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a b s t r a c t

During infections, fast identification of the microorganisms is critical to improve patient treatment and to
better manage antibiotics use. Electrochemistry exhibits several advantages for rapid diagnostic: it
enables easy, cheap and in situ analysis of redox molecules in most liquids. In this work, several culture
supernatants of different Pseudomonas aeruginosa strains (including PAO1 and its isogenic mutants
PAO1DpqsA, PA14, PAK and CHA) were analyzed by square wave voltammetry on glassy carbon electrode
during the bacterial growth. The obtained voltamograms shown complex traces exhibiting numerous
redox peaks with potential repartitions and current amplitudes depending on the studied bacterium
and/or growth time. Among them, some peaks were clearly associated to the well-known redox toxin
Pyocyanin (PYO) and the autoinducer Pseudomonas Quinolone Signal (PQS). Other peaks were observed
that are not yet attributed to known secreted species. Each complex electrochemical response (number of
peaks, peak potential and amplitude) can be interpreted as a fingerprint or ‘‘ID-card” of the studied strain
that may be implemented for fast bacteria strain identification.

Published by Elsevier B.V.
1. Introduction

Detection and identification of pathogenic bacteria is of main
importance in clinical diagnostics, food processing or water quality
management. Reference methods for bacteria identification are
either time-consuming, such as classical cultures on Petri dishes.
Other are complex and expensive such as PCR-based detection
strategies. Early in situ real-time identification would enable rapid
treatment to avoid proliferation and further possible contamina-
tion of humans or animals. Moreover, this would enable better
antibiotic management, leading to substantial societal and eco-
nomical gains [1]. Bacteria are known to secrete a wide range of
small (bio)molecules (including proteins, peptides, lipids and small
organic compounds) involved in or/and issued from their commu-
nication process, metabolism or virulence [2,3]. This secretome is
specific to each bacterium and can be used for in situ detection
and identification in water analysis, food processing or diagnostics
(measurements in biological fluids, serum, whole blood, saliva,
urine). Contrary to others strategies, like microgravimetry, electro-
chemical impedance spectroscopy or surface plasmon resonance,
detecting (bio)molecules secreted by a bacterium has the tremen-
dous advantage to do not need any specific bioreceptor.

Bacterial secretome is widely studied for different pathogenic
bacteria including Pseudomonas aeruginosa [4,5]. These studies
are mainly focused on the identification of the different species
present in the secretome and their implication in the bacterial reg-
ulation process or virulence. These analyses require generally com-
plex apparatus including HPLC and mass spectrometry [6] that are
impossible to miniaturize with the aim of in situ real time detec-
tion. Within the secretome (bio)molecules, some species present
a redox behavior that could be exploited for analytical purpose
using electroanalysis. For example, P. aeruginosa is known to
specifically produce the blue redox-active virulence factor Pyocya-
nin (PYO), (hence the common name of ‘‘Bacillus pyocyaneus”).
Such a specificity from P. aeruginosa has recently orientated the
idea of using electrochemistry to detect the presence of the bac-
terium in culture media [7–12]. Additionally, more recent works
showed that P. aeruginosa is able to generate a range of redox
active species that could be used as biomarkers of the bacterial
presence: (i) several molecules of phenazine family as PYO: the
phenazine-1-carboxylic acid (PCA) and the phenazine-1-
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carboxamide (PCN) [13–15], the 1-hydroxyphenazine (OHPHZ)
[13], the 5-methylphenazine-1-carboxylic acid (5-MCA) [14,15],
and the 5-methyl-7-amino-1-carboxyphenazinium betaine (aerug-
inosin A) [16]; (ii) two alkyl-quinolones, which have a role of
chemical messengers: Pseudomonas Quinolone Signal (PQS) [17–
19], and its direct precursor the 2-heptyl-4(1H)-quinolone (HHQ)
[17,19]; (iii) one small volatile molecule: the 2’-
aminoacetophenone (2-AA) [20].

