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Abstract

Infectious diseases are still a worldwide important problem. This fact has led to the characterization of new biomarkers that would
allow an early, fast and reliable diagnostic and targeted therapy. In this context, Pseudomonas aeruginosa can be considered one
of the most threatening pathogens since it causes a wide range of infections, mainly in patients that suffer other diseases.
Antibiotic treatment is not trivial given the incidence of resistance processes and the fewer new antibiotics that are placed on
the market. With this scenario, relevant quorum sensing (QS) molecules that regulate the secretion of virulence factors and
biofilm formation can play an important role in diagnostic and therapeutic issues. In this review, we have focused our attention on
phenazines, as possible new biomarkers. They are pigmented metabolites that are produced by diverse bacteria, characterized for
presenting unique redox properties. Phenazines are involved in virulence, competitive fitness and are an essential component of
the bacterial QS system. Here we describe their role in bacterial pathogenesis and we revise phenazine production regulation
systems. We also discuss phenazine levels previously reported in bacterial isolates and in clinical samples to evaluate them as
putative good candidates to be used as P. aeruginosa infection biomarkers. Moreover we deeply go through all analytical
techniques that have been used for their detection and also new approaches are discussed from a critical point.
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Introduction

Pseudomonas aeruginosa is an opportunistic nosocomial hu-
man pathogen, which causes a broad spectrum of acute and
chronic infections such as bloodstream infections in intensive
care units (ICU), burn and chronic dermal wound infections,
surgical site infections, hospital-acquired pneumonia and re-
spiratory and urinary tract infections. P. aeruginosa has also
been identified as the cause of bacterial outbreaks in neonatal
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intensive care units (NICUs) [1]. All these infections occur
mainly in patients with other diseases or injuries, just as severe
burn wounds, AIDS, lung cancer, chronic obstructive pulmo-
nary disease (COPD), bronchiectasis and cystic fibrosis (CF)
[2] or as nosocomial infections caused by biofilm contamina-
tion of medical devices (i.e. catheter related infections) [3].
Given its pathogenic potential and ubiquitous environmental
presence, it is surprising that P. aeruginosa rarely infects
healthy community individuals. Nonetheless, infections
caused by this bacterium can be devastating in hospitalized
or sick patients [2].

Clinically, P. aeruginosa infections are usually classified
into ‘acute’ and ‘chronic’ even though the difference between
them is not always clear. Hence, in some diseases such as CF,
P. aeruginosa may colonize the lung with little new clinical
evidence of disease [4]. In this group of patients, ‘exacerba-
tions’ of these chronic infections may clinically resemble a
new acute infection, when they are not. Thus, in the absence
of previous microbiological culture data these chronic infec-
tions may be mistakenly classified as acute. Because of this
panorama, some authors prefer to categorize the respiratory
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infections of P. aeruginosa into ‘transient’ and ‘persistent’ to
emphasize the importance of the microbiological status over
the symptoms [2].

This is due to the fact that P. aeruginosa infections typi-
cally evolve to a pattern of persistence (chronicity). This strat-
egy allows the microorganism to survive for long periods
under the challenging selective pressure forced by the immune
system and antibiotic treatment, thanks to a biofilm mode of
growth [5] and adaptive evolution mediated by genetic varia-
tion [6].

It has been shown that hypermutability plays an important
role on this adaptive evolution. In this sense, P. aeruginosa
strains that have survived for example in the lung of CF pa-
tients for more than 30 years turn into very well adapted path-
ogens. Thus, long-term adaptations in P. aeruginosa are likely
brought about by an increased mutability of its genome while
in the biofilm [6—8]. Accumulation of mutations leads to phe-
notypic changes such as increased alginate production (in CF
isolates) which is a polysaccharide overproduced in the case
of mucoid variants (see Fig. 1), loss of QS, loss of motility,
loss of effector proteins of the type III secretion system (see
next section), loss of the O-antigen components of the lipo-
polysaccharide (LPS), reduced virulence, reduced capacity for
in vitro biofilm formation and increased antibiotic resistance
[2, 9—11]. All these changes result in greater difficulty or even
impossibility of pathogen eradication, eliciting a major in-
flammatory response and promoting accelerated dysfunction
and poorer prognosis. For this reason, eradication therapies for
P.aeruginosa infections at early stages are recommended in
order to prevent chronicity, since at this stage strains are more
susceptible to antimicrobials. However, despite the growing
knowledge on this type of infections, early diagnostic is still a
challenge.

