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A B S T R A C T   

An optical hydrogen peroxide (H2O2) sensor is presented. The sensor is based on catalytic degradation of H2O2 
and the detection of produced oxygen (O2) with a phosphorescent sensor. A novel aspect of the sensor is removal 
O2 from the analyte solution in flow. This allows the use of a more sensitive O2 sensor. Thereby, a better res-
olution at lower H2O2 concentrations is achieved. Sensor spots are integrated in a flow-through cell, and H2O2 is 
measured in flow between 10 and 80 µL/min. The catalytic activities of previously reported catalyst are tested. 
RuO2 and silica supported platinum nanoparticles are applied in the sensor with limit of detections of 0.16 and 
0.17 µM H2O2, respectively. The sensor can measure reliably between 1 and 200 µM H2O2. The concentration 
range can be extended to 1000 µM H2O2 by exchanging the O2 sensor. Interfering species (NaONOO, NaOCl, t- 
BuOOH, and ascorbic acid) are tested and show only minor cross-sensitivities. The sensor is applied at-line in a 
model batch reactor with glucose oxidase to showcase production of H2O2 from glucose.   

1. Introduction 

The interest of monitoring Hydrogen peroxide (H2O2) is increasing in 
a variety of different application fields, such as, wastewater treatment 
[1,2], enzymatic reactions in bioreactors [3–5], and industrial bleaching 
[6]. In biology, it is related to ageing [7–9], signaling and stress response 
[10], or human immune response [11], as a reactive oxygen species. 
Thus, the need for reliable H2O2 detection is also increasing. 

A common way of detecting H2O2 is by employing an assay. How-
ever, assays tend to be time consuming and require sampling. Examples 
of enzymatic assays for H2O2 are horseradish peroxidase (HRP) in 
combination with either 3,5,3′,5′-tetra-methylbenzidine [12] or Amplex 
Red [13]. 

Another way to detect H2O2 is flow injection analysis systems. They 
are usually based on chemiluminescent reactions, and most commonly 
employed are luminol or acridinium ester [14]. Both substances have 
cross-sensitivities that are reported elsewhere [15,16]. An inherent 
disadvantage of flow injection analysis is the mixing of chemicals to 
generate a measurable signal, thereby excluding the possibility to ‘reuse’ 
analyte solution. Furthermore, flow injection analysis can be relatively 
expensive regarding instrumentation and chemicals (depending on the 
applied reaction). A better option to continuously monitor H2O2 is with 
sensors. 

In general, there are two measurement principles for H2O2 sensors, 
namely electrochemical and optical. Electrochemical sensors measure 
oxidation or reduction of H2O2 at the surface of an electrode [17–19]. 
Oxidation of H2O2 releases an electron at the anode, and reduction of 
H2O2 needs to receive an electron from the cathode. A common chal-
lenge with electrochemical H2O2 sensors is the lack of selectivity, due to 
a relatively high potential applied. This also causes reaction of other 
electrochemically active species, e.g., ascorbic acid or uric acid [18,20]. 
Hence, a lot of research has been carried out on both electrodes and 
electrocatalysts related to electrochemical H2O2 sensing [17,19]. 

The measurement principle for optical sensor is most commonly 
based on a change in photophysical properties of an indicator dye when 
it comes in contact with an analyte, e.g⋅H2O2. Optical indicator dyes for 
direct H2O2 measurement typically lack reversibility, since they are 
based on an oxidation reaction with H2O2. Consequently, both lumi-
nescent dyes [21] and nanoparticle based systems [22], are not suited 
for use as a sensor. Alternatively, O2 can function as mediating species 
for indirect H2O2 sensing. Optical O2 sensors are reversible, fast 
responding, and have tuneable dynamic ranges depending on indicator 
and immobilization [23,24]. They can function as H2O2 sensors by 
addition of a catalyst, such as catalase, that activates the reaction of 
H2O2 into H2O and O2. In general, enzyme based sensors stand out due 
to high selectivity, but they have other drawbacks, such as complicated 
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immobilization procedures, susceptibility to pH, long-term stability is-
sues, and potential high cost [17,25]. 