All the above-cited molecules belong to P. aeruginosa quorum
sensing (QS). QS includes all the mechanisms for evaluation by
bacteria of their population density in order to adapt their behav-
iors. It relies on small molecules, the autoinducers (AIs), secreted
by the bacteria during growth. When AIs concentrations reach
threshold levels, specific receptors are activated and allow the
expression of their target genes. There are three major intercon-
nected QS systems in P. aeruginosa [21,22]. Two of them, the las
and rhl systems, are based on AI molecules from the N-
acylhomoserine lactones family (the N-3-oxo-dodecanoyl
homoserine lactone and the N-butanoyl homoserine lactone,
respectively). The AIs of the pqs system are HHQ and PQS that
can bind to and activate the transcription factor PqsR (Fig. 1),
which in turn upregulates the genes required for synthesis of all
the other above-cited redox molecules [23]: the phenazines
through the action on the phz operons [24–26] and the 2-AA
[27]. In situ detection and identification of QS species, and particu-
larly precursor ones, is an innovative field of research that could
lead to an early detection of P. aeruginosa and a rapid treatment
of infected patients.

Besides its ability to secrete numerous redox components in the
culture supernatant, P. aeruginosa presents a great medical inter-
est: it is the fourth most common bacterium responsible for noso-
comial infections in Europe [28] and it infects chronically more
than 70% of cystic fibrosis patients who are over eighteen [29].
We already demonstrated the interest of direct electrochemical
characterization of P. aeruginosa culture supernatant on the refer-
ence P. aeruginosa strain PAO1 [30]. The electrochemical response
displayed a voltamperometric fingerprint associated to the com-
plexity of the molecular cocktail secreted by a bacterial type. At
the same time [18] and following this work [19], other researchers
used this concept, thus demonstrating the benefits of the electro-
chemical characterization.
Fig. 1. Regulation scheme of the electrochemical responsive species of P. aeruginosa. The P
enzyme. Both HHQ and PQS are the co-inducing ligands of the transcriptional regulato
production. Phenazine synthesis begins by the production of PCA thanks to the action of
and 5-MCA by action of PhzH, PhzN and PhzM enzymes, respectively. The last phenazine,
PYO through that of PhzS protein.
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The present work reports the supernatant electrochemical sig-
natures of bacteria grown in batch culture. It underlines also the
correlation between bacterial growth and redox biomarkers pro-
duction. As it is well established that different strains of P. aerugi-
nosa generate different secretomes, Das and Manefield, 2012;
Dietrich et al., 2006; Lépine et al., 1622 [31–33] due to different
genome contents and metabolomic pathways, we determined the
electrochemical fingerprints for different P. aeruginosa strain
supernatants and their evolution overtime. To do so, we first char-
acterized the electrochemical response of the wild-type strain
PAO1 and compared it to that of PAO1DpqsA, an isogenic mutant
unable to produce any alkyl-quinolones [34]. Then, three P. aerug-
inosa strains, presenting differences in the secretome composition
or secretome component concentrations, were studied to evaluate
the selectivity of the electrochemical response with the bacterial
strains. We chose to use square wave voltammetry (SWV) in this
work, an electrochemical method more and more employed to
detect pyocyanin over the last years [35–39].
2. Material and methods

2.1. Chemical and reagents

All the chemicals were purchased from Sigma-Aldrich with the
highest purity grade existing and used without any further purifi-
cation. Stock solutions of Pseudomonas Quinolone Signal (PQS)
12.7 mM and Pyocyanin (PYO) 8 mMwere prepared in acetonitrile,
aliquoted and stored in freezer (�20 �C). Working solutions were
prepared by dilution of stock solutions in adequate media: phos-
phate buffer solution (PBS) or Lysogeny Broth (LB) medium (NaCl
10 g/L, yeast extract 5 g/L, tryptone 10 g/L).

2.2. Bacterial strains and growth conditions

P. aeruginosa strain PAO1 (Holloway collection) and its isogenic
mutant PAO1DpqsA [40], PA14 (R. Kolter), PAK (D. Bradley) and
mucoid cystic fibrosis (CF) CHA [40] were investigated.

