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Abstract: Pseudomonas aeruginosa (PA) is a pathogen that is recognized for its advanced antibiotic
resistance and its association with serious diseases such as ventilator-associated pneumonia and
cystic fibrosis. The ability to rapidly detect the presence of pathogenic bacteria in patient samples is
crucial for the immediate eradication of the infection. Pyocyanin is one of PA’s virulence factors used
to establish infections. Pyocyanin promotes virulence by interfering in numerous cellular functions
in host cells due to its redox-activity. Fortunately, the redox-active nature of pyocyanin makes it
ideal for detection with simple electrochemical techniques without sample pretreatment or sensor
functionalization. The previous decade has seen an increased interest in the electrochemical detection
of pyocyanin either as an indicator of the presence of PA in samples or as a tool for quantifying PA
virulence. This review provides the first overview of the advances in electrochemical detection of
pyocyanin and offers an input regarding the future directions in the field.

Keywords: pyocyanin; electrochemical detection; voltammetry; pseudomonas aeruginosa;
diagnosis; infections

1. Pseudomonas aeruginosa Can Be Identified by a Unique Biomarker

Pseudomonas aeruginosa (PA) is on the list of particularly problematic bacterial pathogens published
previously by the World Health Organization [1]. PA is an opportunistic pathogen responsible for
severe infections in various body systems, including the respiratory tract, the urinary tract, the vascular
system and the central nervous system. Furthermore, PA is one of the main causes of nosocomial
infections [2]. PA possesses various virulence factors aimed at establishing long-term infections [3,4].
One of the most important PA virulence factors is pyocyanin which is uniquely produced by PA [2].
Pyocyanin has earlier been considered to be a waste product having no actual biological function.
However, pyocyanin has, in the past decade, gained wide recognition as one of the crucial factors in
the establishment of PA infections [5,6].

Pyocyanin is a redox-active molecule, capable of accepting and donating electrons, which makes
it ideal for electrochemical detection [7]. The incorporation of electrochemical sensing into pyocyanin
diagnostics offers a variety of advantages, which includes avoiding sample pretreatment, a faster
measurement time, increased sample screening yield, lower detection limits and enhanced sensitivity
compared to conventional techniques. Moreover, electrochemical sensing provides the opportunity for
point-of-care detection of PA unlike conventional techniques that require well-equipped laboratories
and trained staff. The most successful modern use of electrochemistry in medicine is the electrochemical
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sensors for measuring glucose in blood [8]. Pyocyanin has only recently been utilized in miniaturized
electrochemical sensing [9]. Intensive research efforts and progress in pyocyanin quantification has
therefore only lately been made as a consequence of pyocyanin gaining increasing attention. The
electrochemical detection of pyocyanin is therefore a newly emerging field arising from the rapid
progression in basic pyocyanin research.

Several reviews have covered the general electrochemical detection of common pathogens,
including PA [10-12]. However, to date, there has been no review of the numerous attempts of
pyocyanin detection, nor of associated clinical and research applications. Here, we provide the first
focused overview of the current electrochemical detection of pyocyanin. The review provides a
comprehensive description of the different electrochemical approaches utilizing the redox-active nature
of pyocyanin. Finally, the review summarizes the applications of electrochemical pyocyanin sensing in
clinical and bacterial research settings and points to crucial directions for future research.

2. Importance of Pyocyanin as Detection Target

PA is the only bacteria capable of producing the redox-active molecule pyocyanin [13]. Pyocyanin
was the name given by Fordos in 1859 due to the blue pigment seen on PA infected wound dressings [14].
Several studies have repeatedly proven the significance of pyocyanin in the virulence and pathogenicity
of PA infections [7]. Amongst the virulence characteristics is the antagonistic effects of pyocyanin
on host cells that result in cellular damage and death. Pyocyanin has the ability to induce oxidative
stress, partially due to its capability of increasing intracellular levels of reactive oxygen species (ROS).
It has also been suggested that pyocyanin contributes to biofilm formation by promoting cell-to-cell
interactions between PA cells [2,5-7,14,15].