The concept of optical sensors which are indirectly measuring H2O2 
based on O2 indicators was first published with silver powder or catalase 
as catalyst in 1989 [26]. Since then, other inorganic catalysts have been 
reported to improve the sensing concept, for instance, manganese di-
oxide, platinum, or silver [27], ruthenium dioxide [28], and silica 
supported platinum nanoparticles (PtNP) [29]. To our knowledge, the 
sensor with PtNP has the lowest reported limit of detection (LOD), at 15 
µM H2O2, for this H2O2 sensing concept. 

There are a lot of options for optical detection of O2, and both sensors 
and optical indicators have been thoroughly described elsewhere [24, 
30–32]. Optical oxygen sensors work better at lower concentrations due 
to the phosphorescence quenching mechanism. Therefore, measuring 
very small amounts of produced oxygen at air saturation is not feasible. 
However, smaller concentrations of H2O2 can be detected by removing 
the dissolved oxygen (DO) from the analyte solution and shifting the 
measurement range to low O2 concentration. 

Here we present an H2O2 sensor based on measuring produced O2 
from catalytic degradation of H2O2. To improve the sensor, we employ a 
fluidic set-up to remove DO from the analyte solution, making it possible 
to utilize an O2 trace sensor. We further demonstrate the application of 
the sensor to detect biocatalytic production of H2O2 in a model batch 
reactor. 

2. Experimental section 

A detailed description of materials and instrumentation can be found 
in the ESI. 

Platinum(II)-6,13,20,27-tetrakis(4-fluorophenyl)tetrabenzopor-
phyrin and palladium(II)-6,13,20,27-tetrakis(4-fluorophenyl) 
tetrabenzoporphyrin (PtTPTBPF and PdTPTBPF, respectively) in-
dicators were synthesized in house as previously described [33]. 
PS/DVB beads were purchased from Sigma Aldrich and stained 
following a previously published procedure [34]. Sensor read-outs were 
performed with phase fluorimeters (Firesting O2 or Pico-O2, Pyros-
cience GmbH, Germany) further equipped with a temperature sensor 
(PT100, Pyroscience GmbH, Germany). The temperature sensor was 
placed in close proximity to the flow-through cell to allow temperature 
compensation of the O2 measured. Temperature measurements inside 
the flow-through cell was performed with self-adhesive temperature 
sensor spots (TPSP5-ADH, Pyroscience GmbH, Germany). 

Microfluidic flow-through cells were obtained from Joanneum 
Research (Graz, Austria) [35]. Poly(ethylene glycol terephthalate) (PET, 
Mylar®) from Goodfellow, USA. Hydromed™ D7 (D7) from Advan-
Source Biomaterials, USA. Silicone tubing (ID = 0.5 mm, OD = 2.5 mm) 
from microfluidic chipshop, Germany. PEEK tubing (ID = 0.03 in, OD =
1/16 in) from Sigma Aldrich. Ruthenium (IV) oxide hydrate is abbre-
viated RuO2. 

2.1. Synthesis of PtNP 

Fibrous nanosilica supported platinum nanoparticles (PtNP) were 
synthesized following a previously reported procedure [29]. Details can 
be found in the ESI. 

2.2. Preparation of sensor formulations and foils 

The optical sensors were prepared from liquid sensor formulations. 
For O2 sensors, the formulation was a solution of either 2% PtTPTBPF or 
2% PdTPTBPF indicator immobilized on PS/DVB beads dispersed in 7% 
D7 in 9:1 EtOH/H2O. H2O2 sensors were prepared by adding 20 mg/mL 
RuO2 or 60 mg/mL PtNP to the O2 sensor formulation. Sensor foils were 
prepared by knife coating the sensor formulations on a PET support with 
a 3 MIL bar corresponding to approx. 75 µm wet film. 