Moreover, the wide array of clinical manifestations of
P. aeruginosa infections can be mainly associated to two is-
sues: the first one relates with the high adaptability of this
pathogen which translates in severe pathogenicity and the sec-
ond one has to do with chronicity and with the important
relevance of the underlying host defect, which can be quite
significant, especially in lung infections [12]. In addition, the
emergence of multiple drug resistance processes has become a
major threat for current medical treatment of these infections
around the world [13, 14]. Hence, a high percentage of resis-
tant strains are being reported in different surveillance studies
conducted in different countries and continents [15-17].

Thus, in this context, rapid, easy-to-use and efficient diag-
nostic tools to control these infections seem to be a clear need.
The development of new methods requires the identification
of specific infection biomarkers. This review focuses on phen-
azines as potential targets to be detected in P. aeruginosa
infections. To demonstrate their utility as putative good bio-
markers, first we describe all different P. aeruginosa virulence
traits, we explain the role of phenazines in the pathogenesis
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caused by this bacterium, and we analyze the levels of these
compounds already reported from the analysis of isolates and
directly from clinical samples. Finally, we focus on different
analytical approaches for measuring these pigments present-
ing them from a critical perspective.

Pseudomonas aeruginosa VIRULENCE

P. aeruginosa expresses an arsenal of virulence traits that are
powerful weapons damaging host cells, which can be classi-
fied in two categories (see Fig. 2).

Cell-associated determinants (or surface-bound viru-
lence determinants)

Flagella and pili, bacterial surface appendages, are not only
needed for their motility but are also involved in other biolog-
ical functions. Thus, in case of wounds in the CF airway,
P. aeruginosa uses flagella-driven swimming to reach epithe-
lial cells located closed to the damaged area plus amino acid
sensor-driven chemotaxis. In addition, pili are utilized for
binding to epithelial cells near wounds [18]. Moreover, the
binding of these appendages to certain target molecules such
as Toll-like receptor 5 (TLRS) can induce a strong proinflam-
matory response [19, 20]. On the other side P. aeruginosa
LPS, major component of the outer surface membrane in gram
negative bacteria, has been found to elicit an immunogenic
response on the host and also to show the ability of binding
to Cystic Fibrosis Transmembrane Regulator (CFTR). CFTR
is a membrane protein that acts as chloride channel in verte-
brates. Mutations in the gene that encodes CFTR cause dys-
regulation of epithelial fluid transport resulting in CF. LPS
binding to CFTR facilitates pathogen invasion into the epithe-
lial cells, which could explain the higher susceptibility of CF
patients to suffer infections by this microorganism [21].
Furthermore, LPS seems to interact directly with the outer
membrane protein H (oprH), increasing the structural stability
and also reducing permeability of the bacterial outer mem-
brane justifying P. aeruginosa significant antibiotic resistance
[22]. In any case, the contribution of LPS to pathogenesis and
host immunity depends on LPS isoform (variations are found
mainly in the lipid A component) and on the structural varia-
tion in the O-antigen side chain. Furthermore, LPS effect re-
lies also on the underlying patient basis for increased suscep-
tibility to infection [23].

Secreted virulence factors

Secreted virulence factors comprise a series of cytotoxins such
as those of the type 3 secretion system (T3SS) which include
several protein toxins that play important roles on the patho-
genesis of P. aeruginosa, particularly at the initial stages of
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Fig. 1 Models of Pseudomonas aeruginosa infection establishment. In
(A) P. aeruginosa is equipped with a full arsenal of virulence traits in-
cluding pili, flagella, type 3 secretion systems (T3SS) and secreted viru-
lence factors. Epithelial cell binding occurs via flagella and pili to various
structures including asialoGM 1. Toxin production injures the surround-
ing host tissue. Epithelial injury also results in loss of mechanical clear-
ance mechanisms and establishment of the pseudomonal biofilm leading

the infection (see Hauser [24] for a review on this system).
The expression of many of these virulence factors is regulated
by the QS network. This system is controlled and synchro-
nized by RhIR, LasR and PQS regulators, which are involved
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Fig. 2 Virulence determinants in Pseudomonas aeruginosa. This
bacterium has both cell-associated (mainly referred to flagellum, pili
and LPS) and secreted virulence factors (secreted exotoxins, degradating
enzymes, siderophores, phenazines among others)
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to a persistent infection. In (B) P. aeruginosa infects an already inflamed
surface with a defective mucociliary elevator. The infecting organisms
may or may not be piliated, and may already exist in a ‘biofilm’ state if
acquired from another patient. The infection occurs strictly in the mucous
layer where ‘nests’ of pseudomonads bind to cell debris and extracellular
DNA rather than to the epithelial surface. Adapted from Williams et al.>