2.1. Nonelectrochemical Techniques Used for Pyocyanin Detection

Since the discovery of pyocyanin, pyocyanin has been studied in microbial or clinical research
through standardized procedures. Pyocyanin is extracted from PA cultures or clinical specimens
using chloroform extraction protocols from supernatants of the culture or clinical samples [16,17].
Subsequently, the pyocyanin is quantified by high performance liquid chromatography (HPLC) or
spectrophotometry with detection limits in the micromolar range [18-20]. Pyocyanin chemistry has
also been characterized by Proton Nuclear Magnetic Resonance (Proton NMR) and Fourier Transform
Infrared Spectroscopy (FTIR) [21]. Common for these techniques is the dependency on centralized
laboratories, time-consuming pyocyanin extraction and purification, the need for trained personnel and
inevitable complex workflow. Direct detection of pyocyanin in clinical samples and bacterial cultures
without sample pretreatment has been reported possible by Surface Enhanced Raman Spectroscopy
(SERS) and Surface Enhanced Resonance Raman Scattering (SERRS) [22-24]. Thus, SERS may be a
possible candidate for simple pyocyanin detection that also has the potential to be developed into a
point-of-care system.

2.2. Basic Electrochemistry for Pyocyanin Studies

Electrochemical sensors used for pyocyanin detection usually consists of a three-electrode
configuration, where a current moves between a counter electrode (CE) and a working electrode (WE),
and the potential of the WE is measured against the reference electrode (RE) (see Figure 1) [25]. The
electrochemical detection of pyocyanin generally relies on its capability to diffuse to the proximity of
the working electrode surface. Here, the pyocyanin interacts electrochemically with the electrode by
oxidation or/and reduction and a perturbation in the current will be measured by the electrochemical
measuring equipment, the potentiostat [9].
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Figure 1. A three-electrode system consists of a working electrode (WE) where the reaction of interest
occurs, a counter electrode (CE) to pass the needed current to WE and a reference electrode (RE) which
the WE potential is measured against. A: Ammeter. V: Voltmeter.

The electrochemical sensors require no functionalization due to the direct identification of the redox
potential of pyocyanin [9]. The electrochemical activity entails a reversible redox-reaction involving
two electrons often depicted as negative potentials in voltammograms (Figure 2) [9,26]. Irreversible
phenolic oxidation occurs at higher positive potentials, which is responsible for polymerization of
pyocyanin (Figure 2A). The polymerization leads to increasing peak heights for the pyocyanin oxidation
and reduction with repetitive scan cycles. Polymerization can be avoided by limiting the scan range to
the reversible redox reaction window and thereby obtaining exclusive conversion between the soluble,
monomeric form of pyocyanin (Figure 2B).
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Figure 2. (A) Pyocyanin can undergo a reversible redox-reaction involving two electrons and an
irreversible phenolic oxidation. (B) The phenolic oxidation and polymerization can be excluded by
limiting the potential window. Adapted from Sharp et al. 2010 [9].

Electrochemical detection allows a fast and simple quantification of pyocyanin at a fair cost [27].
Furthermore, the electrochemical measurements are capable of quantifying pyocyanin to limits of
detection and sensitivity beyond conventional approaches [25]. Potentiostats can be bought in various
sizes, including handheld, portable devices, making point-of-care use technologically possible.

3. The Start of Electrochemical Pyocyanin Detection

The vast majority of electrochemical pyocyanin detection reported earlier relies on voltammetric
techniques. The first electrochemical sensing of pyocyanin was reported in 1996, where a hanging
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mercury drop electrode with a surface area of 1.97 mm? was employed as the WE, a platinum electrode
as the CE and Ag/AgCl as the RE [28]. Pyocyanin was detected by adsorptive stripping voltammetry
(AdSV) with an oxidation peak at the potential of —0.17 V against Ag/AgCl. The limit of detection
(LOD) was 2.0 nM in diluted Mueller—-Hinton broth [28].