2.3. Measurement set-up for H2O2 

Sensor foils were cut out and glued into the flow-through cell with 
double sided adhesive tape, as can be seen in Fig. 1C. Then, a 2-point O2 
calibration was performed with PBS and 2% Na2SO3 before closing the 
cell with pressure sensitive adhesive tape (ThermalSeal RTS™, Excel 
Scientific, Inc., USA) and PET foil/double sided tape on top. The inlet 
and outlet were connected to the microfluidic set-up with commercially 
available nuts and ferrules (Upchurch Scientific™). The cell was washed 
with a continuous flow of PBS to remove residue Na2SO3. 

Oxygen was removed from the sample solution with a set-up as 
sketched in Fig. 1A. A peristaltic pump (MINIPULS 3, Gilson, USA) was 
used to control the flow of the analyte solution that was passed through a 
silicone tube (length 30 cm, ID 0.5 cm) immersed in an oxygen scav-
enging solution (2% Na2SO3). Silicone has a high permeability to oxy-
gen, and oxygen was removed from the analyte solution by diffusing into 
the oxygen scavenging solution. PEEK tubing was used to connect the 
silicone tubing to the flow-through cell to minimize reoxygenation after 
exiting the O2 scavenging solution. The total volume from the inlet of the 
set-up to the sensor spot was approx. 135 µL. In the flow-through cell the 
first sensor spot was for O2 reference and the second for H2O2. 

Prior to use, the sensor was conditioned in flow overnight to remove 
residual oxygen. Calibrations were performed with 100 mM PBS and 
fresh stock solutions prepared by diluting 30% H2O2. Values for cali-
bration curves are obtained from response curves as averages over one 
minute at a stable signal. 

2.4. GOx model batch reactor 

10.3 mg glucose oxidase cross-linked enzyme aggregates (GOx- 
CLEA) was dispersed in 1 mL 7% D7 in 1:9 H2O/EtOH with a bead mill 
(Bead Ruptor 4, Omni International, USA), 7 glass beads, speed 3, time 
3 min, and then knife coated on a PET foil with a 4 MIL bar. After drying, 
a 5.7 by 3.7 cm2 piece was used to cover the inside of a 10 mL vial, 
which was used as a model batch reactor that was further equipped with 
an O2 microsensor, O2 bubbling, and a magnetic stir bar. The sensor was 
conditioned overnight with 100 mM PBS in a recirculating set-up to 
keep the volume constant. 10 or 20 µL 200 mM glucose was added to 
initiate H2O2 production from respectively 200 or 400 µM glucose. The 
concentration of H2O2 was validated with a horseradish peroxidase/ 
Amplex Red (HRP/AR) assay. Samples were stored at − 18 ◦C before 
conducting the assay or measured directly after sampling. 

2.5. HRP/AR assay 

A 100 µM Amplex Red (AR) solution was prepared by dissolving 
0.52 mg of the indicator in 2 mL DMSO and further diluting to 20 mL 
with 100 mM PBS. 8.1 mg HRP was dissolved in 1.492 mL 100 mM PBS 
to achieve a concentration of 5.43 mg/mL. The assay was performed 
with 25 µM AR, 0.05 U HRP, and 50 µL H2O2 solution in a total volume 
of 3 mL and reaction time 15 min. The H2O2 solution was diluted if the 
measured value was above the calibration range. The fluorescence of the 
formed resorufin was measured with a fluorescence spectrophotometer 
Ex 540 nm, Em 550–750 nm (peak 590 nm), Ex slit 5 nm, Em slit 5 nm, 
and PMT voltage 635 V. 

3. Results and discussion 

The sensing principle and set-up can be seen in Fig. 1A. H2O2 is 
catalytically degraded inside the H2O2 sensor spot, and the amount of 
produced O2 is measured. Both an inorganic catalyst and the O2 sensor 
beads are immobilized in a polyurethane based hydrogel. In this work, 
we mainly use red light excitable PdTPTBPF, due to its high sensitivity at 
low DO concentrations, with an optimal working range between 0% and 
5% DO [33,36]. A low level of DO is achieved with the fluidic set-up, 
where DO is removed from the analyte solution by passing it through 
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a high gas permeable silicone tube immersed into an O2 scavenging 
solution. 