in a series of events related to the production of biofilm, toxins
and pigments, as well as to the development of antimicrobial
resistance [25-27]. This group of QS related compounds (dis-
tinct L-homoserine lactones and 2-alkyl-4 quinolones) can be
detected in the sputum of infected patients [28, 29].
Exotoxin A is another secreted virulence factor that inhibits
host protein synthesis resulting in apoptosis, superoxide pro-
duction and mitochondrial dysfunction. It is found in CF spu-
tum and its levels are higher during periods of ‘exacerbation’
and lower during periods of relative stability [30, 31].
Phenazines (i.e. pyocyanin, PYO) are pigmented bacterial
metabolites that have a function on microbial competition and
virulence and are secreted in high amounts during the early
colonization phase to ensure the establishment of the infec-
tion. Phenazines exert a large number of effects on host cells
[32] including direct damage mainly triggered through forma-
tion of reactive oxygen species, alteration of cytokine produc-
tion, ciliary motion inhibition in human nasal ciliated epithe-
lium and interruption of cell signaling. In addition, they have a
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role on apoptosis [33], cell cycle arrest [34] and they induce
premature senescence [35]. Thus, phenazines play an impor-
tant role on P.aeruginosa virulence, as it has been found in
PYO deficient mutants that cause attenuated acute and chronic
lung infection in mouse, with respect to wild-type
P. aeruginosa strains [36]. Moreover, phenazines can exert a
toxic effect on other cells but instead benefit their producers
by mediating extracellular electron transfer and survival in
anoxic environments [37].

Finally, P. aeruginosa secretes a number of non specific
proteases and phospholipases, which display a vast array of
cytotoxic effects on cell surfaces and intracellular matrices but
their role during human infections, is still unclear. Recently,
the number of novel virulence factors is being extended by
using comparative genomics, transcriptomics and proteomics
as a tool. After putative virulence factors are identified their
functions and modes of action may be further studied by mu-
tagenesis, structural biology or biochemical methods [38] .

PHENAZINES IN Pseudomonads and thier
cellular effects

Phenazines constitute a large class of natural antibiotics that
are produced by diverse bacteria and exhibit unique redox
properties and broad-spectrum antibiotic activity [39].
Moreover, they are involved in biofilm formation [40] and
act as cell signals regulating patterns of gene expression [41,
42]. They have also been greatly studied given their biotech-
nological applications such as plant disease management [43].

About 50 pigmented, heterocyclic nitrogen-containing sec-
ondary metabolites are synthesized by some strains of fluores-
cent Pseudomonas spp. and a few other bacterial genera.
Fluorescent pseudomonads are the best studied phenazine
producing microorganisms, including strains of
P. fluorescens, P. chlororaphis (previously classified as
P. aureofaciens), and P. aeruginosa. Except for
P. fluorescens, which produces only the yellow compound
phenazine-1-carboxylic acid (PCA) (see Table 1),
Pseudomonas spp typically synthesizes two or more phena-
zines, with the relative amount of each one strongly influenced
by growth conditions. Therefore, in addition to PCA,
P. aureofaciens produces the orange and brick-red com-
pounds 2-hydroxyphenazine-1-carboxylic acid (2-OHPCA)
and 2-hydroxyphenazine (2-OHphz), whereas
P. chlororaphis produces PCA and the green compound
phenazine-1-carboxamide (PCN). P. aeruginosa, is the first
phenazine producing microorganism that was reported in the
literature [44, 45] and its characteristic blue-green pigment
PYO (5-N-methyl-1-hydroxyphenazine) probably is the first
described phenazine. PYO production is associated with a
high percentage of P. aeruginosa isolates [46]. In 1981
Reyes et al. [47] tested 835 consecutive isolates of
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P. aeruginosa, all of them isolated from clinical samples ob-
tained from University of Utah Medical Center and found that
98% of the strains produced PYO. Nevertheless, some diver-
gences have been reported concerning PYO detection in clin-
ical samples. Thereby, Wilson et al. [48] identified by HPLC 2
phenazine pigments, PYO and 1-hydroxyphenazine (1-
OHphz), in the sputum of 9 from 13 (70%) CF and bronchi-
ectasis patients colonized by P. aeruginosa. Concerning in-
fected burn patients, Muller et al. [35] examined 7 samples of
wound dressings detecting PYO presence just in 4 of them
(57%).

P. aeruginosa also produces other phenazines including
the above mentioned 1-OHphz, PCA, PCN, aeruginosin A
(5-methyl-7-amino- 1 -carboxymethylphenazinium betaine)
and aeruginosin B (5-methyl-7-amino-1-carboxy-3-
sulfophenazinium betaine). Though little is known about the
fine tuning of the timing of expression and the relative quan-
tities of the different phenazines produced, it is well
established that P. aeruginosa is the only microorganism that
synthesizes PYO, for which reason this molecule is used as
biomarker for phenotypic identification of this bacterium [49].

