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Pseudomonas aeruginosa is a waterborne ubiquitous opportunistic pathogen that can be fatal for immunocom-
promised patients. Here, we report the use of paper-based screen-printed sensors for the electrochemical
detection of P. aeruginosa in water sources in only 14 s. P. aeruginosa is identifiable by its unique biomarker
pyocyanin, which is redox-active and therefore suitable for direct electrochemical detection without sample
pretreatment. The detection method was applied to detect pyocyanin directly in spiked lake water, tap water, sea
water and groundwater. The electrochemical response was linearly proportional to the pyocyanin concentration

with R? values between 0.9918 and 0.9991. Additionally, we demonstrated the direct detection of P. aeruginosa
in water in concentrations ranging from 5 to 50 colonies/mL. The results are a step towards utilizing simple
electrochemical sensing to rapidly determine if water sources are infected with P. aeruginosa prior to bathing,

consumption or other use.

1. Introduction

Waterborne diseases pose a major risk to immunocompromised pa-
tients [1]. Waterborne pathogens are related to environmental deterio-
ration, making the water a source of disease transmission [2]. Pathogens
can be transmitted to humans and animals through drinking water,
bathing, washing or by eating food exposed to contaminated water.
Although a significant proportion of fatal water-related pathogenesis are
caused by deadly pathogens as Vibrio cholera and Salmonella typhimu-
rium, opportunistic pathogens present imperative challenges to the
public health [3-6].

Pseudomonas aeruginosa is a waterborne opportunistic pathogen
commonly found in lakes, sea water, swimming pools and even in
drinking water. P. aeruginosa is a gram-negative bacterium that has the
ability colonize even distilled water with limited available nutrients.
Additionally, P. aeruginosa has a characteristic ability to form biofilms
which are especially problematic in showerheads, faucets, whirlpools
and other plumbing fixtures [7,8]. The most elevated risk of biological
pollution of water is assigned to P. aeruginosa contaminating water
stored in tanks [9,10], water distributed in pipeline systems and
household water filters. P. aeruginosa have a high resistance to disin-
fectants as chlorine and alcohols and can grow at temperatures up to
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42 °C[11].

Numerous outbreaks with P. aeruginosa infections caused by con-
sumption of contaminated water have been reported in literature.
Infection sources include drinking water supply, contaminated batches
of bottled water or even aerosol exposition of contaminated water from
water in dental chair units. In specific outbreak cases, hospital water
systems have also been reported to be positive for P. aeruginosa in ma-
jority of tested samples[4,12,13].

P. aeruginosa infections upon drinking contaminated water causes
diarrhea, vomiting with following severe dehydration. Especially at risk
are immunocompromised patients that are in propensity of developing
rapidly fatal P. aeruginosa infections include patients with burns or open
wounds, neutropenia following neoplasms, cystic fibrosis and hospital-
ized patients in intensive or special care units [14]. Contact with
P. aeruginosa contaminated water through consumption of water, inha-
lation of water droplets or skin contact may lead to a range of infections
that in severe cases are impossible to treat due to the multi-drug-
resistance that P. aeruginosa can develop [15,16].

In the European Union, several water directives demand mandatory
measurements of P. aeruginosa in drinking water sources as a part of the
water control programs [17,18]. There is zero-tolerance for P. aeruginosa
in drinking water resources. However, the detection of P. aeruginosa in
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water sources is troublesome due to time-consuming methods requiring
laboratory heavy procedures and expensive labor costs [19]. The water
samples need to be collected manually from the respective fields and
transported to laboratories for culturing or polymerase chain reaction
(PCR) analysis. This limits frequent control and only provides snapshots
of the contamination situation. By the time answers are collected from
the laboratories, human exposure may already have occurred. Thus,
there is a need for rigorous facility maintenance and monitoring using
tools that allow instant, on-site detection of P. aeruginosa in e.g. sea
water in bathing seasons, hot tubs and saunas before use and in drinking
water sources [15,20].

