensity, a differential readout mode was
chosen. By using the first derivative of the luminescence signal
intensity, a more robust sensor readout was obtained. Even in
cases when the recharging was not fully completed, the
measured decline in signal intensity upon H,0O, exposure
could be quantitatively correlated to the analyte concentration.
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Fig. 1 Prussian blue (PB) based optical H,O, sensor concept. (A) Redox chemistry involved in the presented sensor. PB gets reduced when in the
recharging gel, and reduced PW can be oxidized by H,O, when the sensor is immersed into the sample. (B) Spectral properties of the indicator (PB/
PW) and the coupled emitter Cr-YAB. Orange and blue curves show absorption spectra of PW and PB, respectively. Cr-YAB excitation (solid line) and

luminescence emission spectra (dashed line) are shown in green.
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Fig. 2 Schematic drawing of the H,O, sensor measurement setup. The
optical fiber sensor is fixed on a motorized micromanipulator that
moves the sensor tip in and out of the recharging gel and the sample.
The photographs show the fiber tip with immobilized PB/Cr-YAB in its
oxidized and reduced state.

By using differential signal readout, the sensor is less affected
by optical interferences such as ambient light as long as light
intensity does not change dramatically within the measure-
ment cycle. The readout principle is shown in Fig. 3, where an
example of the luminescence signal dynamics, its first deriva-
tive, and the obtained calibration curve for different H,O, con-
centrations are shown. From the calibration curve of this
sensor a detection limit of 0.4 pM and a limit of quantification
of 1.3 uM was determined. This makes the reported sensor
suitable for measurements in the range between 1 and
100 pM. We stress that the novel H,0, sensor is not equili-
brium based, in contrast to e.g. optical O, sensors. The new
sensor is based on the H,0,-dependent kinetics of the optical
indicator redox status. This means that it is not necessary to
await equilibrium and enables fast data acquisition; <30 s
between measurement points. The kinetics based sensor
concept also has implications for sensor stability and
sensitivity.

3.2. Cross-sensitivities and limitations

As the H,0,-catalyzed conversion of PW to PB is responsible
for the change in signal, all factors either stabilizing or de-
stabilizing PW lead to cross-sensitivities. Obviously, tempera-
ture is affecting the sensitivity and therefore has to be kept as

This journal is © The Royal Society of Chemistry 2016
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constant as possible. Additionally, we found that increased O,
levels lead to an increase in sensor sensitivity. When calibra-
tions were conducted in O, free and O, saturated water the
sensitivity increased by ~18% with rising oxygenation (see ESI
Fig. S67). Also the effect of pH on the sensor performance has
to be taken into account. Increased pH leads to a decreased
sensitivity (see ESI Fig. S51). The calibration obtained at pH 9
exhibited a slope ~20% less steep than a calibration curve
obtained at pH 4. In contrast, calibration curves measured at
PH 4 and 7.4 only showed a 7% difference in sensitivity. This
can be explained by PW being less stable at increased pH. It
was observed that only the PW form is prone to cause sensor
instability and changes in sensitivity. The PB state was stable
even at pH 9 for over 17 hours without showing any indicator
leakage or decomposition that would lead to a signal increase
(see ESI Fig. S1t). Obviously, the PB/PW redox couple is
strongly affected by reducing agents. As ascorbic acid is used
within the recharging gel, the sensor will be strongly respond-
ing to ascorbic acid. This ultimately limits the applicability in
systems with high ascorbic acid concentrations. On the con-
trary, hydrogen sulfide (H,S) and glutathione (GSH) did not
affect the sensor signal (data not shown). The sensor response
to other types of ROS was evaluated (see Fig. S7f) and no
cross-sensitivity towards any of the tested ROS was found. An
apparent response to superoxide could be attributed to H,O,
produced from dismutation. A technical aspect regarding
cross-sensitivity is that ascorbic acid may diffuse out of the gel
or H,0, into the gel. We tried to reduce this effect by using a
minimal contact area between the gel and the sample (dia-
meter <5 mm). Obviously by using a 3 dimensional (xyz)
micromanipulator recharging could be achieved more remote
from the sample and would overcome this limitation. Further
information on the sensor performance can be found in the
ESL ¥

3.3. Sensor stability

As every sensor is unique due to the fiber tip coating process,
calibration before use is essential. It was observed that sensor
sensitivity to H,O, could vary quite dramatically; between
—0.05 and —0.005 AS/At pM ™. Therefore, a short (at least 4
point) calibration was obtained prior to every measurement
series. Calibrations were obtained by diluting a fresh H,O,
solution in the respective medium (buffer). All calibrations
showed high linearity, and recalibration after the measure-
ment yielded identical calibration curves; recalibration was
done to test for sensor drift throughout the measurement. The
repeatability of the sensor reading was tested and showed a
RSD of <5% (see Fig. S41). The same sensor could be used for
multiple subsequent measurements over several days. The
main limitation in terms of sensor stability was the mechan-
ical stability of the sensor coating. Typically before any other
degradation was observed, the sensor chemistry detached from
the optical fiber and a more stable immobilization of the
sensor chemistry is under investigation.
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3.4. Biological H,0, measurements

We tested the new optical H,O, sensor in several biological
applications spanning from measurements in defined enzyme
systems, over concentration profiling in a complex natural
biofilm to quantification of H,0, concentration dynamics in
activated neutrophils.