3.1. Evaluation of catalysts for H2O2 degradation 

A key aspect of the sensor is the ability of the catalyst to generate O2 
from H2O2, and the activity of the catalyst becomes increasingly more 
important at lower H2O2 concentrations. Several catalysts were inves-
tigated, and Fig. 2 shows the production of O2 at 50 mM H2O2 and a 
catalyst concentration of 0.05 mg/mL for MnO2, RuO2, and PtNP. 
Additionally, catalase and silver powder were also measured. Silver 
powder produces 0.00137 ± 0.00003 mol min-1 g-1 and catalase pro-
duces 2.46 ± 0.15 mol min-1 g-1. Though, it should be noted that cata-
lase dissolves, whereas the inorganic catalysts disperse. Furthermore, it 
is expected that immobilization of the enzyme in a sensor foil decreases 
its activity [37]. 

The reaction kinetics of MnO2, RuO2, and PtNP were investigated 
similar to Michaelis-Menten kinetics for a better comparison. A sum-
mary can be seen in Table S1. The reaction kinetics of silver powder was 
not further investigated, due to the lower activity compared to the other 
inorganic catalysts. 

RuO2 shows the highest activity of the inorganic catalysts, PtNP(b1) 
shows the second highest, and MnO2 the third highest activity. This is 
surprising, since platinum nanoparticles have previously been reported 
to have higher activity than RuO2 [29] and catalase [38]. Dynamic light 

scattering measurements of MnO2, RuO2, and PtNP were performed to 
compare the particle size (see Fig. S1). The smaller size of RuO2 
compared to PtNP, might explain some of the deviation from literature. 
But, it should be noted that PtNP have a fibrous morphology [29], which 
increases the surface area. Furthermore, the different size of the two 
batches of PtNP might explain the difference in catalyst activity. 

A great advantage of RuO2 and MnO2 over PtNP is their commercial 
availability. RuO2 has a higher activity than MnO2, and thus seems like 
the obvious choice of catalyst between these two. However, deciding 
between RuO2 and PtNP is not straightforward. The different activities 
of different batches of PtNP show that the synthesis of the PtNP can be 
challenging, which is also indicated by the difference in size of the two 
batches of PtNP (Fig. S4-S5). Another important aspect is the signal 
intensity when the catalyst is immobilised in the sensor spot. The black 
colour of RuO2 (Fig. S3) results in lower signal intensities. Therefore, it is 
possible to add three times the amount of PtNP (measured in mass) 
compared to RuO2. Consequently, sensor foils prepared with RuO2 and 
PtNPs show very similar production of O2 when exposed to H2O2, see  
Fig. 3. We decided to use the batch of PtNPs with the highest activity, 
mainly because an additional conditioning step is necessary with RuO2. 
This conditioning phenomena is further described in ESI (Fig. S6). 
However, we want to emphasize that RuO2 can be a good alternative if 
no synthesis possibilities exist. 

3.2. Removal of O2 in the set-up 

DO is removed from the analyte solution by passing it through silicon 
tubing submerged in the O2 scavenging solution in the measurement set- 
up (Fig. 1A). The amount of oxygen removed is dependent on the resi-
dence time of the analyte solution in the silicone tubing. Therefore, it is 
intuitive to think that the pO2 measured at the reference spot (at 0 H2O2) 
would decrease with slower flow rates. However, the minimum O2 level 
in the cell is measured with flow rates 40 and 50 µL/min. At lower flow 
rates an O2 ingress is evident, likely at the fluidic connections. Less O2 is 
removed at higher flow rates, because of the lower residence time in the 
silicone tubing. An obvious solution to this would be to increase the 
length of the silicone tubing. Overall, the concentration of DO in the 
flow-through cell at all flow rates are low, and suitable for application of 
O2 trace sensors. 