The most studied P. aeruginosa phenazines are PYO, 1-
OHphz and PCA. Bioactivities of these compounds are linked
to their ability to redox-cycle [42], which leads to generation
of reactive oxygen species that cause host cell damage. The
zwitterionic character of PYO readily makes it suitable to
penetrate biological membranes [36] triggering a broad spec-
trum of harm to cultured epithelia cells [11], alteration of
epithelial cytokine production [50, 51], modulation of cellular
signaling pathways [52] and ultimately resulting in the induc-
tion of premature cellular senescence in human fibroblasts
[35] and apoptosis in neutrophils [53, 54] (see Fig. 3).

In this regard, PYO is considered the most potent virulence
factor secreted by P. aeruginosa [49]. This pigment alters the
physiology and homeostasis of host cells (see [10, 32, 55]),
interfering with the (i) electron transport dynamics, (ii) cellular
respiration (by diminishing the levels of both NAPH and glu-
tathione), (iii) energy metabolism (by decreasing ATP levels
and by disrupting the calcium homeostasis), (iv) gene expres-
sion (e.g., several genes are induced in response to PYO,
including mucins, inflammatory cytokines, chemokines and
oxidative stress-responsive genes), (v) innate immune mech-
anisms (e.g., acceleration of neutrophil apoptosis) and (iv)
redox balance status (by enhancing the reactive oxygen spe-
cies) [10, 32, 56]. As an immunomodulator, PYO has been
found to impair ciliary beat [57], which is an important de-
fence mechanism of the upper and lower respiratory tract
against inhaled particulate matter and bacteria, due to a de-
crease on intracellular c-AMP and ATP caused by these
toxins. PYO and 1-OHphz have been reported to slow
mucociliary clearance in vivo at concentrations similar to
those detected from clinical samples [58]. Moreover, PYO
inhibits nitric oxide production by macrophages and
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Table 1 Chemical structures of main bacterial phenazines produced by
different Pesudomonas species (PCA: phenazine-1-carboxylic acid,
PYO: pyocyanin, PCN: phenazine-1-carboxamide, 1-OHphz: 1-
hydroxyphenazine, 2-OHPCA: 2-hyroxyphenazine-1-carboxylic acid,

2-OHphz: 2-hydroxyphenazine). Some of them are expressed by several
bacterial species, while PYO is only expressed in P. aeruginosa. 1-
OHphz has been found in other bacterial genera [123]

COOH OoH CONH; OH COOH
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P. aeruginosa / ‘/ ‘/ ‘/
P. chiororaphis
P. fluorescens - 4
P. aureofaciens \/ \/

endothelial cells [59], prostacyclin production by endothelial
cells [60], oxidation of leukotriene B4 by neutrophils [61] and
eicosanoid metabolism by platelets [62]. Due to its redox
properties, this blue phenazine enhances superoxide produc-
tion [63], increases apoptosis in neutrophils [54] and inacti-
vates ol-protease inhibitor [64]. In addition, PYO increases
calcium signaling in human airway epithelial cells [65], stim-
ulates interleukin (IL)-8 release [66] and inhibits the regula-
tion of the normal activation of monocyte and T cell expressed
and secreted chemoattractant protein-1 release in human epi-
thelial cells [67, 68] (for additional information on PYO ef-
fects please read [32, 69]).

Regulation of PHENAZINE production

Regulation of phenazine biosynthesis is critical given their
ecological properties on the biocontrol of some plant patho-
gens [70, 71] and from a clinical perspective since they play

Fig. 3 Main cellular effects
caused by Pseudomonas
aeruginosa virulence factor
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Senescence
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an important role on the virulence process during acute and
chronic infections [36, 69, 72].

Phenazine production is regulated by complex networks
(see Fig. 4). Focusing on pseudomonads, an operon structure
containing 7 genes is involved in the biosynthesis of these
compounds. Among these bacteria, P. aeruginosa strains are
the unique organisms that show in their genomes two phena-
zine biosynthetic operons (phz! and phz2) with identical DNA
sequences and organization. A complex crosstalk exists be-
tween them to keep the homeostatic balance of phenazine
production [73]. In Pseudomonads the phenazine synthetic
core genes are highly conserved whereas in other bacterial
species this operon structure is more variable [74]. These
“core” operons encode for 5 enzymes that convert chorismic
acid to PCA and/or phenazine-1,6-dicarboxylic acid (PDC)
plus other genes that exert functions related with regulation,
transport, resistance and conversion of PCA/PDC to strain-
specific phenazine products [74].
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Fig. 4 Biosynthesis regulation and signaling system of phenazines
production in Pseudomonas aeruginosa. Quorum Sensing cascade,
small RNAs and environmental factors control phenazine synthesis by
regulating phzl and phz2 operons activity. Moreover, PhzA-G proteins
are involved on transforming chorismic acid into phenazine-1-carboxylic

