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Introduction
Urinary incontinence is a common health problem among 

aged people, which require hospital staff to monitor patients. 
Leaving incontinence events unmanaged negatively impacts 
patient´s mental and physical health. To alleviate the problem, 
there is a need and a desire to have an incontinence detection 
system or device to alert a caregiver when it is time to change 
diapers. Automatic detection systems can significantly improve 
incontinence management, moving from a predominantly 
manual to an automatic process. A variety of different systems 
have already been developed that achieve wireless urinary 
incontinence monitoring, detecting the presence of moisture [1-
4]. Instead of being used solely as wetness sensors, such systems 
could greatly benefit from also being able to detect different 
analytes of interest released in the urine. 

By incorporating a biosensor in an electronic diaper, detection 
of different analytes can be achieved. The presence of glucose 
in urine results from the glomerular filtration of more glucose 
than the renal tubule can absorb, where abnormally increased 
amounts typically is associated with the disease diabetes [5, 6]. 
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Lactate is another very important prognostic marker, especially in 
critical patients, and urinary lactate have been shown to correlate 
with blood lactate [7]. A variety of other compounds with clinical 
relevance are also present in urine, such as urate, ascorbate, 
cholesterol and oxalate, all of which can be converted by different 
oxidoreductases [5-12]. H2O2 is a side product of oxidase enzymes, 
which are included as terminal elements in more than 90% of the 
existing enzyme-based biosensors and analytical kits, and can be 
assessed to estimate the concentration of the analyte [13]. The 
most prevalent enzyme used in many commercial biosensors is 
glucose oxidase, which catalyzes the oxidation of glucose with the 
concomitant production of H2O2, and has also been used to detect 
glucose in urine [14-16]. Similarly, lactate oxidase have been used 
in many biosensors to detect lactate, also generating H2O2 [17].

Prussian blue (PB) is a well-known electrocatalyst especially 
for low-potential reduction of H2O2, where PB films can be 
electrochemically deposited and have been used to design a 
wide variety of electrochemical sensors [18, 19]. Typically, 
electrochemical PB-based biosensors are very sensitive towards 
H2O2, where amperometric sensors can work both in cathodic 
and anodic manner [18]. In addition, PB in various forms have 
been shown to possess peroxidase-like and catalase-like activity, 
reacting with H2O2, and PB nanoparticles have also been employed 
as effective scavengers of reactive oxygen species [20-25]. PB 
is attractive due to its low toxicity and relatively simple and 
economic synthesis processes, formed by cheap and abundant 
metals [18, 26]. PB related compounds include oxidized Berlin 
green and reduced Prussian white, which in contrast to insulating 
PB both show electronic conduction [27, 28]. However, a detailed 
understanding of the mechanism is still lacking.

Herein, a novel use of PB is described, based on the catalase-
like properties of the material in combination with the associated 
conductivity change occurring in the material. By combing PB 
with H2O2-producing redox enzymes, a wireless conductometric 
biotransducer is described. The wireless biosensing platform 
for analyte detection in urine operates by monitoring a change 
in resonant frequency of a resonance circuit. To the best of our 
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knowledge, only one other example of wireless analyte detection 
in urine has been reported, where the authors designed a 
wireless magnetoelastic glucose biosensor for analysis of glucose 
in urine samples [29]. Herein, by modifying a resonance circuit 
with PB and different oxidoreductases, which produce H2O2 in the 
presence of analyte which in turn changes the conductivity of the 
PB layer and thus the resonance frequency, wireless monitoring 
of glucose and lactate in human urine is achieved.

Materials and Methods
Lactate oxidase was obtained from Sorachim (Lausanne, 

Switzerland) and glucose oxidase as well as all other chemicals 
was purchased from Sigma Aldrich (Steinheim, Germany). A urine 
mimicking buffer, composed of 10 mM phosphate buffer with a 
pH of 5.5 containing 100 mM NaCl, 50 mM KCl, 20 mM Urea and 
500 mg l-1 albumin as well as a universal britson-robinson buffer 
made by equal parts of boric acid, phosphoric acid and acetic acid 
titrated with sodium hydroxide to reach the desired pH, was used 
for the initial testing. 