The same protocol was used for PAO1, PAO1DpqsA, PA14 and
PAK. The P. aeruginosa strains were first inoculated in 30 mL LB
medium and incubated overnight at 37 �C under agitation
(300 rpm). Overnight cultures were centrifuged and washed with
qsA-D proteins produce HHQ, which is converted into PQS by the action of the PqsH
r PqsR, which activates, among others genes, those leading to 2-AA and phenazine
PhzA-G proteins. Then, PCA is converted into 3 different phenazines: PCN, 1-OHPHZ
5-MCA, could be converted into aeruginosin A through the action of ammonia or into
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LB. At t0, 1 mL of each bacterial solution was added to 155 mL of
fresh LB medium to obtain an optical density at 600 nm (OD600)
of 0.05 (about 3∙10 [7] bacteria/mL). Then the cultures were incu-
bated at 37 �C, 300 rpm. At 0, 2, 3, 4, 5, 6, 8, 10 and 24 h of growth,
6 mL of the medium were removed, centrifuged at 6000 rpm,
passed through 0.2 mm filter and stored in ice until the electro-
chemical analyses were performed. In parallel, bacterial growth
and supernatant pH were followed by OD600 spectrophotometer
and a pH meter equipped with classical glass electrode,
respectively.

The culture supernatant of mucoid CF CHA strain was character-
ized after 8 h of growth. For that, 100 mL of fresh LB medium was
inoculated with washed bacteria to obtain an OD600 of 0.05 (about
3∙10 [7] bacteria/mL) and one sample of 10 mL was removed after
8 h of growth for analysis.

2.3. Electrochemical analysis

All electrochemical measurements were performed in a three-
electrode 1.5 mL Teflon cell. The working electrode was a Glassy
Carbon (GC from Methrom) electrode of 1 mm diameter, the refer-
ence electrode was a classical Ag/AgCl electrode ([KCl] 3 M) and
the counter electrode was a platinum foil.

GC working electrode was polished between each measurement
with a 1 mm diamond paste (RadioSpares). Then, it was rinsed with
ultra-purified water and ethanol before being vortexed 2 min in
ethanol and 2 min in ultra-purified water.

All electrochemical measurements were performed with a mAU-
TOLAB III potentiostat (Autolab Bv, The Netherlands) equipped by
Nova 1.10 software using square wave voltammetries (SWV) with
the following parameters: step 5 mV, amplitude 10 mV, frequency
2 Hz (scan rate 10 mV/s). The supernatant solutions were charac-
terized by SWV on the potential range of �0.35/+1.2 V, except
for CHA strain analysis for which the potential range was �0.7/
+1.4 V. The current background associated to the LB medium was
measured systematically for the selected potential window before
each experiment batch.

2.4. Data analysis

Data analysis was performed using Origin 9.1 software. For each
culture experiment, the background current, issued from medium
response, was modelled owing to a set of 8 experimental measure-
ments situated in the flat response and in the foot of the LB
response area (�0.35 to 0.60 V). Then, baselines were created for
each new data from this set of 8 points. Following baseline subtrac-
tion, peak amplitude and potential were determined using multi-
ple peaks fit function with Gauss shape in the potential range of
�0.35 V/+0.35 V.
3. Results and discussions

3.1. LB medium electrochemical analysis

Bacteria are grown in complex media that provide nutriments
required for cell growth. These media are enriched with proteins,
peptones and other molecular species. These species can electro-
chemically react at the electrode surface leading to overestimation
or/and possible hindering of P. aeruginosa supernatant electro-
chemical response. In order to enable baseline subtraction and
set the electrochemical windows of the culture medium, the char-
acterization of LB solution was performed using SWV.

The typical SWV response of LB (see Fig. S-1) is perfectly flat in
the potential range from �0.35 to +0.50 V and presents an intense
peak at a potential of +0.85 V. However, when repeating LB charac-
3

terization, the oxidation wave associated to the medium can
appear at slightly less or more positive potentials. In a previous
work, we showed that the main electroactive species secreted by
P. aeruginosa are included in the potential window �0.35 to
+0.90 V in PBS [42]. No interfering species that may induce false
detection are present in LB voltammogram, in the range of PYO
and PQS detection (�0.25 to +0.52 V). This makes possible the
detection for these molecules in LB. Detection of supernatant mole-
cules with redox potential upper than +0.5 V (such as the target
species HHQ and 2-AA) is compromised in LB because of the pres-
ence and the non-reproducibility of the intense oxidation peak at
+0.85 V [42]. Consequently, potentials higher than +0.6 V (foot of
the LB wave) are not considered in this work. To characterize the
P. aeruginosa supernatants, the boundaries of the SWV cycle are
fixed in the range of �0.35 to 0.6 V.