It was not until more than a decade later that the next approaches for electrochemical detection of
pyocyanin appeared. In 2009, cyclic voltammetry (CV), differential pulse voltammetry (DPV) and Faradaic
impedance spectroscopy (FIS) were used to measure the generation of pyocyanin associated with the
formation or inhibition of biofilm [29]. Additionally, also in 2009, Sharp et al. used a carbon fiber tow as
the WE to demonstrate that pyocyanin can be measured in a miniaturized setup [9]. A cyclic voltammetric
assessment showed reversible pyocyanin transformations at —0.18 and —0.25 V and a nonreversible
oxidation at +0.85 V. The peak at the negative potential was used for quantification of pyocyanin by square
wave voltammetry (SWV), achieving an LOD of 30 nM in pH adjusted Britton-Robinson buffer.

In the following years, several pyocyanin detection approaches were published using disposable
screen-printed electrochemical electrodes [25,30-32]. The sensors were single-used and it was argued
that the disposability of the electrodes makes them ideal for irreversible electrochemical measurements
such as targeting the phenolic oxidation potential of pyocyanin. In 2016, a proof-of-concept based
on a disposable electrochemical setup showed the possible quantification of pyocyanin at positive
potentials using cyclic voltammetry [32]. The same group also demonstrated that an LOD of 125 nM
could be achieved by amperometric measurements at the positive oxidation potential of pyocyanin in
complex media containing various redox-active compounds [25].

Electrode modifications or in-house fabricated sensors were developed to further enhance the
sensing performance compared to the earlier reported screen-printed electrodes [26,27,33]. Several
sensor designs have been described in the literature, ranging from clean-room fabricated nanograss
sensors, conventional rod-electrode setups to cheaper models screen-printed on paper [23,31,32].
The fabrication techniques included shadow-printing, ink-jet printing, atomic layer deposition,
electrodeposition and electron-beam deposition, while the electrodes where modified with
nanoparticles, carbon-nanotubes and nanoalloys in addition to biological modifications to optimize
the sensitivity and detection limit [29,30,33-39].

Gold and carbon are the most reported common electrode materials used for electrochemical
pyocyanin detection. However, studies have shown that carbon constitutes a more suitable material
for pyocyanin detection due to the fit between the benzene ring in pyocyanin and the carbon molecular
structure. Table 1 shows an overview on studies that have developed pyocyanin sensing (methods
or sensors) by utilizing voltammetric techniques. The wide linear detection range and the low LOD
values reported in the literature cover physiologically relevant concentrations and enable a precise
analysis of microbiological studies of pyocyanin secretion. The variety of experimental setups, sensor
fabrication methods and analytical procedures point towards diverse and innovative electrochemical
approaches for pyocyanin detection in relevant clinical and microbiological settings. In all reported
studies, the voltammetric identification of pyocyanin relied on potential-specific selectivity. Studies
have electrochemically addressed the contribution of possible interfering molecules, suggesting that the
characteristic potentials, at which pyocyanin is oxidized, lie outside the interference window of the other
redox-active molecules [25,32]. Another study thoroughly investigated the ability to electrochemically
distinguish pyocyanin when PA is cocultured with other clinically relevant bacteria [40]. It was
demonstrated that the cocultured species did not generate redox-active metabolites that interfered with
the unique electrochemical signal of pyocyanin. As both the reversible redox reaction and the phenolic
oxidation of pyocyanin seemingly have limited to no interference from the background in biological
samples, it is possible to use both square wave voltammetry and amperometry for the quantification of
pyocyanin. However, there might be a higher risk of detecting currents from unspecific reactions when
applying amperometric techniques. On the other hand, cyclic voltammetry may only be useful for
proof-of-concept purposes due to the high contribution of nonfaradaic currents and the need for high
scan rates for detectable reversible currents of pyocyanin.
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Table 1. Overview of reports on electrochemical methods for the determination of pyocyanin.