Fig. 1. A) Illustration of the sensor set-up. First, the analyte solution is passed through a silicone tubing submerged in an O2 scavenging solution, and afterwards 
H2O2 is determined by measuring the amount of produced O2. O2 is measured with a sensor spot (light green) consisting of O2 sensitive particles immobilized in a 
hydrogel. H2O2 is measured with a sensor spot (dark green) containing O2 sensitive particles and catalyst. The sensor spots are immobilized in a microfluidic flow- 
through cell, and read-out is performed through optical fibres. B) Photographs of the flow-through cell. C) Sensor spots in the flow-through cell, (left) ‘O2 ref.’ and 
(right) ‘H2O2’. A picture of the entire set-up can be seen in Fig. S2. 

Fig. 2. Catalyst activity measurements at 50 mM H2O2 and 0.05 mg/mL cata-
lyst. The slopes are obtained from linear regression of produced O2 and divided 
with catalyst concentrations. The measurements are described in ESI. PtNP(b1) 
and PtNP(b2) are different synthesized batches of PtNP. 
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3.3. Response towards H2O2 and calibration 

The sensor response time is a combination of the response time of the 
sensor spot and retention time. The latter is strongly influenced by the 
flow rate. The response times at different flow rates reported in Table 1 
are the times from changing the analyte solutions until a stable signal is 
reached, and an average of each change of H2O2 solution. The total 
volume of the used set-up (from inlet to sensor spots) is approx. 135 µL. 

The response of the sensor system towards H2O2 is shown in Fig. 3A, 
C. The spikes (e.g., at min 70 in Fig. 3A) are a result of stopping the flow 
to change H2O2 solutions and increases in pO2 with higher H2O2 

concentration. The sensor equilibrates within 5 min and is fully 
reversible. Sensor spots with RuO2 show a slightly higher conversion of 
H2O2 mirrored in a higher detection of produced O2 compared to PtNP 
containing spots. The difference in oxygen concentration (ΔpO2) be-
tween the H2O2 spot and the O2 reference spot is used in the calibrations 
(Fig. 3B,D). The H2O2 concentration is directly proportional to ΔpO2 for 
both catalysts. However, the H2O2 is not fully converted. The slope of 
the calibration would be approx. 0.4 hPa/µM at full conversion, 
factoring in the stoichiometry of the degradation, at atmospheric pres-
sure and room temperature. We assume that this difference is caused by 
diffusion limitations at the H2O2 sensor spot when measuring in flow. A 
temperature sensitive sensor foil was used to determine the temperature 
of the sample solution in the flow-through cell. This showed that the 
sample solution reaches room temperature in the deoxygenation set-up 
when the sample solution is between 4 ◦C and 24 ◦C at the inlet. 

Measurements and calibrations with H2O2 concentrations 
2.5–200 µM at flow rates between 10 and 80 µL/min are reported in the 
ESI (Figs. S8-S15). The sensitivities at different flow rates can be seen in 
Table 1. The general trend is that faster flow rates result in less sensi-
tivity. Though, the change in sensitivity is smaller at the lower flow 
rates. We assume that the response is mainly limited by diffusion at the 
lower rates. In general, choosing the flow rate for the sensors is 
dependent on application, and the main considerations are sensitivity 
and response time. We chose a flow rate of 50 µL/min for further 
measurements. 

3.4. Tuning of dynamic range 

An important aspect of a sensor’s application is the dynamic range. 
The use of PdTPTBPF allows to measure trace amounts of produced 
oxygen, which is suitable for low concentrations of H2O2. The LOD is 

Fig. 3. A) and C) Response curve of the H2O2 sensor with PtNP(batch1) or RuO2. ‘O2 ref.’ (red line) is the amount of DO measured at the O2 reference sensor spot, 
‘H2O2’ (blue line) is the amount of O2 measured at the H2O2 sensor spot, and ‘ΔpO2’ (black line) is the difference between the two sensor spots and the amount of 
produced O2. B) and D) The corresponding calibration curves with linear fits (grey, dotted line). The calibrations are performed at flow rate 50 µL/min with 
PdTPTBPF based sensor spots. 