3.2. Electrochemical spectra of PAO1 and PAO1DpqsA supernatants

3.2.1. Overview of the PAO1 strain spectra
The study of the electrochemical responses of P. aeruginosa

secreted molecules was carried out by SWV in the supernatants
of different bacterial cultures. Two strains were first studied: the
PAO1 strain and its isogenic mutant PAO1DpqsA (which is deleted
of the pqsA gene sequence). This sequence is mandatory to produce
HHQ and PQS as presented in Fig. 1 [43]. So PAO1DpqsA strain does
not produce neither HHQ and PQS nor any phenazine species that
represent the main electroactive molecules secreted by P. aerugi-
nosa. [14,18] Therefore, PAO1DpqsA is used in this study to corrob-
orate peaks attribution associated to PQS production and to
identify the electrochemical responses associated to secretions
independent from pqs system.

To accurately compare the electrochemical responses of the
strains, we followed their growing behavior by using optical den-
sity (OD) experiments as reference method. Inserts of Fig. 2a and
b present the evolution of the culture OD at 600 nm (OD600) during
growth of PAO1 and PAO1DpqsA strains, respectively. Both strains
follow similar temporal evolution that is usually expected for bac-
terial cultures, including a short lag phase, an exponential growth
period and then a stationary phase.

Fig. 2a illustrates the electrochemical SWV spectra of PAO1
strain supernatant during growth. In the potential range �0.35 to
+0.60 V, seven to nine peaks appearedgradually, the first ones as
soon as 3 h of growth. The +0.25 to +0.60 V potential window is dif-
ficult to clearly analyze due to the presence of multiple peaks with
significant overlapping in potential. The well-defined peaks visible
in the potential range �0.35 to +0.25 V are numbered from 1 to 5.
Fig. 3 summarizes the temporal evolution of those peak
amplitudes.

Peaks 1 and 5 are assigned to PYO and PQS molecules, respec-
tively, based on their potential value. [42] To confirm this asser-
tion, aliquots of the two products were added to artificially
increase their concentration resulting in a concomitant increase
in peak intensities (data not shown). Other species of the phena-
zine family as PCA and PCN may be electrochemically detected at
potentials close to PYO one, as reported by Bellin et al. [14]. We
can rule out the presence of PCA and PCN in our sample as the
shape of the peak associated to PYO near �0.25 V is symmetrical
and well resolved (Fig. 2a).

Amplitude of PYO and PQS peaks increased substantially during
growth, up to 10 h, then it decreased (Fig. 2a). For PQS, this result is
consistent with Lépine et al. [33], who reported that PQS concen-
tration reaches a maximum level during the early stationary phase,
before decreasing. For PYO, literature shows that concentration
increases from 3/5h until 9/12 h of growth [32,44]. Then, PYO con-
centration is reported to either remain constant, [32] or decrease
[44].



Fig. 2. Temporal evolution of the SWV responses, on glassy carbon working electrode (step 5 mV, amplitude 10 mV and frequency 2 Hz) with the supernatant of two P.
aeruginosa strains: a. PAO1, b. PAO1DpqsA. The inserts present the temporal evolutions of OD600 and estimated bacterial concentrations for each strain.
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Peaks noted 2, 3 and 4, detected in the potential window �0.15
to +0.10 V (Fig. 2a), are not related to classically studied redox spe-
cies issued from P. aeruginosa QS. Peaks 2 and 3 reached also a
maximum before falling in current as already seen for PYO and
PQS during the bacterial growth. This suggests that the aforemen-
tioned species are under control of QS. From Bellin et al. [15]
results and according to its potential value, peak 3 may correspond
to 5-MCA. Concerning peak 4, it appeared late, after 8 h of growth
(Fig. 3): it might correspond to products of degradation coming
from secreted species since its appearance was concomitant with
the inflection of the peak amplitude of PYO, PQS and that of peak 3.