Phenazine operon expression control is exerted by two dif-
ferent systems, homoserine lactone (HSL)-mediated QS and
small noncoding RNAs (sRNAs) along with environmental
factors [75]. In P. aeruginosa, QS includes 2 hierarchical
HSL-based systems, Las and RhI, which in turn are modulated
by a third QS circuit known as Pseudomonas quinolone signal
(PQS) [76]. In this context, it has been reported that molecules
with “Quorum Quenching” ability could inhibit PYO produc-
tion in P. aeruginosa [77]. Moreover, it has been demonstrat-
ed that in this complex regulation system, phenazines them-
selves can act as signaling molecules too [52].

During chronic infections, P. aeruginosa populations un-
dergo a characteristic adaptation process that usually includes
genetic changes that eventually can alter phenazine synthesis
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strain specific phz products:
PYO, PCN...

acid (PCA) or into phenazine-1,6-dicarboxylic acid (PDC) which will be
transformed into strain specific phenazine products also through enzymes
encoded as well by genes included in pAz operons which in addition exert
other functions such as regulation, transport and resistance processes

as well. Two of the genes that are frequently mutated in iso-
lates obtained from CF patients are /asR and mucA (mucA22
mutant or mucoid phenotype) which are associated with the
phenotypic switch to mucoid strain and loss of QS, considered
hallmarks of chronic virulence. These mutations, particularly
the one located in lasR gene, occur at early stages of the
infection and are related to entering into the stationary phase
or to slow-growth conditions [78, 79]. LasR mutants are asso-
ciated to reduced virulence factor production under laboratory
conditions, even though it has been reported that some isolates
of the Liverpool cystic fibrosis epidemic strain (LES) (JasR
mutants) continuously and strongly overproduce the impor-
tant virulence factor PYO while, under the same conditions,
wild type cells do not [80]. The prevalent occurrence of this
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uncommon phenotype suggests that it may exert an essential
role in relation with the success of this epidemic strain.
Besides this, the bacterial mucA22 phenotype is associated
to an important inflammatory response that causes accelera-
tion on lung functional loss and a greater difficulty in eradi-
cating the pathogen [81]. This happens together with a down-
regulation of PYO synthesis upon entry into early stationary
phase but a continued production of it when this growth phase
is extended in comparison to wild type strains [82]. In addi-
tion, genes encoding for products involved in phenazine bio-
synthesis, have been identified as positive regulators of the
mucoid phenotype [83].

PHENAZINE levels in clinical samples
and clinical interpretation

Despite the interest in knowing if phenazines can be consid-
ered as good biomarkers of infection, only few studies do
report research on the levels of such compounds in biological
fluids. Thus, most of the works already available describe
PYO measures carried out by analyzing clinical isolates of
P. aeruginosa. The analysis of clinical samples requires cul-
turing them in selective media to be able to choose bacterial
isolates that will be grown again before proceeding with
genotyping/phenotyping studies, including determination of
phenazines in culture media. Concerning direct measures in
clinical samples, most of the existing data come from CF
patient’s samples or from patients suffering other respiratory
tract infections. Conversely, very little information is available
about phenazine levels in P. aeruginosa infections affecting
other tissues or organs such as the urinary tract or the skin
(burn wounds) among others.

Focusing on the assessment of PYO as a good biomarker of
P. aeruginosa infections Mowat et al. [84] described a corre-
lation between PYO production and periods of pulmonary
exacerbation in CF patients. They demonstrated that
P. aeruginosa populations are not only diverse but dynamic
since they accumulate multiple mutations in chronic infections
which could facilitate antimicrobial resistance, and contribut-
ing to virulence processes. In addition, changes in the CF lung
during exacerbations may provide an environment that favors
PYO overproducing isolates. In any case, the role of PYO in
the development of clinical symptoms was not clear but high
levels of morbidity seemed to be linked with PYO
overproducing bacterial phenotypes. Later on, Rada et al.
[10], described a mechanistic model to explain how PYO
alters the function of the airway epithelium that fits with the
clinical symptoms observed in patients infected with
P. aeruginosa. Briefly, PYO produced by these bacteria enters
into the cytosol of the respiratory epithelial cells and produce
reactive oxygen species (ROS). Among other effects, these
molecules inhibit ciliary beat frequency impairing

P. aeruginosa clearance. In addition, reduced NADPH levels
hinder antibacterial functions and PYO inactivation.
Moreover, PYO long-term effects include changes in host
gene expression such as the ones that cause the inhibition of
the antioxidant catalase and the induction of inflammatory
cytokines. The proinflammatory effects lead to aberrant neu-
trophil recruitment and also induce mucin hypersecretion
which obstructs the airways and promotes bacterial
entrapment.