To create a H2O2 sensitive layer, 1 mg ml-1 of “soluble” PB was 
mixed with 45 mg ml-1 of cellulose acetate (CA) in acetone and 
drop casted onto the substrate and allowed to dry. To detect a 
specific analyte, the PB/CA layer was further modified with 10 
mg ml-1 of enzyme.

To investigate the peroxidase-like activity of PB, the changes 
in absorbance at 405 nm in universal buffer solutions (pH 
4.5, 5.5 and 8.0) containing 40 µg ml-1 PB and 250 µg ml-1 
2,2’-azino-bis(3-ethylbenzothiazoline-6- sulfonic acid) (ABTS) 
upon addition of 100 mM H2O2 were recorded using a UV-1700 
spectrophotometer from Shimadzu Europa GmbH (Duisberg, 
Germany). To investigate the catalase-like activity of PB, the 
oxygen evolution in universal buffer solutions (pH 4.5, 5.5 and 
8.0) containing 40 µg ml-1 PB upon addition of 100 and 500 mM 
of H2O2 was measured by a Clark electrode using the Oxygraph 
setup (Hansatech Instruments, King’s Lynn, UK) Scanning electron 
microscopy (SEM) was performed on PB/CA samples, before and 
after 5 min exposure to 0.1 M H2O2 in urine buffer, dried onto 
SEM aluminum sample stubs sputtered with gold using an Agar 
automatic sputter coater at 30 mA, 0.08 mbar pressure and with 
a sputtering time of 40 s. SEM micrographs were obtained using 
a Zeiss EVO LS10 scanning electron microscope (Carl Zeiss NTS, 
Germany) equipped with a LaB6 filament.

Polycrystalline gold (Au) disk electrodes with a geometric 
area of 0.02 cm2 from Bioanalytical Systems (Indiana, USA) were 
used for electrochemical impedance spectroscopy (EIS), modified 
with PB/CA. Measurements were performed from 0.1 Hz to 
10 kHz with 6 mV amplitude at 0.40 V using a μAutolab Type 
III/FRA2 potentiostat/galvanostat from Metrohm Autolab B.V. 
(Utrech, The Nederlands). The reference and counter electrodes 
were a Ag|AgCl|3 M NaCl and a Pt wire, respectively.

Flexible one-use resonance circuits in aluminum, developed 
by Pampett AB, were used for wireless sensing (described in 3.1). 
The senor circuits were modified with PB/CA and tested using 
fresh samples of urine collected from a healthy male volunteer, 

which then were further spiked with analytes.

Results and Discussion
Wireless detection system

Pampett AB has previously developed a portable wireless 
sensing system for moisture, where sensing is performed by 
bringing a portable monitoring unit within a close distance 
(10-20 cm) of a flexible one-use sensing circuit attachable to a 
diaper, shown in Fig. 1a and b [30]. A similar wireless detection 
system is used herein, but instead of moisture detection the 
system was adapted for wireless analyte detection. Briefly, the 
original sensing system comprises a resonance circuit including a 
sensing part, wherein the resonance circuit has a first resonance 
frequency when the sensing part is nonconductive (dry) and a 
second resonance frequency when the sensing part is conductive 
(wet), thus generating a binary response. By transmitting a 
resonant electromagnetic signal from the monitoring unit to the 
resonance circuit, the resonance circuit generates a response 
frequency which then is detected. The sensing part includes two 
sets of conductors in an interdigital finger structure separated 
by an insulator, connected to the resonance circuit (Fig. 1b, top). 
To achieve wireless detection of different bioanalytes instead of 
moisture, the sensing part was modified by applying a layer of 
PB/CA combined with different oxidoreductases, as without the 
presence of analyte the layer remains nonconductive despite being 
wet (Fig. 1b, bottom). This analyte sensing principle, illustrated 
in Fig. 1c, combines the facts that PB in its initial state is non 
conducting but is capable of undergoing oxidation to Berlin green 
and reduction to Prussian white which in contrast to insulating 
PB both show electronic conduction, with the known catalase-
like properties of PB leading to oxidation of the material [21, 22, 
27]. Thus, when a urine sample without the analyte of interest is 
applied to the sensor, the PB/CA layer remain non-conductive and 
the wireless sensing system returns a “NO” response. However, in 
the presence of sufficiently high concentration of target analyte 
in the urine sample, the oxidoreductase enzyme will convert 
the analyte and generate H2O2, which in turn will drastically 
increase the conductivity of the sensing layer. Charge carriers 
will then give rise to current conducting paths between the two 
sets of conductors, thus the impedance between the two sets of 
conductors will decrease. This shifts the resonance frequency of 
the resonance circuit from a first resonance frequency to a second 
resonance frequency, with the wireless detection system instead 
returning a “Yes” response. 