. Electrode . . Detection Linear Range
WE Material Type/Fabrication Technique Electrolyte/Sample Matrix Potential LOD [uM] [uM] Ref
Mixture of pyoverdine, NAD,
NADH, NADP, NADPH,
Gold Screen printed cv phenazine-C12H8N2, and +0.699 V vs. Ag 2 2-100 [32]
Lysogeny Broth and Human
saliva
Mixture of pyoverdine, NAD,
. NADH, NADP, NADPH and
Gold Screen printed Amp Lysogeny Broth and Artificial +0.82 Vvs. Ag - 0.125-90 [25]
Sputum Medium
Integrated circuit sensing —0.33 V vs. )
Gold platform SWV Agar Ag/AgCl 2.6 - [40]
Deep reactive ion etchin Hypertonic saline and airway
Gold coated nanograss P el cung Coulometry samples from cystic fibrosis +0.533 Vvs. Au 0.172 0.313-25 [41]
and E-beam deposition .
patients
Electrodeposition and
Gold coated with a grafting redox-active Approx. =025V
catechol-chitosan film catechols onto a chitosan brv Lysogeny broth vs. Ag/AgCl 0.050 0.050-40 (391
film
Transparent carbon
ultramicroelectrode arrays
with chitosan gold . Lysogeny broth with sodium 1.6 1-100
nanoparticles Lithography SWv phosphate buffer 0245V vs. SCE 0.75 0.75-25 261
Planar transparent
macroelectrodes
Lysogeny Broth, urine, _
Carbon Screen printed SWV bronchial lavages, sputum Approx. —0.25V 0.13-1.81 1-100 [31]
. vs. AgCl
and heparinized blood
. —0.55V vs.
Carbon Shadow printed SWV Lysogeny Broth Carbon 0.095 1-40 [27]
Carbon Screen printed SWV Trypticase soy broth ~0.25Vvs. 0.038 0-100 [42]
p ypP y Ag/AgCl :
Agar-Au/Ag nanoalloy with 03V vs
Carbon Screen printed SWV human serum, whole blood, ) ’ 0.04 0.12 to 25 [33]
: Ag/AgCl
saliva
. . . 0.336-10
Carbon Pad printed SWV Britton-Robinson, Simulated ~02Vvs. 0.15 0.087 0.169 0.336-20 [43]
wound fluid, Human serum Ag/AgCl 0.183-20
. -0.5V vs. 3 )
Carbon Printed on glove SWV Hydrogel 3.33x 10 0.01-1 [44]

Ag/AgCl

50f15
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Table 1. Cont.
. Electrode . . Detection Linear Range
WE Material Type/Fabrication Technique Electrolyte/Sample Matrix Potential LOD [uM] [uM] Ref
Carbon nanotubes Ink-jet printed SWV Wound fluid simulant ~0-300V vs. 0.1 0.1-100 [37]
Ag/AgCl ' ’ :
. Britton-Robinson Buffer and —0.18 V vs.
Carbon fiber Tow SWV P. aeruginosa Broth Ag/AgCl 0.030 1-100 [9]
Graphite Rod DPV Lysogeny Broth ~0270 vs. - 1-71 [29]
P ysogeny Ag/AgCl
Shewanella oneidensis cells Human serum, blood plasma,
Biofilm colonized carbon as the bioelectrocatalyst saliva spiked in mineral B 5
cloth and lactate as electron cv medium plus LB and electron 041 Vvs. SCE 47x10 0.0001-0-1 [38]
donor donor (glucose/lactate)
. Acetate buffer, acetonitrile
Boron-doped diamond Rod DPV and spiked sputum —0.15V Ag/AgCl 0.05 2-100 [35]
Adsorptive . .
. o Mueller-Hinton broth diluted —0.17 V vs. 3
Mercury Hanging drop stripping in ammonia buffer Ag/AgCl 2.0x 10 0.002-0.3 [28]
voltammetry

6 of 15

Abbreviations: WE—working electrode, LOD—Iimit of detection, CV—cyclic voltammetry, SWV—square wave voltammetry, DPV—differential pulse voltammetry SCE—saturated

calomel electrode, Ag/AgCl—silver/silver chloride.
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4. Electrochemical Detection of Pyocyanin