Focusing on chronic infections and unlike acute ones or
exacerbation periods, other mutations have been reported that
result in a decreased expression of virulence factors such as
exotoxin A, T3SS, quinolones and PYO [6, 12, 85]. In this
way, bacteria evade the host immune system, since it recog-
nizes numerous virulence factors and finally attempts to kill
those cells that express them.

As previously mentioned, the most important aspect of
P. aeruginosa is its capability to quickly adapt and accumulate
traits/mutations that allow bacterial infection to persist.
Pseudomonas has the ability to change its transcriptional pro-
file rapidly to avoid being killed by host defences [86]. In this
sense, P. aeruginosa can survive on a stationary state for
years. Adaptation may include downregulation of the surface
and secreted virulence traits described above and conversion
to a mucoid phenotype. Ryall et al. [82] have performed phe-
notypic and gene expression studies of the stationary phase
physiology of mucA22 mutants demonstrating complex and
subtle changes in virulence factor production, including PYO,
that result in their downregulation upon entry into stationary
phase but, and in contrast to wild type strains, continued pro-
duction in prolonged infections. These findings indicate that
mucA22 mutation provides a second mechanism, in addition
to the commonly occurring /asR mutation associated to long-
term infection in CF patients, inhibiting QS during chronic
infection. Despite this, many authors have reported that secre-
tion of virulence factors is diminished after long-term coloni-
zation [86, 78], which may seem to contradict the results from
Ryall et al. In this context, the data reported by Cabeen [87]
supports the above mentioned results given that he showed
that during stationary phase or slow growth conditions (in vitro
conditions), lasR cells also continuously produce PYO while
wild type cells do not.

Furthermore, little is known about the fluctuations within
P. aeruginosa populations during very short periods of intense
selective pressure, such as when intravenous antibiotic thera-
py is administered during exacerbations. P. aeruginosa con-
centrations are high during an exacerbation and decrease with
antibiotic treatment, reducing symptomatology. Interestingly,
recent data suggests that the majority of exacerbations are not
due to acquisition of new strains of Pseudomonas but a clonal
expansion of existing strains [88, 89]. According to some
authors, PYO levels could change during exacerbation periods
as a result of antibiotic treatment. Fothergill et al. [80]
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analyzed PYO concentration in 40 sputum isolates of 3 pa-
tients chronically infected by LES. Samples were taken (A)
first at the beginning of the exacerbation, before intravenous
antibiotic treatment had started; (B) the second during the
exacerbation, whilst antibiotic therapy was being carried out;
(C) the third at the end of the exacerbation when symptoms
had resolved. They found that, for patients I and II, there was
an increase in the prevalence of isolates exhibiting PYO over-
production during exacerbation period, while isolates from
patient III showed overproduction just at the start of the exac-
erbation period with a decrease trend. The study was not suf-
ficiently representative as the number of patients was very low
and the antibiotic treatment received was different for patients
I and II (meropenem + colistin) than for patient III (ceftazi-
dime+ colistin). In addition to this, Suzuki et al. [90], working
with bacterial cultures, reported that exposure to low doses of
macrolides decreases elastase and PYO production just after
2 months of treatment, suggesting that long term treatment
with some antibiotics may inhibit in a time-dependent manner
the production of multiple virulence factors.

Phenazine levels produced by isolates selected from
clinical samples of Pseudomonas aeruginosa infected
patients

In these studies PYO has always been found to be secreted at
significant concentrations [69, 80, 84, 91]. In fact, PYO over-
production in P. aeruginosa clinical isolates has been fre-
quently reported. In this sense, Caldwell et al. [69] showed
that 9 from 13 CF P. aeruginosa isolates were found to pro-
duce PYO levels at higher concentration than those produced
by wild type strain (PAO1) under the same conditions.
Moreover, PYO has been detected in most clinical isolates
obtained from catheters, sputa, urine and other clinical sam-
ples from infected patients. Thus, Silva et al. [92] reported
PYO secretion levels of strains collected from patients hospi-
talized in intensive treatment units of Brazilian hospitals be-
tween 1999 and 2010, compared with the reference
P. aeruginosa strain ATCC 27853, used as control. Samples
were taken from rectum, tracheal aspirate, mouth, blood,
urine, venous catheter, pleural secretion, eschar, CF lungs,
sputum and nasal secretion. All P. aeruginosa strains were
able to produce and secrete PYO to the extracellular environ-
ment, although in different amounts. Overall, the mean pro-
duction was 9.61 £4.32 pg/mL (ranging from 1.29 to
25.94 pg/mL), even though those isolated from urine had
the highest PYO levels (mean of 20.15 £ 5.65 ug/mL), while
the strains isolated from sputum showed the lowest production
(mean of 3.80 £ 0.39 pg/mL) of this virulence factor. It should
be noticed that P. aeruginosa is one of the most frequent
agents of urinary tract infections especially in patients with
indwelling urethral catheters. Concerning this, Tielen et al.
[93] reported a genotype/phenotype study of 30 isolates from
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urinary tract infections, and found similarities with the behav-
ior of strains from lung infections.