Characterization of PB and PB/CA layer

The sensing principle is based on the fact that the PB/CA 
layer used is nonconductive, which changes to conductive when 
exposed to H2O2. In order to demonstrate this process, prior to 
performing wireless sensing in urine the PB/CA layer and the 
interaction of PB with H2O2 was characterized by absorption 
spectroscopy, Clark oxygen electrode, SEM and EIS. 

PB nanoparticles have been shown to exhibit both 
peroxidase-like and catalase-like activity in the presence of H2O2, 
demonstrating a multienzyme-like activity [21, 22]. The effect 
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Figure 1: a) Photographs of the portable monitoring unit, b) sensor circuit developed for moisture detection (top) and modified sensor circuit with 
PB/CA layer (bottom), c) Schematics of wireless biosensing.

of H2O2 on “soluble” PB was first investigated by absorption 
spectroscopy, to demonstrate the peroxidase-like activity of the 
compound. In the presence of the commonly used peroxidase 
substrate ABTS, a clear catalytic activity was observed at low pH, 
declining as the pH was increased (Fig. 2a). The relative activity 
at pH 5.5 was roughly 32 % compared to pH 4.5, reduced to 
only 6% at pH 8.0. In alkaline environment visible bubbles were 
present in the solution, instead indicating formation of oxygen 
in a catalase-like activity. To investigate the catalase-like activity 
of PB in solution, the oxygen generation in solutions of PB with 
H2O2 was monitored with a Clark type electrode. A reverse pH 
dependence was observed for the catalase activity of PB, where 
PB in the presence of 100 mM H2O2 after 10 min had produced 

254 µM O2 at pH 8.0, 25 µM at pH 5.5 and 11 µM at pH 4.5 (Fig. 
2b). Upon increasing the H2O2 concentration to 500 mM, the 
solution was saturated with oxygen after 5 min at pH 8.0 and 
produced 143 µM of oxygen at pH 5.5 and 85 µM Oxygen at pH 
4.5, after 10 min (Fig. 2c). This demonstrates that “soluble” PB 
display significant catalase-like activity in the whole normal pH 
range of urine, from 4.5 to 8.0 with typical values around pH 5-6 
[31]. Thus, by relying on the catalase-like properties of PB and the 
concomitant conductivity change of the material, immobilized 
PB could potentially be used as an element in a conductometric 
biotransducer. The details of the multi-enzyme like properties of 
PB have recently been described elsewhere [22].

Figure 2: a) Absorbance increase at 405 nm of PB in universal buffer of pH 4.5 (solid), pH 5.5 (dashed) and pH 8.0 (dotted), containing 100 mM H2O2 
and ABTS as a substrate. Oxygen generation measured in a closed chamber containing PB in a universal buffer of pH 4.5 (solid), pH 5.5 (dashed) and 
pH 8.0 (dotted) upon addition of 100 mM, b) and 500 mM H2O2, c) after 120s.

In order to make a layer that sensors could be coated with, 
1 mg ml-1 of “soluble” PB was mixed with 45 mg ml-1 CA. CA 
in solution is a viscous liquid which can easily be coated onto 
different substrates and forms an insulating water-insoluble 
layer when dried. The ratio of PB to CA was chosen to ensure that 

an insulated insoluble layer was formed, which still responded 
to H2O2. The PB/CA layer was imaged using SEM, as shown in 
Fig. 3a-b. A non-homogeneous distribution of PB agglomerations 
through the entire surface was observed, which is expected as PB 
is insoluble, but forms a colloidal, and the PB/CA mixture was 
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then dropcasted. The PB/CA layer was also imaged after being 
exposed to 100 mM H2O2 in urine buffer for 5 min. No apparent 
difference in the SEM images could be observed, with the layer 

remaining intact. Sensors were also prepared and stored in a 
cupboard at room temperature for up to 1 month, with no effect 
to the PB/CA layer. 