Table 1 
Sensitivity/slope of calibration, response time (t100), and baseline pO2 at 
different flow rates. Response curves and calibration curves can be seen in 
Fig. S7–14.  

Flow 
rate 

Sensitivity/ Slope of 
calibration 

Response time, 
t100

a 
Baseline 
pO2

b 

[µL/ 
min] 

[ΔpO2/µM] [min] [hPa] 

10 0.187 18.7 3.55 
20 0.176 10.6 1.52 
30 0.188 7.1 1.13 
40 0.182 5.4 0.93 
50 0.179 4.6 0.93 
60 0.172 4.2 1.37 
70 0.165 3.5 2.16 
80 0.162 3.2 3.30  

a Response times are for the whole sensor system including retention time and 
sensor spot response. 

b The baseline pO2 is the amount of DO measured at the O2 reference sensor 
spot in the flow-through cell with no H2O2 in the sample solution. 
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0.17 µM and 0.16 µM H2O2 for PtNP and RuO2 containing spots, 
respectively. This is estimated from three times the signal standard de-
viation at 2.50 hPa, divided by the slopes of the calibrations seen in 
Fig. 3B,D. Previously, the best reported LOD is 15 µM H2O2 for similar 
concepts [29]. Whereas, electrochemical sensors have been reported to 
have LOD in the low nM range [19]. 

Fig. 4A shows a calibration between 0 and 10 µM H2O2 with good 
linearity. It can be seen that a concentration down to 1 µM can reliably 
be detected. Though, we theorise that even more sensitive O2 sensors 
can be applied, if the measurement range is consistently in the very low 
H2O2 range. For instance, by changing the sensor matrix, as previously 
shown [23]. 

The resolution of PdTPTBPF based O2 sensor decreases significantly 
at higher concentrations of DO. The dynamic range goes up to approx. 
50 hPa, which corresponds to approx. 300 µM H2O2 with the calibra-
tions shown in Fig. 4B. The sensor still has good linearity up to 
500 µM H2O2, but it is recommended to use another O2 indicator at this 
level of produced O2. Therefore, we used a PtTPTBPF based sensor with 
PtNP catalyst as an example of measurements at higher H2O2 concen-
trations, and a calibration up to 1000 µM H2O2 can be seen in Fig. 4B. 

3.5. Interferences and stability 

The H2O2 calibrations in Fig. 3B,D and Fig. 4 have different sensi-
tivity. This is likely caused by system-to-system variation when pre-
paring sensor foils and the flow-through cells for measurements. 
Another system-to-system variation is the response of the O2 reference 
sensor. Small amounts of O2 are measured at the reference with 
increasing H2O2 concentrations (Fig. 3C, Fig. S16-S17). This is attrib-
uted to a diffusion of O2 against the flow from the H2O2 spot to the O2 
ref. spot, thereby, affecting the ΔpO2. 

The sensor was tested for cross-sensitivities to sodium peroxynitrite 
(NaONOO), sodium hypochlorite (NaOCl), tert-butyl hydroperoxide (t- 
BuOOH), and ascorbic acid (A.A.), each at a concentration of 100 µM, 
and the responses are shown in Fig. 5. Overall, the tested species show 

no or minor production of O2 compared to H2O2 at same concentrations. 
The cross-sensitivities relative to H2O2 presented are NaONOO 2.7%, 
NaOCl 0.2%, t-BuOOH 0.1%, and ascorbic acid − 2.2%. The sensor was 
further tested for cross-sensitivity to salinity of the sample solution by 
performing calibrations in 10 mM PBS and filtered sea water. The cali-
brations (Fig. S18) have similar slopes to the ones presented in Fig. 3, 
showing that the salinity does not affect the ability of the sensor to 
measure H2O2. 

Another type of interference is from species that consume H2O2 by 
reaction before reaching the sensor spot. An example of such species is 
ascorbic acid, and the sensor response to even concentrations of freshly 
mixed H2O2 and ascorbic acid can be seen in Fig. 5. The interference is 
− 11.7% at 100 µM of each. However, this is an intrinsic issue with the 
sensor, due to the retention time from the deoxygenation. Hence, 
increasing the flow rate of the measurement will reduce the time during 
which the species can react. This is further affected by the conditions of 
the measurement set-up, e.g. the temperature. 