A distinct feature of P. aeruginosa is that it produces the redox-active
toxin pyocyanin which is possible to detect electrochemically [21].
Electrochemical detection of compounds as a high-throughput analyt-
ical tool is a rising area that is finding its way to field applications. The
electrochemical sensing field covers detection of analytes ranging from
biological products to chemical substances [22-24]. Several studies have
established the possibility of electrochemical detection of chemical
contaminants directly in water, such as pesticides and toxic heavy ele-
ments [25-30]. Although electrochemical detection of pyocyanin in
culture media for microbiology or clinical research has repeatedly been
published [21], to the authors’ knowledge, electrochemical detection of
pyocyanin as an identification biomarker for P. aeruginosa directly in
water has never been reported. Although pyocyanin has earlier been
demonstrated to be measured in growth media and patient samples, the
direct application in water is novel and may open possibilities for real
on-site monitoring of P. aeruginosa which potentially could advance
water safety measures.

Here, we present simple electrochemical detection of pyocyanin in
various water resources, using screen-printed paper sensors. The
detection can be conducted without any pretreatment of the water
samples and results can be obtained in 14 s. The proof-of-concept results
suggest that low-cost paper-based sensors can potentially be used for on-
site, immediate analysis of P. aeruginosa in water.

2. Materials and methods
2.1. Instrumentation and reagents

Sensor characterization was conducted in 10 mM ferri/ferrocyanide
in phosphate buffer saline (PBS) by mixing Potassium hexacyanoferrate
(ID) triphydrate (P23289-110G, Sigma-Aldrich, Denmark) and Potassium
hexacyanoferrate(III) (31253-250G, Sigma-Aldrich, Denmark). Gra-
phene ink (C2171023D1, Sun Chemical Ltd, UK) was used for screen-
printing through a screen with a mesh of 14 ym of film emulsion with
a mesh thickness of 80 + 2 um on hard paper (C2549-100, Avery
Zweckform).Tap water was collected from the tap of the laboratory at
Roskilde University, while lake water was collected from the local lake
at Roskilde University (location: 55°39'05.8”N 12°08'03.6"E). Ground
water was sampled from a local water work (Gevninge Vandveerk,
Denmark) immediately after pumping from the well and used with no
further treatment. Sea water was collected from Greve beach, Denmark
(location: 55°35'01.7"N 12°19'26.7"E). The collected waters were
tested for P. aeruginosa growth by streaking samples on P. aeruginosa
selective plates. No growth was observed. Pyocyanin was extracted from
a PAO1 overnight culture according to El-Shouny et al [31]. All elec-
trochemical measurements were conducted versus the quasi-reference
electrode using a potentiostat (Emstat Blue, Palmsens, Netherlands).
The electrochemical data analyses were performed using PStrace V5.8
software (PalmSens, Houten, The Netherlands). A fresh sensor was used
for each single measurement.

2.2. Sensor fabrication and characterization

The fabrication process of the paper-based sensors was based on
manual screen-printing by forcing the graphite ink through a negative
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pattern of the sensors. As the blade was moved across the screen (mesh
size of 63 um), the graphite ink was forced down on the paper, creating a
sheet of sensors similar to the process depicted in Alatraktchi et al. [32].
The sensors consisted of three-electrode configuration design counting a
working electrode (WE), a counter electrode (CE) and a quasi-reference
electrode (RE) all made of graphite. After screen-printing, the sheet is
cured at 80 °C for 30 min and the individual sensors are cut out with a
scissor. Characterization was conducted in 2.5 mM ferri/ferro-cyanide
in PBS. The characterization was obtained by performing cyclic vol-
tammograms from —1.0 V to + 1.0 V, using a potential step of 0.01 V and
scan rates ranging from 0.03 to 0.25 V/s.

2.3. Identification of pyocyanin signal in water

Cyclic voltammograms of tap water and 5 pM pyocyanin in tap water
was performed from -0.75 V to —0.25 V, using a potential step of 0.01 V
and a scan rate of 0.08 V/s. Pyocyanin concentration of 200 uM was
spiked in tap water and in PBS, respectively, and measured with square
wave voltammetry (SWV) from —0.90 V to 1.0 V at a step potential of
0.005 V and a frequency of 10 Hz to characterize the peak positions and
effect of the electrolyte on signal strength.