Figure 3: SEM analysis of PB/CA layers, before a) and after, b) exposure to 100 mM H2O2 in urine mimicking buffer, c) EIS of a PB/CA modified 
electrode recorded in urine buffer at 0.4V with 0 mM (solid), 10 mM () and 1 M of H2O2. Inset: response at high frequencies.

The conductivity change of the PB/CA layer upon exposure 
to H2O2 was examined by first adding urine buffer (pH 5.5) to the 
layer and measuring the resistance across the short end with a 
multimeter, which showed the layer to be non-conductive (15-18 
MΩ). When 100 mM H2O2 was added, the resistance across the 
layer reduced to around 100-300 kΩ. Using a pH of 4.5 instead 
of 5.5 produced similar results. The urine-mimicking buffer 
originally contained 100 mM NaCl, 50 mM KCl and 20 mM Urea. 
To investigate the possible role of interferents, solutions were 
prepared that also contained either 1 mM ascorbate, 1 mM 
oxalate, 1 mM acetaminophen, 1 mM nitrate, an additional 20 
mM urea, an additional 100 mM NaCl or an additional 50 mM 
KCl. The addition of possible interferents had no effect on the 
conductometric response of the layer. Furthermore, when urine 
buffer was exchanged to a simple salt-containing phosphate buffer 
(pH 7.4) a similar response was still observed. This demonstrates 
that pH change or the presence of interferents did not affect the 
response of the PB/CA layer and the change in conductivity was 
indeed caused by H2O2. This is a major advantage of the current 
design, as interferents typically play a major role in the response 
of traditional amperometric devices.

To characterize the PB/CA layer in more detail, EIS in urine 
buffer with different amounts of H2O2 was performed. The result 
is shown in Fig. 3c, measured at 0.4 V where PB does not undergo 
oxidation/reduction. Electrochemically deposited PB films have 
been investigated in numerous different research papers, but the 
mechanism of interaction of the layer is still not fully understood 
[32-34]. However, this was not the purpose of our EIS study of 
the PB/CA layer, but rather to verify the interaction with H2O2, 
which can clearly be observed. When no H2O2 is present a highly 
capacitive behavior is observed, which is expected as PB is not 
electroactive at 0.4 V. Upon interaction with H2O2 the response 
drastically changes, where a semi-circle is observed due to charge 
transfer reactions, as the conductivity of the PB/CA layer changes.

Wireless analyte detection in human urine

Wireless analyte detection was performed using the portable 
detection system described in 3.1, using PB/CA sensors further 
modified with either glucose oxidase or lactate oxidase. As 
a control, the resistance across the layer was also measured 
manually using a multimeter. Fresh urine samples from a healthy 
donor were added to the sensors, and the response was monitored 
wirelessly as well as with a multimeter for 10 min. Thereafter, the 
urine sample was further spiked with analyte ranging from 1-100 
mM and measured again after 2 minutes. The results from the 
measurements are shown in Table 1 below. 

Table 1: Data from the wireless sensing in human urine. The 
urine sample was first measured without any additions (w/o), and 
then samples were added spiked with different concentrations of 
analytes (w/). Resistance was measured using a multimeter, and the 
response from the portable wireless sensing was recorded (YES/NO). 
Measurements were repeated six times for each concentration. 

Resistance 
w/o

(MΩ)