3.4.1. Enzymatic reactions. We measured O, and H,0, con-
centrations simultaneously in a buffered glucose solution upon
addition of enzymes (Fig. 4A). Addition of glucose oxidase
(GOX) caused a decline in O, concentration and a concomitant
increase in H,0, concentration. The decline in O, concentration
within the first 600 s corresponded well to the increased con-
centration of H,0, (=55 uM O,, +59 uM H,0,) as expected from
the enzymatic reaction scheme. Addition of catalase led to a
decline in H,0, concentration and a reduced O, consumption.
Simultaneous addition of GOX and glucose lead to a second
intermittent peak in H,O, levels before the sample became
anoxic and catalase activity extinguished the produced H,O,.

3.4.2. Depth profiling of H,0, concentration in a natural
biofilm. The new sensor was used for measuring H,O, concen-

4336 | Analyst, 2016, 141, 4332-4339

tration profiles in a complex natural biofilm from a coastal
marine environment along with O, concentration profiles
measured with an O, microsensor (Fig. 4B). The obtained O,
profiles are in good agreement with published data.’® The
measured H,0, concentration profiles showed distinct differ-
ences between high light and darkness. Under high irradiance,
i.e.,, high light stress, H,O, concentrations increased up to
15 pM within the biofilm zone of maximal oxygenic photo-
synthesis as indicated by the peak in O, concentration.

Obviously the cross-sensitivity towards O, and pH has to be
considered when analyzing the data. It is well known that due
to photosynthesis not only the O, levels but also the pH
increases.”® Luckily those effects were found to counteract on
the sensor sensitivity and therefore minimize the cross-effects
in the light; nevertheless leading to uncertainty. In the dark
and also in the bulk water no H,O, was measured, albeit some
offset in the zero response of the new H,0, sensor was
observed with depth in the biofilm*®® (see Discussion).

3.4.3. H,0, concentration dynamics in activated neutro-
phils. Stimulation of phagocytosis in polymorphonuclear
leukocytes (PMNs) involves increased O, consumption®' and

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 (A) Dynamics of O, and H,O, concentrations measured simultaneously with an O, micro-optode and the new H,O, sensor in a buffered

glucose solution (1 mM) upon addition of glucose oxidase (GOX) and catalase at the marked time points. The insert shows the chemical reactions
involved. (B) Micro profiling of O, (solid line) and H,O, (stars) concentrations in a natural photosynthetic biofilm under high irradiance (2000 uM
photons m™2 s7%; red lines and symbols) and in the dark (black lines and symbols). The H,O, profile shows the average of 3 measurements + SD; for
O, only one of the three measured and highly similar profiles is plotted. (C) Respiratory burst in activated neutrophils as shown by O, and H,O, con-

centration dynamics in a PMN suspension (5 x 10 cells per mL in Krebs—Ringer buffer at 37 °C) upon addition of an external stimuli (PMA) as indi-

cated by an arrow. The insert shows a simplified version of the processes leading to H,O, buildup.

increased production of superoxide (O,”) resulting from the
reduction of O, by their NADPH-oxidase,**> which successively
leads to the increased production of H,0,.*> PMNs were
exposed to 10 pM phorbol-12-myristate-13-acetate (PMA) which
stimulates the respiratory burst of PMNs** resulting in
increased extracellular pools of H,0, 45 and accelerated O,
consumption.*® Simultaneous measurements of O, and H,0,
concentration dynamics in isolated neutrophils activated with
PMA confirmed the expected changes (Fig. 4C). About
2 minutes after PMN stimulation by PMA, an increased O, con-
sumption and H,0, production was observed. The extracellu-
lar H,0, concentration peaked at ~10 uM after 7 min. When
extracellular O, levels started to stabilize, extracellular H,O,
disappeared, presumably due to activity of catalase and myelo-
peroxidase.”” A replicate of the experimental data in Fig. 4C
can be found in the ESI (Fig. 87).

This journal is © The Royal Society of Chemistry 2016

4. Discussion

Hydrogen peroxide (H,0,) is a key analyte in environmental
and biomedical research. Quantification of this reactive
analyte enables the study of the current redox status of cells
and tissues. Hitherto, optical H,0, detection has focused on
the use of cell permeable dyes selective to H,0,. Despite their
high spatial resolution, the application of such indicators
mainly yields qualitative information on the presence/absence
of H,0, and is difficult, if not impossible, to extract quantitat-
ive measures of H,0, concentration from such probes.