2.4. Quantification of pyocyanin

Square wave voltammetry (SWV) was used to quantify pyocyanin at
the characteristic peak potential around —0.6 V using a scan range from
—0.90 Vto —0.3 V at a step potential of 0.005 V and a frequency of 10 Hz
according to slightly modified parameters from a previous report for
paper-based sensors [32], resulting in a measurement time of 14 s.
Dilution series of pyocyanin from 1.56 to 100 uM were prepared in PBS,
tap water, ground water, lake water and sea water, respectively, and
measured in triplicates by SWV. All measurements have been conducted
against the quasi-reference electrode.

2.5. Determining temperature, pH and electrolyte dependency

A fixed pyocyanin concentration of 20 uM diluted in tap water was
measured and divided in five separate vials and stored for five hours at
4, 25, 30, 37 and 42 °C before measurements. The temperatures of the
samples were controlled prior to SWV measurements in triplicates.
Statistical significance between the data sets were analyzed by one-way
ANOVA followed by a t-test with a probability value > 0.05.

The pH of the water sources and PBS was determined using pH strips
(85410.601P, Paper dosatest, Prolab, VWR). To test the signal de-
pendency, a fixed pyocyanin concentration of 145 pM in tap water was
prepared in several vials and each vial was pH adjusted to a pH range
between 4.0 and 9.5. All measurements were performed at room tem-
perature. The samples were electrochemically measured in triplicates.

The electrolyte dependency mas determined by spiking 20 uM pyo-
cyanin in tap water with 0, 0.1, 0.5 and 1.0 M KCl. Likewise, PBS was
diluted in milli-Q water and a constant pyocyanin concentration of 35
uM was spiked in the dilution series from 6.25 to 100 % PBS. All samples
were electrochemically measured in triplicates.

2.6. Test of interference from another microorganism

Overnight cultures of Escherichia coli and PAO1 were prepared in
accordance with Mojsoska et al. 2021 [33]. Three different vials with
lake water were spiked with equal volumes of (1) E. coli, (2) E. coli and
PAO1 and (3) PAO1, respectively. Three electrochemical measurements
were taken from each vial using the aforementioned SWV parameters.

2.7. Detection of P. Aeruginosa in water

The laboratory P. aeruginosa reference strain, PAO1, was streaked on
lysogeny broth plates for 48 h until they showed their typical green-blue
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pigment. Single colonies of 5-50 were suspended in vials of 1 mL lake
water. The colonies were manually counted and transferred from agar
plates to the vials with water using sterile loops. Subsequently, the
paper-based sensors were used to quantify the pyocyanin content in the
respective samples using SWV. Measurements were done in triplicates.

3. Results and discussion

3.1. Characterization of paper-based sensors shows quasi-reversible
behavior

The reliability of the paper-based graphene sensor was evaluated by
CV measurements of ferri/ferrocyanide using varying scan rates
(Fig. 1a). The current peak heights were extracted from the voltam-
mograms and plotted against the square root of the scan rate, showing a
linear relation with an R2 fit of 0.992 and 0.985 (Fig. 1b). The numeric
peak current ratios between the oxidation currents Iy and the reduction
currents I, were observed to be deviating from one with approximately
13 %. Additionally, the peak potentials increase with increasing scan
rates. As the sensor slightly deviate from the reversibility criteria, the
sensor is considered quasi-reversible which is sufficient for reliable
analytical quantification applications.

3.2. Electrochemical pyocyanin signal obtained directly in water

The electrochemical response of pyocyanin in tap water was inves-
tigated by CV in the negative potential window as reported by previous
studies [32]. The CV of pyocyanin spiked in tap water was measured
against the background (Fig. 2a). The voltammograms depicts quasi-
reversible response with an oxidation peak at —0.51 V and a reduction
peak at —0.58 V. Within this potential window, the observed redox
couple is exclusively due to the conversion between the monomeric
forms (I) and (II) of pyocyanin [34-36]. As no background peaks are
observed from the blank tap water, it is concluded that it is possible to
obtain a unique pyocyanin signal in water without the addition of any
electrolyte.