4.1. Amplification of Pyocyanin Sensing

To facilitate enhanced electrochemical pyocyanin detection, several approaches have focused
on amplifying the electrochemical signal of pyocyanin. Physical modifications of the electrodes by
nanostructures such as nanoparticles and carbon nanotubes can enhance the sensitivity and LOD but
may reach a barrier where the optimization has reached its limit. Therefore, alternative approaches
have been invented to further optimize pyocyanin detection in terms of detection range and LOD.
This has been conducted either by biologically inducing more pyocyanin excretion or biochemically
amplifying the existing pyocyanin signal. The biologically assisted amplification is based on adding
chemicals that biologically will stimulate PA to produce pyocyanin. Amino acids are key components
for bacterial growth. One study showed that pyocyanin production was upregulated by several
types of amino acids (proline, histidine, arginine, leucine, tyrosine, and valine) when added to PA
cultures [45]. This is especially useful in settings where the presence of PA in multibacterial cultures is
to be detected. Upregulating pyocyanin production can be beneficial for qualitative PA identification
when the cell number is low and there is a risk that the sensor will not be capable of detecting small
pyocyanin concentrations.

The biochemical amplification is mainly useful for the detection of low pyocyanin concentrations
where quantification is valuable. Diverse mediators can engage in redox-cycling reactions with a
biobased redox capacitor. Redox cycling with catechol-chitosan as a redox capacitor can amplify
electrochemical signals for detecting pyocyanin. This method showed that an LOD of 50 nM could be
achieved [39]. A similar approach using a bioelectrochemical sensing system based on a whole-cell
redox reactivation module was constructed using Shweanella oneidensis cells as the bioelectrocatalyst
and lactate as the electron donor [38]. This setup could regenerate reductive pyocyanin from its
oxidative state and this way enable repeated pyocyanin registration. With this method it was possible
to reach an LOD of 47 pM [43].

4.2. Simultaneous Profiling of PA Metabolites

Pyocyanin is not the only redox-active compound produced by PA. PA secretes a number of
redox-active phenazines and quorum sensing (QS) molecules, including pyoverdine, Pseudomonas
Quinolone Signal (PQS), 2-heptyl-4-hydroxyquinoline (HHQ), 1-phenazine-1-carboxamide (PCN),
phenazine-1-carboxylic acid (PCA), and 5-methylphenazine-1-carboxylic acid (5-MCA) [46,47].
Although only pyocyanin is exclusively produced by PA, the simultaneous detection of several
metabolites is advantageous both for bacterial research purposes, but also for using the presence of
the compounds as a molecular signature for PA. Several studies have conducted multiple molecule
detection using electrochemical measurements. These studies have mapped the potential values
belonging to the aforementioned metabolites and do not overlap, which allows the simultaneous
detection of the compounds in one measurement, e.g., through DPV or SWV in the relative potential
range of —0.7 to 1.5 V [35,41,48-52].

Although the majority of reported electrochemical detection of pyocyanin employs voltammetric
techniques, pyocyanin measurement by electrochemical impedance spectroscopy (EIS) has only once
been described in the literature. The study stated that a characteristic impedance signature changed
due to the presence of phenazines including pyocyanin [53].

4.3. Detection of Pyocyanin from Biofilms on Agar

The detection of pyocyanin excretion from PA cultures on agar plates was studied by a number
of routes. Pioneering was Bellin et al. who microfabricated an array of electrodes with an agar layer
placed on top of it. This way it was possible to spatially monitor pyocyanin concentration gradients
produced across a PA colony. However, it was necessary to grow the bacteria on an agar plate and then
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transfer it to the electrode array for measurements. The output would be single-time measurements of
a “line scan” across the bacterial colony showing the variance of the pyocyanin concentration [41].

The complexity of the fabrication and the handling of this setup gave rise to a simpler approach
where different PA cell counts were cultured in an agar plate. An electrochemical screen-printed sensor
was placed beneath the agar. The pyocyanin was then measured every hour using SWV, showing an
increasing pyocyanin concentration over time. This study aimed at gaining early PA identification on
agar plates compared to the conventional visual inspections. Using this approach it was possible to
confirm the presence of PA several hours before visual analysis [54]. Although this method was simple
and cheap, it was not intended for the spatial monitoring of pyocyanin gradients.