Here we present a fiber-optic H,O, sensor for H,O, concen-
tration measurements with a spatial resolution of ~500 um and
a time resolution of ~30 seconds. The system is based on the PB
induced reduction of the emission of a secondary emitter. In
order to provide the highest possible photostability, an inorganic

Analyst, 2016, 141, 4332-4339 | 4337


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6an00864j

Open Access Article. Published on 12 May 2016. Downloaded on 8/15/2025 7:31:53 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

emitter, namely Cr-YAB was chosen. Although this crystalline
material was previously used for temperature sensing, it has to
be noted that mainly the luminescence decay time is sensitive to
temperature, while the intensity is much less affected.*®

A crucial step of applying the new H,0, sensor for biologi-
cal measurements is the possibility of rapid regenerating. This
was achieved by producing a recharger gel and using auto-
mated approach and retract protocols of a computer controlled
micromanipulator. It was possible to position the recharger
gel in close proximity to the sample; e.g. 5 mm above the
biofilm or in the calibration solution (see Fig. 2 and ESIY).
This is a major advancement in comparison to irreversible
H,O, probes. While irreversible probes are superior for localiz-
ing H,0, especially within cells or tissues,® this sensor enables
H,0, quantification over a long time. Computer controlled
positioning into the sample and retraction of the sensor into
the recharging gel facilitates easy handling.

Monitoring an enzyme reaction using the proposed sensor
showed that it is possible to follow the evolution of H,O, over
time. With intervals between measurement points of around
30 seconds, the sensor system is able to follow H,O, dynamics
during relatively fast reactions. The obtained H,O, concen-
tration traces are in very good agreement with the simul-
taneously measured O, dynamics.

To the best of our knowledge this is the first quantification
of H,0, in a natural biofilm with an optical H,0, sensor.
Previously, scanning electrochemical analysis was used to
measure H,0, concentration in a photosynthetic biofilm*® or
amperometric microsensors were used to study the effect of
externally added H,0, (>50 mM)"**° on a lab-grown biofilm.
In the presented data it is remarkable that the H,O, profile
follows the O, profile indicating that increased photosynthetic
O, production leads to an increase of ROS. This is in good
agreement with previous observations®"*> suggesting that
H,0, production is associated with photosynthesis under high
light stress.”® ROS are important potential byproducts in the
photosynthesis pathway and can be produced at Photosystem
I°* and 11! via a variety of reactions. Our measurements thus
clearly demonstrate that H,O, production is tightly linked to
the local O, concentration and that H,O, can accumulate in
biofilms as a reaction to light stress.”>

We note that the standard deviation of the measured H,0,
concentration profiles is rather high and that the observed
cross-sensitivities to pH and O, are to be taken into account as
photosynthetic biofilms show pronounced O, and pH
dynamics.’® A quantification of O, and pH interference on
H,0, sensor calibration can be found in the ESI.T The fact that
the measured H,0, levels in the dark apparently became nega-
tive might be due to the reductive environment that builds
up when O, is gone leading to stabilization of PW. The cross-
sensitivity to pH and reductants that will stabilize the PW
form are the current limitations of the sensor. Nevertheless,
the measured profile gives valuable information on the
buildup of H,0, and the new H,O, sensor is an important new
tool for studies investigating how environmental conditions
affect in situ ROS production in natural aquatic systems.
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As an example of biomedical application the respiratory
burst of neutrophils was investigated. The H,0, is produced by
neutrophils as a response to bacterial infections® by converting
O, to first superoxide (O,”) and subsequently H,O, (see insert
in Fig. 4C). This process is facilitated using the plasma mem-
brane-associated NADPH oxidase that gets activated upon
contact with bacteria or due to stimulation (e.g. by PMA).
So far H,0, generation in this highly important immune
response has been monitored using electrochemical
systems.*>*” Here we showed that the rechargeable optical
H,0, sensor is capable of measuring H,0, generation in this
bio-medically relevant system. The obtained O, and H,0, time
traces follow each other and lead to the conclusion that the
consumed O, is rapidly converted into superoxide and sub-
sequently H,0,. The obtained results are in good agreement
with previous findings*® regarding the extracellular H,O,
concentration.

5. Conclusion

We developed a versatile rechargeable fiber-optic H,O, sensor
for fast, spatially resolved and quantitative measurement of
extracellular H,0, concentration in complex media. While
electrochemical H,0, quantification has seen a lot of develop-
ment over the years,* this paper presents the first fiber-optic
H,0, sensor enabling quantitative concentration measure-
ments in environmental and biomedical applications. As H,O,
often reacts irreversibly with optical indicators,’ the possibility
of recharging the sensor makes this sensing principle very
promising for a wide range of applications. By bringing the
recharging process in close proximity to the sample and
by applying differential readout, a fast and robust measure-
ment scheme was developed that is applicable in a wide range
of complex environmental and even some biomedical
samples. Future development should try to decrease current
cross-sensitivities, lower the detection limit and go towards
further miniaturization to also enable less invasive measure-
ment in tissues.
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