Comparing the SWVs of pyocyanin spiked in PBS and tap water, we
see a shift in the peak potential at which the monomeric redox reaction
is appearing (Fig. 2b, peak III), which is due to the different salt content
of PBS and tap water. The peak current obtained from measuring pyo-
cyanin in PBS is approximately double as high as pyocyanin measured in
tap water. This is attributed to the higher salt content in PBS compared
to tap water which makes PBS a stronger electrolyte to carry the current.
Next to the pyocyanin peak, a smaller secondary peak can be observed in
the pyocyanin in tap water measurement. This peak is likely a result of
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Fig. 2. Electrochemical fingerprint of pyocyanin in water. (a) Cyclic voltam-
mograms of 5 uM pyocyanin in tap water measured with the paper-based
sensors. (b) Square wave voltammograms of tap water and PBS spiked with
200 uM pyocyanin vs the backgrounds.

precursor to pyocyanin synthesis [37] (Fig. 2b, peak IV). This peak is
also occurring in the spiked PBS measurements (Fig. S1), however; due
to the larger peak current of pyocyanin and the shift of the peak po-
tential, it is not visible. Further, a phenolic oxidation of pyocyanin
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Fig. 1. Electrochemical characterization of the paper-sensor. (a) Cyclic voltammograms with increasing scan rates measuring 2.5 mM ferri/ferrocyanide. (b) The

extracted peak current values as function of the square root of the scan rates.
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occurs at + 0.5V [34,38] (Fig. 2b, peak V). This peak is also responsive
to concentration changes as seen in Fig. S2. However, as the peak at the
negative potential is significantly higher than at + 0.5 V and no back-
ground peak is observed, the potential scan is limited to the negative
potential window for the further analytical measurements.

3.3. Electrochemical pyocyanin signal intensity is concentration
dependent

Square wave voltammograms of spiked PBS shows increasing peak
heights with increasing pyocyanin concentration (Fig. 3a). The non-
faradaic current was filtered out from the peak currents by subtracting
the blank water background measurements. The faradaic peak-heights
for each set of measurements in the four different water types and PBS
were then extracted and plotted as function of the corresponding con-
centrations as seen in Fig. 3b. The linear range between 1.56 and 100 uM
for each of the different water types has fitted lines with R2 values above
0.99. There is a difference in the conductivity of the water sources
observed by the variance in the slopes of the standard curves. The slope
of the linear fit of a standard curve is also a measure of the sensitivity.
The limit of detection (LoD) was calculated as 3 times the standard
deviation of the lowest concentration measured divided by the sensi-
tivity. The sensitivity and the LoD were calculated for each water type as
listed in Table 1. The LOD was not consistent across the different types of
water and PBS. The average LOD of the waters was 0.63 + 0.24 puM.
However, there is no statistical difference between the values. As the
extracted peak currents are directly proportional to the diffusion coef-
ficient of pyocyanin, the water matrix will significantly affect sensitivity.
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H 200 puM
801 W 100uM
H 50um
25 uM
— 601 W 125uM
3 B 6.25uM
::E; B 3.125uMm
£ 40 B 156uM
© B PBS
20
0
-0.70 -0.60 -0.50 -0.40 -0.30
Potential [V]

()

Peak height [pA]
O B N W A~ WU

Measurement 195 (2022) 111124

Table 1

Pyocyanin sensitivity and limit of detection (LoD) for each water type.
Water type Sensitivity [pA/uM] LoD [pM]
PBS 0.607 0.425
Lake water 0.338 0.308
Sea water 0.307 0.859
Tap water 0.259 0.492
Ground water 0.236 0.862

Thus, it is observed that the PBS has the highest sensitivity where the salt
content is high while groundwater has the lowest sensitivity probably
due to the lowest salt content of the tested waters sources. While the
sensitivity of measuring pyocyanin in water is lower than detecting
pyocyanin in PBS, the overall results show that pyocyanin can be
detected directly in water samples with no sample pretreatment or need
of electrolyte addition.

To test if temperature has an effect on the intensity of the signal,
spiked tap water was measured at different temperatures from 4 to 42 °C
(Fig. 3c). There was no statistical difference between the measured
signals, suggesting that electrochemical measurements of P. aeruginosa
can be conducted on-site, e.g., in lakes or in hot tubs, independent of the
temperature.