To verify the specificity of the SWV response to PAO1 secre-
tions, PAO1DpqsA mutant (which is impaired in HHQ and PQS pro-
duction, and, consequently, does not produce any phenazines34)
was assayed (Fig. 2b). As expected, the voltamperometric response
of the mutant supernatant markedly differs from the one of PAO1
(Fig. 2a). No response is observed in the �0.35 to +0.25 V area
where PQS and phenazines are normally detectable. From this
analysis, we could conclude that all the species detected in the
4

aforementioned range are dependent on pqsA expression, the
unknown species corresponding to peaks 2, 3 and 4 included. Con-
trary to the electrochemical response in the �0.35 to +0.25 V
potential range, a complex voltamperometric response is observ-
able in the +0.25 to +0.60 V range including 2–3 different peaks.
So, PAO1 strains seem to produce electrochemical species that
are not dependent of the pqsA–encoded enzyme. It is important
to notice that these peaks were not yet identified in the literature.
However, their attribution is out of the scope of this work and
would be the aim of further studies.

Interestingly, our experiments highlight the complex electro-
chemical response of secreted species in P. aeruginosa strain super-
natants over a large potential window. In the literature, PYO is
generally considered as the main electrochemical target in P.
aeruginosa supernatant due to its response amplitude and
reversibility. For example, the pioneering works of Bukelman
et al. [8] showed that PYO is the unique electrochemically respon-
sive species of PAO1 supernatant grown in LB over a potential win-
dow ranging from �0.7 to +0.6 V using cyclic voltammetry (CV). In



Fig. 3. Temporal evolution of the peaks amplitudes recorded in supernatant for
PAO1 culture.
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fact, at the exception of PYO response, the other peaks observable
in Fig. 2a exhibit rather low amplitude and may be partially or
totally hidden by background signal and capacitive current in CV
experiments. Indeed, pulsed electrochemical methods (e.g. square
wave and differential pulse voltammetries) provide strong advan-
tage over CV to efficiently extract the electrochemical response
from the capacitive and background currents. Recently, four other
works were published and explored large potential range using
pulsed voltametries [14,15,18,19]. Bellin and co-workers [14,15]
made their detection by SWV on �0.8 to +0.2 V range at 50 Hz
or 10 Hz. They did not observe any other peaks than those corre-
sponding to PYO and phenazines (PCN, PCA and 5-MCA). Indeed,
the utilized pulsing frequencies are too high for the characteriza-
tion of slow redox reactions as PQS one. Morever, the electrochem-
ical window is not sufficiently extended for exploiting other
existing signals at more anodic potentials [42]. Seviour et al. [18]
studied the PAO1 strain on �0.4 to +0.4 V potential range with dif-
ferential pulse voltammetry (DPV). However, only PYO and PQS
responses were found in the supernatant. Indeed, DPV is a well-
adapted technique to subtract capacitive and background currents
for the study of irreversible signals but does not amplify reversible
signals as SWV. So weak signals could be missed out. Buzid et al.
[19] studied PA supernatant on boron-doped diamond (BDD) elec-
trode using DPV on �0.35 to +1.5 V range. They detected PYO, PQS
and HHQ after physicochemical extraction from the supernatant
medium and redissolution in a exogenous analyte (mixture 20–
80% in volume respectively of acetonitrile and aqueous acetate buf-
fer 50 mM, pH 5.0,). The obtained voltammograms also show the
presence of two non-identified shoulders near �0.1 V and +0.1 V
that are not discussed in the paper. All these reasons could explain
why we observed more peaks in our experiments than in the ones
that were already published.
3.2.2. Evolution of the PYO and PQS peaks
To evaluate the concentration of PYO and PQS present in the

supernatant, calibration curves obtained within LB medium are
needed.

PYO calibration curves were made in triplicate in LB for concen-
trations ranging from 0.5 to 100 mM by using the same SWV exper-
imental parameters than those used for supernatant
characterization (Fig. S-2). Contrary to the linear calibration curves
obtained in PBS buffer [42], an allotropic behavior was observed
that could be explained by a matrix effect of LB medium that con-
tains a complex cocktail of molecular and proteinaceous compo-
5

nents. This allotropic behavior was already reported for
calibration in Muller Hinton medium [5]. Nevertheless, this cali-
bration enables us to determine the concentrations of PYO in the
supernatant as reported in Fig. 3. The maximum of PYO concentra-
tion was obtained after 10 h of culture and corresponds to 29.7 mM.
This value is of the same order of magnitude than the ones previ-
ously reported in the literature [32,45]. However, it is important to
note that this value is strongly dependent on culture conditions
(for example after 10 h of PAO1 culture, PYO concentration was
estimated at 6 mM for an OD600 equal to 2.2 in LB [32] and 60 mM
for an OD600 equal to 2 in peptone broth [45]) and on cell strain
variability.