One of the last works published about P. aeruginosa iso-
lates (isolated from CF patients sputum) included 338 samples
selected from the major CF patient cohort in Italy [94]. In this
case, pulse-field gel electrophoresis was used to analyse the
corresponding genotypes identifying 43 profiles shared by
two or more patients and 214 profiles exclusive to individual
patients. From the 4 prevalent clusters they carried out a phe-
notype characterization, evaluating swimming and twitching
capacities, proteases, siderophore and PYO secretion, muta-
tion frequency and lasR mutant phenotype. Just for one of the
prevalent profiles, they could find positive results for all hall-
marks of bacterial adaptation. They concluded that CF pa-
tients of this cohort shared common pulsotypes, but given
the phenotypic heterogeneity observed, they could not deter-
mine specific traits associated to P. aeruginosa genotypic
prevalence.

Focusing on P. aeruginosa burn infections, Khadim and
Marjani [95] have recently published a study which compares
37 isolates obtained from burn patients with suspected
P. aeruginosa infection with isolates obtained from other
types of infected samples (wound swab, fluids, ear...). The
results of this analysis revealed a high prevalence of PYO
producers (59%) and biofilm formation (37% formed moder-
ate biofilms and 11% formed strong ones) in P. aeruginosa
isolates from burn infections.

Studies on phenazine levels in clinical samples from
Pseudomonas aeruginosa infected patients

In 1988, Wilson et al. reported for the first time measurement
of phenazines in sputum and their effect on ciliary beating
[48]. They collected sputum from colonized patients (n = 13,
8 bronchiectasis and 5 CF) and not colonized (5) with
P. aeruginosa, plus pulmonary secretions from airways of
CF lungs removed at transplantation. PYO and 1-OHphz were
analyzed by HPLC-UV after sample extraction and purifica-
tion by solid-phase extraction (SPE). Interestingly, despite the
complexity of the analytical procedure, PYO and 1-OHphz
were detected in a significant number of sputa samples (9 from
13) from P. aeruginosa infected patients, with concentration
levels ranging from 0.2 to 27.3 pg/mL (compared with the
volume of sputum solid phase) for PYO and between 0.1—
3.5 ug/mL for 1-OHphz. Previously, these authors demon-
strated that in in vitro conditions 16 pg/mL of PYO cause a
gradual slowing of the ciliary beating frequency (CBF) over
4 h associated with epithelial disruption, that 4 pg/mL causes
similar changes and that 32 pg/mL of 1-OHphz exert an im-
mediate action producing ciliary slowing and dyskinesia [96].
No phenazines were detected in the samples from the control
group.
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PYO has also been quantified by HPLC-UV on ear secre-
tions analyzing samples from patients with different type of
infections. The detected concentrations ranged from 3 to
2714 nmol/g [97].

Regarding lung infections, although the data obtained
by Wilson et al. [48] is relevant, the number of patients is
limited to extract conclusions regarding the value of PYO
as biomarker. In this sense, there is a need to perform
well conceived clinical studies using larger patient co-
horts. Unfortunately, to our knowledge no other study
addressing direct detection of this phenazine in clinical
samples has been reported until more recently by
Hunter at al. [72]. They have addressed this question by
measuring concentrations of PYO and PCA in expecto-
rated sputum samples of 45 CF patients and extracted
interesting conclusions from their studies, but they are
now under revision given that they have detected a tech-
nical problem on the procedure used for these measure-
ments [98]. Thus, they collected sputa from a well char-
acterized group of patients (available data about age,
CFTR genotype, antibiotic treatments etc....) and after
an appropriate sample treatment, phenazine content was
quantified by HPLC-UV. In the same way, the homoge-
nized sputa samples were used for bacterial isolation on
agar plates, cultured on lysogeny broth and the phenazine
content of the corresponding supernatants was also quan-
tified by measuring the absorbance at A=691 (PYO).
According to their initial results, phenazine levels nega-
tively correlate with pulmonary function and positively
associate with the rate of pulmonary function decline.
Moreover, PYO concentration in sputum showed a strong
statistically dependence on P. aeruginosa bacterial load
(CFUs, colony forming units). According to Hunter’s da-
ta [72], the concentration of PYO, PCA and total phena-
zines in CF sputum correlate with the disease severity,
which points to the potential use of PYO as a disease
biomarker, providing additional information related to
the severity of infection. This is a very important and
challenging statement that needs revision and confirma-
tion. Moreover, they mentioned that PYO concentration
levels in sputa would depend on PYO producing capabil-
ity of the strains, but also on P. aeruginosa CFU load,
which has also been found to correlate with the disease
severity (higher CFU/sputum g when more serious is the
infection process). Furthermore, these data also raise the
fact that in vivo analysis of PYO levels could provide
much more realistic information than quantifying just
PYO production from clinical isolates.