The implications of the direct detection of bacterial pyocyanin responses allow for the investigation
of instant bacterial behavior towards different stress factors, such as antibiotics, other microbial species,
nutrients, oxygenation, etc. Screen-printed commercial electrodes were used to detect the pyocyanin
response when PA biofilms were exposed to increasing concentrations of the antibiotic colistin sulfate.
It was demonstrated that pyocyanin production was reduced by 68% and 82% when exposed to 16 and
100 mg/L of the antibiotic, respectively [30].

4.4. Scanning Electrochemical Microscopy for Pyocyanin Investigation

Scanning electrochemical microscopy (SECM) is a technique that measures the local electrochemical
behavior of substrate interfaces. Spatially resolved electrochemical signals can be acquired by measuring
the current at an ultramicroelectrode tip as a function of the tip position scanned over a region of interest.
An SECM was utilized to measure the pyocyanin produced in the proximal to a PA biofilm. The study
revealed a pyocyanin gradient extending several hundred microns from the biofilm surface [55]. The
same group used SECM to investigate pyocyanin as a QS molecule in aggregate populations. By
measuring the pyocyanin production of PA grown in microtraps, it was discovered that QS occurs in
aggregates as small as 500 cells [56]. Another study demonstrated the simultaneous electrochemical
measuring and imaging of pyocyanin and other metabolites in biofilms using an SECM coupled to an
electrochemical camera chip. This approach gives a unique resolution of the electrochemical activity of
biofilms [50]. It is worth noticing that in the SECM setups, redox mediators have been used to generate
a feedback approach curve.

The simultaneous detection of pyocyanin while optically imaging the bacteria was possible using
transparent ultramicroelectrode arrays [26]. This could enable the real-time or online detection of
pyocyanin during the visualization of the cells. Although the ultramicroelectrode array did not allow
for an LOD better than the LODs reported by peer researchers, and the linear detection range was
reported to be 1-250 uM, which is a larger range than has been documented earlier.

5. Towards Clinical Applications

PA is associated both with severe acute infections—in particular in hospitals and intensive care
units (ICUs)—and with persistent hard-to-cure infections in many different types of patients, and
successful therapy requires interference when the bacterial populations are small and susceptible to
antibiotics. As such, it is highly important to develop efficient diagnostic methods with high sensitivity
and rapid signal detection. Despite the intrinsic tolerance to many antibiotics, it is still possible
to control and eradicate P. aeruginosa populations if discovered very early, before they replicate to
form large populations with diverse physiologies and enter into adaptive evolution processes. Very
often, P. aeruginosa is just one of many different microbial species, and it is therefore possible for the
organism to hide in the respective microbiota. This scenario is particularly challenging for a successful
diagnosis, and again this challenge can only be met by fast, specific and sensitive tracing methods such
as pyocyanin monitoring [57].

Today, PA is clinically diagnosed by sampling relevant body fluids and plating them on PA
selective agar plates. After 2-5 days of culturing, the plates are visually inspected and if growth appears
similar to the characteristic PA morphology and color, the sample is determined PA positive [58]. The
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problem of this well-established method is that it is labor intensive, takes several days and is dependent
on the initial PA cell number in the sample. If the cell number is too low, it is impossible for the bacteria
to grow on the plates. Furthermore, other coexisting microorganisms in the patient sample might
overgrow on the plate and thus PA can be overseen [59,60]. These major issues with bacterial culture
leads to low sensitivity in PA identification, which has been repeatedly reported in the literature [61,62].
As there is no simple alternative to bacterial culture, clinics widely rely on this technique [60]. A
Polymerase Chain Reaction (PCR) of the 16S ribosomal DNA (16S rDNA) can additionally be used as
a precise PA diagnostic approach [63]. However, a PCR of the 165 rDNA requires DNA extraction
and purification from the patient samples in addition to being dependent on centralized laboratories
with trained staff. The detection of pyocyanin as a biomarker for an early diagnosis of PA is therefore
a potential alternative to bacterial culture or PCR of PA. The advantages of pyocyanin detection in
human fluid samples as an indicator for PA infections are manifold, including the high sensitivity,
rapid measurement run time and the potential of point-of-care development.