The pH of the collected water sources, tap-, sea-, lake- and ground-
water was 7.5 while the pH of PBS was 7.0. The influence of electrolyte
pH on the peak potential and peak current of the pyocyanin signal was
investigated by SWV measurements in the pH range of 4.0 to 9.5. Fig. 4a
illustrates that the peak potential response shifted to more negative
values when increasing the pH from 4.0 to 5.5 and at higher pH values it

p) 70
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Fig. 3. Quantification of pyocyanin in water. (a) Square wave voltammograms of increasing concentrations of pyocyanin spiked in PBS. (b) Standard curves of
pyocyanin in PBS, lake water, tap water, sea water and ground water. (c) Temperature effect on peak height. The extracted peak heights belonging to a constant
pyocyanin concentration spiked in tap water and measured at different temperatures.
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remained around —0.7 V. Likewise the peak current also showed pH
dependent response (Fig. 4b). The peak current increased when
increasing the pH from 4.0 to 5.5 and remained fluctuating around 40
pA up to a pH of 9.5. Despite the peak potential shifts and the variance in
peak current as a result of the electrolyte pH, the pyocyanin signal is
detectable. Most water sources have pH values between 6.5 and 8.0,
which is within the range where the peak potential and peak current
response is relatively stable [39].

3.4. Electrolyte strength affects peak potential and peak current

Pyocyanin was measured in tap water with increasing concentrations
of KCl to investigate the effect of the electrolyte strength on the elec-
trochemical signal (Fig. 4c and d). The peak potential shifted towards
more positive potentials with increasing electrolyte concentration in the
water (Fig. 4c). The peak current of the pyocyanin signal increased
approximately 30 % when adding electrolyte to the water sample
(Fig. 4d). However, there was no statistical difference between the peak
currents of pyocyanin obtained in tap water with 0.1 — 1.0 M KCI. To test
if the PBS affected the pyocyanin signal compared to the measurements
in water, pyocyanin was measured directly in PBS and in PBS diluted
with Milli-Q water. The peak potential shifted towards more negative
potentials with more diluted PBS (Fig. 4e). The peak current of

pyocyanin was also reduced with decreasing PBS content in the samples
(Fig. 4f). The data support the observation that the electrolyte strength
affects both the peak potential and intensity.

3.5. Detection of P. Aeruginosa in water using paper-sensors

To investigate the selectively of the method proposed in this study,
the interference from E. coli was measured. E. coli was chosen, as it is a
biological contaminant that also might occur in water resources. The
interference was determined by adding 80 colonies/mL from an over-
night culture of E. coli in PBS and measuring using the same SWV used to
quantify pyocyanin. As seen in Fig. 5a no peak is detected from E. coli.
Another 80 colonies/mL PAO1 was spiked in PBS and measured with
SWV revealing an average peak height of 0.616 + 0.025 pA (n = 3).
After measuring a mix of 80 colonies/mL PAO1 and 80 colonies/mL
E. coli the peak current remained unchanged with an average peak
height of 0.574 + 0.037 pA (n = 3). There is no statistical difference
between the two values; hence no impact on the signal is observed when
another microorganism is present in the sample.

The method was applied to detect P. aeruginosa directly in water
samples by spiking 1 mL lake water with 5-50 CFU PAO1 (Fig. 5b).
There was a linear correlation between the peak height and the bacterial
concentration as seen in Fig. 5¢. The colonies had produced pyocyanin
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Fig. 5. Measurement of P. aeruginosa in water. (a) Square wave voltammetry measurements of the laboratory P. aeruginosa strain PAO1 measured alone and together
with E. coli in PBS showing no difference in signal, while measurement of E. coli result in no peaks. (b) Measurements of PAO1 in lake water (blank) ranging from 5 to
50 colonies/mL. (c) Extracted peak heights from square wave measurements of pyocyanin plotted against the colonies/mL spiked in the water samples.

concentrations between 2.4 and 4.7 pM. The values were found by
converting the obtained peak heights to pyocyanin concentrations using
the standard curve of pyocyanin spiked in lake water from Fig. 2b. Note
that the produced pyocyanin quantity is dependent on the strain ge-
netics and the culture conditions [33].