Hysteresis and stability of the sensor were tested by measuring 
alternating 20 and 100 µM H2O2 for a time period of 9 h, see Fig. 6. 
During this time, the sensor shows no hysteresis and good stability. 
ΔpO2 decreases 0.7% and 0.6% at 20 and 100 µM H2O2, respectively. 
The measurement further shows that the sensor is fully reversible. 

3.6. Production of H2O2 in GOx batch reactor 

A model batch reactor was used to exemplify an application of the 
presented H2O2 sensor. GOx was immobilized in a batch reactor with O2 
bubbling to produce H2O2 from glucose. After conditioning, glucose is 
added (at timepoint 5 min), which initiates production of H2O2. This is 
measured with the sensor approx. 3 min later at timepoint 8 min, see  
Fig. 7. An assay with HRP and AR is used to verify the H2O2 concen-
trations. The assay measurements are in accordance with the concen-
trations measured by the sensor at 45 and 60 min, respectively, as can be 
seen in Fig. 7. The assay measures a slightly higher concentration of 
H2O2 at 110 min 

4. Conclusion 

We have presented a flow-based H2O2 sensor that uses O2 as medi-
ating species. Calibrations with sensor spots based on PdTPTBPF and 
either PtNP or RuO2 show that both catalysts are suitable for the sensor, 
and produce sufficient amounts of O2 to reliably measure between 1 and 
200 µM H2O2. RuO2 based sensors require an additional conditioning 
step, but are a good alternative to the PtNP, since RuO2 is commercially 
available and does not require synthesis. 

The dynamic range of the sensor can be extended to measure up to 
1000 µM H2O2 with a PtTPTBPF based sensor at the cost of less sensi-
tivity at the low H2O2 concentrations. 

The sensor with PtNP was tested for interfering species, and show 
minor or no cross-sensitivities to NaONOO, NaOCl, t-BuOOH, and 
ascorbic acid at similar concentrations. The biggest cross-sensitivity was 
measured when mixing H2O2 and ascorbic acid, because the two species 
react and H2O2 is consumed before it reaches the sensor spot. This is a 
consequence of the retention time. 

The sensor system has a high flow dependency, where mainly 
sensitivity and response time are affected. Both decrease as the flow rate 
increases. Commonly, the application defines the flow rate, and the 
sensor needs to be adapted accordingly. A possible adaption to the flow 
rate is the length of the silicone tubing used for deoxygenation, 
depending on the application it might be shortened to reduce retention 
time or elongated to ensure sufficient oxygen removal. 

On the one hand, the sensor only works in flow, which can be 
problematic with small sample volumes. On the other hand, this makes it 
easy to integrated the sensor in fluidic/microfluidic applications, and 
enables continuous at-line sensing [39]. The materials are commercially 
available, making the sensor readily applicable, and the deoxygenation 

Fig. 4. A) H2O2 calibration at H2O2 concentration ≤ 10 µM. The calibration is 
performed with a PtNP and PdTPTBPF based sensor spot, at flow rate 50 µL/ 
min. B) H2O2 calibration at H2O2 concentration ≤ 1000 µM. The calibrations 
are performed with PtNP and either PdTPTBPF or PtTPTBPF based sensor spots, 
at a flow rate of 50 µL/min. The corresponding response curves can be seen in 
Fig. S15-S17. 
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is easy to set up. 
At last, we showed that the sensor can be applied in a model batch 

reactor. For this, GOx was immobilized in a vial, and H2O2 was produced 
by adding glucose to the batch reactor. The measured values of H2O2 
were validated with an HRP/AR assay, which showed good agreement 
between the two methods. 

Overall, we developed a sensor that is capable of measuring H2O2 in 
fluidic applications with improved sensitivity compared to previous 

published methods. 
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