Response 
w/o

Addition
Resistance 

w/ (MΩ)
Response 

w/

15.3 ± 2.8 NO 1 mM glucose 15.0 ± 2.7 NO

15.5 ± 3.1 NO
10 mM 
glucose

1.5 ± 0.8 YES

16.1 ± 2.9 NO
100 mM 
glucose

0.6 ± 0.2 YES

16.0 ± 2.7 NO 1 mM lactate 16.1 ± 2.4 NO

15.6 ± 2.1 NO
10 mM 
lactate

1.7 ± 0.4 YES

15.8 ± 1.9 NO
100 mM 
lactate

1.1 ± 0.2 YES
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As can be seen from Table 1, the resistance across the PB/
CA modified layer was very high when only urine was present, 
around 16 MΩ, and the wireless sensing then returned a negative 
response in all instances. In healthy individuals the urine typically 
contains very little glucose and lactate, with an upper normal limit 
of a few mM being reported for both analytes, but the presence 
of glucose and lactate in urine can increase manifold caused by 
a variety of diseases [5, 35]. When the urine was spiked with 1 
mM of analyte, the resistance of the PB/CA layer did not change 
significantly and the wireless sensing also returned a negative 
response. While 1 mM is in the upper range, it is still within the 
normal limit and thus it is not indicative of any disease. When 10 
and 100 mM of analyte was added to the urine sample, both above 
the normal limit, the wireless response switched from negative 
to positive, signaling the presence of analyte at an elevated level 
in the urine sample. The control resistance measurement also 
showed a drastic decrease in the measured resistance across the 
layer. While the current wireless sensor system only can return a 
binary response (yes or no), the control resistance measurements 
for glucose and lactate show the layer resistance to be significantly 
lower at 100 mM of analyte compared with 10 mM of analyte 
(p=0.044 and p=0.007 for glucose and lactate, respectively). This 
demonstrates that the current wireless biosensing transducer 
works well for the detection of both glucose and lactate in human 
urine samples, and a similar approach could potentially be used 
to detect other analytes by using other oxidoreductases. This 
novel PB-based biotransducer have several advantages over 
traditional electrochemical based detection system for glucose 
and lactate, using the intrinsic catalase-like activity of the 
material to infer a conductivity change which can be monitored 
wirelessly. Typically, additional electrical circuits are needed to 
either perform oxidation or reduction at an electrode surface and 
where a major drawback of such sensors is the interference from 
electroactive redox species also being oxidized or reduced at the 
applied potential, whereas our system was based on a simple 
design and unaffected by common interferents.

The detection limit of the device was between 1-10 mM, with 
a stronger change in conductivity the more hydrogen peroxide 
was produced. In order to determine the switching point of the 
wireless monitoring system more precisely, 8 sensors modified 
with PB/CA and glucose oxidase was investigated with glucose 
spiked urine mimicking buffer (in order to have the same solution 
applied to all sensors, urine could not be used). First, 1mM glucose 
was added, which was then increased to 5mM glucose after 10 
min. If the wireless system did not react to 5 mM in 10 min, the 
concertation was increased to 10 mM. No sensor responded 
to concentrations below 1 mM, and only 3 out of 8 sensors 
gave a “YES” response to 5 mM glucose. However, all sensors 
responded within 2 min to concentrations of 10 mM. This shows 
that the system works a warning system to abnormally high 
concentrations, however, due to the variability of the produced 
sensors, which can be attributed to the drop coating of the PB/CA 
and enzyme layers producing somewhat uneven layers (as also 
seen in Fig. 3), an exact determination of the limit of detection 
was not possible.

By changing the detection system, the actual resistance 
change could be used for more accurate estimations of analyte 
concentrations. However, this was beyond our current scope. 
Instead, our goal was to design a biotransducer which could 
be used in already operational systems. The portable wireless 
detection system for moisture described herein have previously 
been adapted for a real hospital setting, and been used to monitor 
incontinence in bedridden patients [30]. By incorporating a 
sensing circuit in a diaper, combined with a fixed detection 
system in the patient’s bed, moisture was monitored wirelessly. 
By modifying the system and also incorporating biotransducers 
in the sensor as described here, the wireless sensing could be 
expanded to also perform analyte detection, thus realizing a 
smart electronic diaper.

Conclusions
In this paper, we successfully achieved wireless sensing 

of glucose and lactate in human urine samples by modifying 
an existing humidity detection system with a conductivity 
biotransducer element. The analyte sensing was based on a PB/
CA layer combined with oxidoreductase enzymes producing 
H2O2, and was unaffected by common interferents. However, 
in the current sensor set up and signal treatment, the wireless 
sensing was only capable of returning a binary response for a 
single analyte at the time (YES/NO). By developing the system 
further, using separate sensing elements for different analytes as 
well as including humidity sensing, a convenient and easy to use 
multi-analyte response system could be designed also capable of 
identifying different substances present at abnormal levels in the 
urine, enabling the design of smart electronic diaper.
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