The prevalence and concentration of P. aeruginosa in water varies
significantly from a water source to another. K.D. Mena and C.P. Gerba
(2001) has provided a comprehensive review of the P. aeruginosa con-
centrations found in different water sources [40]. In drinking water
including tap water and bottled water, P. aeruginosa is usually at con-
centrations of 3-4 CFU/mL and up to 2300 CFU/mL. In whirlpools and
hot tubs, the prevalence is up to 94-100 % of those tested at concen-
trations between < 1 to 2,400 CFU/mL. Swimming pools have been
reported to be contaminated with P. aeruginosa at concentrations
ranging from < 1 to 10,000 CFU/mL [41]. Recent data has shown that
P. aeruginosa isolates from swimming pools and hot tubs are multidrug
resistant in 96 % of the cases. Assuming that 1 colony consists of 5-500
cells, the concentration range detectable using the proposed method in
this work is within the relevant concentration range, however, it is still
not able to detect < 5 colonies/mL, which is necessary for e.g., drinking
water monitoring that tolerates no P. aeruginosa prevalence at all. Most
existing methods for P. aeruginosa detection require incubation time to
enhance the accuracy of the output readings (Table 2). The current
electrochemical method has been applied directly after transferring the
colonies to the water, thus there may be room for improvement of the
lower detection limit by introducing incubation steps. However, intro-
duction of an incubation step would exclude the use of electrochemical
sensing as an on-site tool. Only PCR techniques need no incubation,
however, water pretreatment steps to extract DNA/RNA and subsequent
PCR processing takes several hours and are therefore not fit for on-site
applications. Although electrochemical detection only takes seconds,
further optimization of the lower detection range is necessary. To ensure

that this technique is capable of detecting lower concentrations of
P. aeruginosa than reported here, the measuring protocol should be
optimized further. One way to accomplish this would be to up-
concentrate the pyocyanin in a given sample before measurement.
This could be conducted by evaporating some of the water prior to
measurement.

Another important factor to study is the relation between the pyo-
cyanin secretion, the cell concentration and the water type. In real field
conditions, it may not be possible to detect P. aeruginosa immediately
after contamination with few cells as pyocyanin is secreted upon
reaching stationary phase, a time interval that can vary depending on
the water composition [49]. Although, P. aeruginosa isolates almost al-
ways produce pyocyanin [37], different P. aeruginosa strains have
varying pyocyanin production capabilities and therefore the measured
pyocyanin concentration cannot be used as a direct measure of the cell
concentration in the water. However, the more cells the more pyocyanin
that can be produced and thus this method can be considered as a semi-
quantitative approach for detection P. aeruginosa. More investigation is
needed to understand in which growth phase bacteria are found in
aquatic environments. Furthermore, the access of nutrients, oxygen and
other chemical agents in the water is also a factor that affects the pyo-
cyanin production and may be of interest to investigate in further studies
[33,50].

4. Conclusions

P. aeruginosa is a pathogen that occasionally contaminate water
sources with severe consequences for affected humans. P. aeruginosa is
showing increasing resistance to many antibiotics which makes it diffi-
cult to treat once an infection occurs. Detection of P. aeruginosa in water
typically involves membrane filtration, growth on a selective broth and
count of visible colonies identified by the characteristic blue/green
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Table 2
Examples of detection methods of P. aeruginosa contamination in water sources.

Detection method ~ Sample handling Duration Possibility Ref
of for on-site
analysis detection
Heterotrophic Water samples 48 h No [42]
plate count streaked directly on
agar
Real-time PCR Water filtration and 2-3h No [43]

DNA extraction

before pretreatment

to tag primers
PCR Water filtration and Not No [12]
DNA extraction specified
before pretreatment
to tag primers
Incubation of
samples in selective
synthetic medium
prior to
measurements
Membrane filtration 9h No [45]
and image analysis
together with an
adenosine
triphosphate
bioluminescence
reagent upon sample
incubation
Incubation of 48 h No [46]
stationary state cells
for 48 h before

Spectroscopy recording signal
Fluorescence Incubation and
based chemical

pretreatment
followed by
fluorescent imaging
Water samples 14s Yes This
pipetted directly on study
sensors

Impedimetric 10-24 h No [44]

technology

Milliflex

Fourier
Transform
Infrared

3-24h No [47,48]

Electrochemical
detection

pigmentation caused by pyocyanin production. Usually, this is followed
up by microscopic inspection, biochemical analysis or PCR. In this work,
we have reported a method for direct detection of P. aeruginosa in
different water sources using in-house fabricated screen-printed sensors.
The proposed method has the advantage of being suitable for on-site
rapid detection and frequent monitoring of P. aeruginosa before human
consumption or use of water. Further optimization of the lower detec-
tion limit is necessary before direct application in the field.
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