We also studied in a previous work the electrochemical behav-
ior of PQS in PBS leading to its calibration curve in the concentra-
tion range 0–60 mM [42]. This calibration curve is accurately
obtained for concentrations lower than 20 mM whereas, for higher
concentrations, large variance is observed. This behavior reflects
the poor solubility of PQS in aqueous solution leading to its rapid
adsorption on the electrochemical cell surface as already reported
by Lépine et al. [33]. Such behavior is also demonstrated by the
decrease in signal amplitude observed over time in PBS for PQS
(10 mM), as determined by SWV (Fig. S-3, 20% of the signal was lost
after 25 min of measurement). Surprisingly, PQS exhibits more dra-
matic instability in LB medium free of bacteria leading to the com-
plete disappearance of response less than 5 min after addition
(Fig. S-3). Such behavior was already reported by Calfee et al.
[46] for peptone Trypticase Soy Broth medium. It may correspond
to interaction with constitutive proteins of the medium (that
would decrease PQS availability and diffusivity). Therefore, PQS
calibration in bacteria-free LB is impossible.

However, as displayed in Fig. 2a and b, contrary to the results
obtained in bacteria-free LB, the PQS peak was recorded in P. aerug-
inosa supernatant. Indeed, such behavior in LB medium containing
bacteria is explained by solubilization of PQS by the rhamnolipids
[46], a surfactant secondary metabolites produced by P. aeruginosa.
However, the electrochemical response of PQS appears rather weak
(10 mA after 10 h culture, Fig. 3) in comparison to PYO (150 mA–3
0 mM- after 10 h culture, Fig. 3). In fact, some quantification issued
from MS measurements shown that PQS could rise concentrations
as high as 323 mM after 8 h culture for PAO Strain [47]. Such a
lower amplitude could be explained by two concomitant phenom-
ena: first a large ratio of PQS remained bound to the bacterial
membranes Lépine et al. [33] and is therefore poorly detectable
using electrochemistry and, secondly, free PQS exhibits reduced
diffusivity and accessibility due to rhamnolipids complexation.
These phenomena could explain the impossibility to detect PQS
using cyclic voltammetry in Bukelman et al. [8] works.

As it is not possible to make a calibration curve in bacteria-free
LB, the quantification of PQS concentration in supernatants is only
possible through standard addition method. As already explained
above, 2 aliquots of PQS were added to the 24 h growth super-
natant (after sampling from the cell culture) to confirm the attribu-
tion of peak 5 to the PQS response. Through this method, an
estimated value of 9 mM is obtained for PAO1-secreted PQS after
24 h of growth. This concentration is of the same order of magni-
tude than that already reported for PAO1 strain: between 7 mM
(after 20 h of culture in modified ABTG medium, LC/MS determina-
tion) [18] and 55 mM (after 24 h of culture in LB medium, HPLC
determination) [48].

One can notice in Fig. 2a the cathodic shift of the PYO peak
potential measured in PAO1 supernatant during growth (from
�0.24 to �0.27 V). The electrochemical oxidation mechanism of
PYO exchanges two electrons and two protons. Thereby, according
to the Nernst law, the electrochemical potential of PYO exhibits a
linear pH dependency with a slope of 59 mV/decade for a reversi-
ble redox system. Consequently, the cathodic displacement of the
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PYO wave can be attributed to the alkalinization of the LB medium
during bacterial growth as already reported. [49] By taking pH 7 as
a reference point and the theoretical slope of �59 mV/decade, we
can calculate the supernatant pH from PYO peak potential dis-
placement. The pH variation calculated from PYO peak evolution
over time fits rather well the pH measured in the supernatant
using a pH glass-electrode (Fig. 4). Moreover, the pH temporal evo-
lution curves fits well the evolution of the OD600 of PAO1 strain
culture (Fig. 4). So, pH evolution seems to be homothetic with
the numbers of bacteria in the medium. As a consequence, P. aerug-
inosa bacterial growth could be estimated without need of other
external measurement owing to the potential shift of PYO peak.