To successfully apply the electrochemical detection of pyocyanin for PA identification in clinical
samples, several studies measured human fluids spiked with pyocyanin [31,32,48]. The investigated
human fluids covered urine, blood, bronchial lavage, sputum, saliva and hypertonic saline for laryngeal
aspirate suctions as well as simulated wound fluid and artificial sputum medium [25,33,37,42,43]. PA is
a urinary tract pathogen, which makes urine an obvious body fluid to develop pyocyanin detection in.
Urine is also an interesting fluid for pyocyanin detection as various research has proven that infected
patients excrete pyocyanin with urine regardless of the foci of infection [64,65]. Blood is also relevant
as a target body fluid for pyocyanin detection as PA bloodstream infections have significant patient
mortality [66]. Early detection of PA in blood is therefore important for appropriate initial antimicrobial
treatment strategies. Wound fluids are similarly relevant as patients with chronic wounds often suffer
from PA infections [43].

Airway secretions, including sputum, bronchial lavage and laryngeal aspirate suctions, are major
sampling targets for patients with lung infections, especially cystic fibrosis patients [62]. Given the
high incidence of chronic airway colonization by PA in patients with cystic fibrosis, the majority
of research on pyocyanin has primarily been focused on its effect on this disease’s progression [5].
Electrochemical measurements with an SWV detection of blood did not show any background peak at
the negative potentials where pyocyanin was expected to oxidize. Sputum, saliva, urine and hypertonic
saline showed background peaks overlapping with the peak of pyocyanin [31,32]. This was solved
by detecting pyocyanin at its positive phenolic oxidation potential where no interference from the
background occurs [25,32].

A clinical trial has been performed for the electrochemical detection of PA via pyocyanin in chronic
wound samples from patients. The trial included 12 patients with chronic wounds. Wound fluids
and biofilm samples were collected for analysis with SWV detection utilizing the negative potential
assigned to pyocyanin. Only 7.5 pL of wound exudate was needed for each analysis. The sensing
surface was covered with a polymeric membrane to achieve the reduced amount of the sample volume.
The electrochemical results were compared against a 16S rRNA profiling of the samples, revealing a
sensitivity of 71% and a specificity of 57% for the detection of PA [67].

In another innovative approach, electrodes were printed onto the fingers of a glove to create
a point-of-use electrochemical pyocyanin screening tool [44]. The glove-based sensor can be used
to swipe a surface for screening of the presence of PA. This approach could especially be useful in
out-patient clinics where risk of cross-contamination between patients is high.

6. Pyocyanin Detection in Clinical Isolates

In the previous section, we reviewed the attempts of using pyocyanin as an indicator for the
presence of PA in human body fluids. Another direct clinically relevant implication of the fast sample
screening electrochemical techniques offer, is the quantification of pyocyanin in PA isolates from
patients. Isolates are typically collected by plating patient samples on selective plates followed by
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isolating single PA colonies. Since pyocyanin is a QS regulated molecule reflecting the regulatory and
physiological state of P. aeruginosa, the use of monitoring methods such as the described electrochemical
sensors will have a great impact on the research. The knowledge gained by screening bacterial isolates
combined with a prospective study of the patient history can reveal valuable information about
bacterial responses to antimicrobial treatment or environmental stress factors [5,68].

Most reported studies have been focusing on proof-of-concept research on wildtype laboratory PA
strains such as PAO1 and PA14. An actual electrochemical detection of pyocyanin in clinical isolates
was conducted by Sismaet et al. on 94 different isolates from patients with hospital-acquired infections
or patients with cystic fibrosis. The results proved that all the isolates produced pyocyanin [42]. This is
an important finding for the direct identification of PA in clinical samples, as nonproducing PA isolates
would lead to false negatives when using pyocyanin as a biomarker for PA. Thus, it is important that
pyocyanin detection for PA diagnostics should primarily be applied in the early stages of infection
where PA has not yet lost the pyocyanin related genes (PhzM and PhzS) [5].

Another study electrochemically investigated the impact of other pathogenic microbes on
pyocyanin production from PA cultures, finding that both growth media and cocultures significantly
influence the pyocyanin production [52]. The complex molecular interactions between secreted
compounds, in addition to the microbiological interaction with regard to uptake and the growth media
in which the bacteria are cultured, are all factors that are of microbiological interest to investigate to
understand PA behavior.