3.2.3. Is the electrochemical spectrum specific from a bacterial strain?
Our data on PAO1 and PAO1DpqsA supernatants clearly show

the different electrochemical profiles that can be recorded depend-
ing on the ability of the strains to produce secondary metabolites
(wild-type vs mutant). To validate our approach, we pursued it
by analyzing the supernatants of different P. aeruginosa clinical iso-
lates. These isolates were chosen since they are extensively studied
in the literature and known to produce different amounts of sec-
ondary metabolites due to different genetic backgrounds. Hence,
the clinical isolate PA14, which exhibits higher virulence in various
infection models compared to the PAO1 strain [50], was also
reported to produce more PYO than PAO1 [31,32]. Another valu-
able strain is the PAK isolate that is known to be a poor producer
of PYO and unable to secrete PQS molecule Lépine et al. [33]. The
last strain we used is the CF isolate CHA, a mucoid strain that
secretes alginate [41]. The characteristic of this strain is to produce
colonies exhibiting a reddish color on Pseudomonas Isolation Agar
plate [51], instead of the blue-green color observed for the other
strains mentioned above. The associated pigment is not clearly
identified, but is presumably a phenazine derivative and thus
may be detected using electrochemistry.

Fig. 5 displays the temporal OD600 evolutions (insert) of the cul-
ture media and the electrochemical SWV responses obtained for all
the P. aeruginosa strain supernatants after 8 h of culture. All the
studied strains exhibits similar growth based on the OD temporal
evolution. The SWV voltammograms clearly exhibit marked differ-
ences in terms of peak amplitudes (PAO1 vs PA14) or peak reparti-
tion (PAO1 and PA14 vs PAK and CHA).

The electrochemical response obtained for PA14 is very similar
to that of PAO1 (Figs. 5 and S-4). Similar distribution of current
Fig. 4. Temporal evolution of the pH measured by glass electrode and of the pH
calculated from the shift in potential of the PYO peak potential and of OD600 for the
PAO1 culture in LB.
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peaks is obtained at the same potentials with a marked predomi-
nance of PYO and PQS peaks as already observed for PAO1. The
electrochemical responses of PQS and PYO (Fig. S-5) follow the
same evolution over time for both strains with a first detection
at around 4 h. As already seen for PAO1, PYO and PQS responses
decrease markedly after 10 h of growth. However, PA14 response
is clearly higher for PQS and PYO biomarkers. Indeed, the ratio
between PA14 and PAO1 peak maximum for PYO takes a value of
2.7. This higher PYO production is consistent with previous mea-
surements, using classical biochemical detection tools [31,32].
The maximum of PQS electrochemical response is 3 times higher
for PA14 than PAO1. But, the amount of PQS produced by the
two strains is more controversial in the literature since higher or
similar PQS levels were reported for PA14 [47] and PAO1 Lépine
et al., 1622 [33] in previous works. This first experiment shows
that the electrochemical detection of redox biomarkers enables
us to differentiate two strains exhibiting marked difference in
PYO and PQS production.

As expected, the electrochemical SWV spectrum of PAK super-
natant (Fig. 5) does not reveal the presence of any PQS nor PYO,
but one peak (peak 7) iss identified at a potential of +0.38 V: its
amplitude increased from 3 to 6 h before falling down after 10 h
(Fig. S-6a and b). This component may correspond to the one pre-
sent in the unidentified potential area of PAO1, PA14 and
PAO1DpqsA. Nevertheless, after a longer time of growth, a new
component (peak 6) appeared at +0.24 V while the former
+0.38 V peak completely disappeared. This peak is highly specific
of PAK strain since no peak is observed for the other strains at this
potential. Unfortunately, we are not able to clearly attribute these
electrochemical responses to specific redox species. No peak is
observed in PAK supernatant in the �0.35 to +0.2 V range, where
PYO and PQS are usually detected.

The SWV response of the CHA supernatant (Fig. 5) shows
marked differences with the electrochemical SWV spectra of
PAO1 and PA14 strains, as expected. The peaks 1, 2, 3 and 5 already
observed for PAO1 are clearly present but with different ampli-
tudes (peak 4 is absent here but is generally under the limit of
detection at 8 h for PAO1). Peak 1 corresponding to PYO is highly
depleted whereas peaks 2 and 3 are markedly enhanced in inten-
sity, peak 2 being the main component of the signal. PQS response
(peak 5) remains at a level similar to that measured with PAO1.
Moreover, one new broad peak (peak 8) appears at a lower poten-
tial than that of PYO (�0.32 V). According to the peak potential,
this component may be attributed to another phenazine that have
close half-wave potential including PCA (�0.31 V) [13], PCN
(�0.34 V) [13] or aeruginosin A (�0.34 V) [15]. On the potential
range +0.30 to +0.55 V, only one peak appears at a potential similar
to that of peak 7 already observed for PAK.

All the data clearly indicate that our electrochemical method is
a powerful tool to analyze the electrochemical response of P. aerug-
inosa strain supernatants in rich medium, and to identify different
patterns linked to differences in secondary metabolites produced
by the strains. Therefore, SWV analysis of P. aeruginosa strain
supernatants may be implemented as fast and simple screening
methodology for either identification of the exoproducts secreted
by an unknown P. aeruginosa strain, evaluation of the P. aeruginosa
strain diversity present in a biological sample of interest or detec-
tion of a specific P. aeruginosa strain owing to its exoproduct finger-
print. Nevertheless, further works are still needed to obtain a
complete ID card of the P. aeruginosa supernatant electrochemical
signature. This requires first the identification of all the redox spe-
cies associated to the bacterial strains of interest by mass spec-
trometry and secondly the electrochemical characterization of an
enlarged P. aeruginosa strain database.



Fig. 5. Comparison of the SWV responses (step 5 mV, amplitude 10 mV and frequency 2 Hz) on Glassy Carbon working electrode of PAO1, PA14, PAK and CHA supernatants
after 8 h of growth. Insert: temporal evolution of OD600 and corresponding bacterial concentrations.
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4. Conclusions

Direct electrochemical analysis of supernatant (without further
purification and/or extraction) of several P. aeruginosa strains
grown in LB medium was performed with success in this work.
First, supernatants of the reference strain PAO1 were analyzed by
SWV techniques all along the growth. The obtained voltammo-
grams exhibit a complex electrochemical response composed of
at least 7 redox peaks that are the electrochemical image of the
secretome complexity. Among them, two intense and well-
defined peaks are assigned to PYO and PQS. Their temporal evolu-
tions as well as their concentrations are in good accordance with
results reported in the literature by LC-MS or HPLC methods. Thus,
the electrochemical analysis allows easy and fast detection of these
two P. aeruginosa important metabolites. Beyond that, all the peaks
observed on the voltammograms and their temporal evolution
constitute the electrochemical ID-card of PAO1 strain. It could be
used as a signature to recognize this strain but also, by extension,
to discriminate mutant strains that intrinsically generate their own
secretome in terms of species concentrations and/or nature.

To verify this assertion, we analyzed the electrochemical
response of supernatants issued from the culture of different P.
aeruginosa strains. The study of the supernatants of the isogenic
mutant PAO1DpqsA shows that most of the peaks detected in the
PAO1 supernatant are dependent on the pqs operon, as expected.
But peaks over +0.3 V are still present in the mutant supernatant.
This suggests that bacteria, which do not possess functional pqs
system, could also produce interesting redox species usable to
detect them by electrochemistry. We compared the supernatants
of 3 others P. aeruginosa clinical strains: PA14, PAK, CHA. Our data
demonstrate that the electrochemistry is an efficient tool to iden-
tify different metabolites production patterns. In conclusion, elec-
trochemical analysis of bacterial supernatant could provide a quick
and easy way to visualize the main redox secreted species of an
unknown PA strain. This information could be useful, for example,
for researchers to find easily strains with original metabolome and,
in the future, to clinicians in order to choose the best
antibiotherapy.

In the second part of this study, we will describe an effective
detection of the secretome of Pseudomonas Aeruginosa thanks to
a non-conventional electrode material, PEDOT:PSS.
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