The simplicity of electrochemical sensing allows for the fast and sensitive studying of the dynamics
of microbiological conditions affecting pyocyanin production and has implications for basic and clinical
understanding of PA. However, when comparing pyocyanin quantification across reported studies, it
is important to take into consideration that the pyocyanin diffusion is dependent on the sample matrix.
Due to the lack of standardized growth media and standardized media mimicking real biological
samples or body fluids, there will be significant variations between reported concentrations.

7. Future Directions

Pyocyanin has been demonstrated to impact the cellular function of host systems [2,5,6]. The
electrochemical detection of pyocyanin has proven its worth as a potential diagnostic approach for
indicating the presence of PA and as a tool for a rapid quantitative screening of the molecule in
laboratory settings. The future directions can be summarized in two categories: (1) the technological
development of electrochemical sensing and (2) the applications of electrochemical sensing.

The technological development of electrochemical sensing of pyocyanin has already provided us with
basic tools that can measure pyocyanin with high accuracy and to clinically relevant detection limits.
Although the current electrochemical pyocyanin detection development is comprehensive and covers
several clinical and microbiological needs, the current literature is predominantly limited to in vitro or
ex vivo studies. However, assessing the pyocyanin development from early infection to late chronic
infection in vivo can provide insights to the adaptation of PA in patients. The effects of antimicrobials
on the production of pyocyanin in vivo might also reveal information about the effectiveness of certain
pharmacological agents and hence allow more personalized medication. Implementing electrochemical
sensors in mice for the detection of other metabolites has already been reported in the literature
and therefore there is no technological hinderance for the detection of pyocyanin in vivo. Another
relevant future technological development is the creation of in situ sensors for the electrochemical
detection of pyocyanin. In situ sensors would allow an on-the-spot detection of pyocyanin during, e.g.,
surgeries where samples are difficult to collect. In cystic fibrosis patients, who especially suffer from
PA infections, it could be relevant to develop in situ sensors that can be inserted through the nose to
the sinus or through the mouth to the lower airways.

The application of electrochemical sensors for clinical investigations can already be executed
with no further technological development. The electrochemical sensing of pyocyanin can help us
answer biomedical questions that have been difficult to pursue with conventional methods. An early
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diagnosis of PA during the early colonization or infection stages is the most important application of
electrochemical pyocyanin detection. The understanding of PA disease progression through biomarkers
such as pyocyanin might create new insights regarding the adaptation of the bacterium during infection
establishment and chronic colonization [6,69,70]. The electrochemical tools can also be used for
screening purposes when searching for therapies to minimize the toxicity associated with PA infections.
In vivo, in situ and ex vivo electrochemical monitoring of pyocyanin and the high throughput analysis
of large sample quantities are likely to be the most productive avenues for future research.

8. Concluding Remarks

PA is an opportunistic pathogen causing severe infections in immunocompromised patients [71].
Extensive basic and clinical research has proven that PA has several not yet completely uncovered
strategies for establishing infection [61,72]. Virulence factors including pyocyanin are crucial in the
adaptation process; however, their exact impact remains unclear [3]. As pyocyanin is a redox-active
compound uniquely secreted by PA, it has in the recent years been detected by electrochemical sensing
techniques. Electrochemical sensing is capable of quantifying pyocyanin to sub nanomolar limits
without a sample pretreatment and within seconds of the measuring time, thus allowing a high
throughput and accurate analysis. This newly emerging field has led to various research approaches
that seek to understand of the pyocyanin role in the process of infection establishment. The studies
have demonstrated that the electrochemical sensing of pyocyanin has the potential to be used as a
diagnostic tool in clinical settings to identify PA in patient samples and as a research tool for the rapid
screening of pyocyanin concentration in bacterial cultures. Future research is required to establish
techniques for the in vivo and in situ electrochemical detection of pyocyanin. Novel developments can
help understanding the action of pyocyanin in diseases, which is timely as the clinical relevance of
pyocyanin is gaining wide recognition.
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