In this respect, our group has obtained very interesting
results when studying PYO levels produced by
P. aeruginosa bacterial isolates which are now being validated
analyzing directly a broad spectrum of clinical samples (un-
published results).

Potential analytical approaches
for measuring PYO as potential infection
biomarker

The most frequently used methods for phenazine analysis are
the measurement of their characteristic absorbance spectra or
HPLC-DAD (or MS). More recently other approaches have
been reported (electrochemical sensors, Surface-enhanced
Raman Spectroscopy (SERS), but there are still not many
papers describing in vitro or in vivo (animal models or human
patients) studies carried out with them. Following, there is a
description on the performance of these techniques.

Absorbance

Most analytical approaches reported for phenazine quantifica-
tion do exploit their optical properties, mainly measuring PYO
absorbance under particular pH conditions. Thus, PYO is con-
sidered to be a blue pigment that is produced and secreted into
the medium by stationary phase cultures of P. aeruginosa. At
pH 7.0, PYO exists predominantly in its non protonated form
(pK, =4.9), as a zwitterion. Under these conditions, PYO
solution is blue with a maximal absorption at 691, 381, 312,
and 238 nm. PYO quantification in culture media is usually
performed measuring the absorbance at 690 nm by calculating
the concentration in pmols using the extinction coefficient for
this wavelength (€=4.31x 10> M—1 cm— 1 at pH 7) [99].
However, the color and the characteristic PYO absorption
spectrum are pH sensitive and solvent dependent [100].
Thus, its strong blue color detected at neutral pH turns red at
acidic pH, with maxima at 520, 366 and 281 nm. Hence,
acidified media is then measured at 520 nm. For this purpose,
some authors do extract first with chloroform and then again
with 0.2 N HCI, and quantify PYO using the formula: [PYO,
pg/mL] = Abssyg x 17.072 [101-103]. The detectability ac-
complished is in the pM range.

HPLC-UV-vis (DAD) or MS

This is the most accurate method to quantify phenazines. For
this purpose usually reverse-phase columns (5 um particle
size, Waters Symmetry C18, Bondapak C18) are used.
Mobile phase contains mixtures of organic solvent (propan-
2-0l, acetonitrile, and methanol) and aqueous acidic solution
(0.1% TFA, 5% acetic acid or 25 mM ammonium acetate) and
the elution of the phenazines is made on a gradient mode (for
more information see [48, 104, 105]). Detection is performed
either by UV-Vis (DAD) or by MS. In the first case it is
advisable to record the whole spectra in order to observe the
multiple absorbances corresponding to PYO and to the rest of
phenazines existing at acidic pH. Moreover, MS allows un-
equivocal identification of phenazines by combining retention
time and recording the specific mass (i.e. PYO M + H+ m/z
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211/212) [48, 106]. The detectability accomplished by UV-
Vis is in the low uM range (i.e. 2 uM for PYO and PCA and
about 20 uM for 1-OHphz), while for MS using single-ion-
monitoring (SIM) detectability can be in the low nM.
Nevertheless, in order to accomplish reliable measurements,
samples usually have to be treated before by solvent extraction
and eventually purified by reverse-phase solid-phase extrac-
tion (SPE), hindering the use of this approach for routine high
throughput screening or clinical diagnostic applications.

Electrochemical systems

Due to its redox properties, PYO is able to accept and donate
electrons, which allows its direct electrochemical detection.
While many molecules can be reduced or oxidized, the ma-
jority of biologically relevant small molecules are oxidized at
positive voltages vs. Ag/AgCl. PYO is unique on this respect
since it is oxidized at a negative voltage (approximately
—250 mV vs. Ag/AgCl reference). At these voltages, the only
detected chemicals are mainly phenazines and folate. The de-
tection of PYO in buffered solutions and supernatants from
cultured P. aeruginosa has been accomplished using large
carbon electrodes [107] and microfabricated electrochemical
sensors [108, 109]. Moreover, last works on this field reported
the development of very sensitive voltammetric and ampero-
metric [110, 111] sensors reaching very low limits of detection
(LOD) down to nM range. Thus, recently this approach has
also been used to detect PYO in spiked biological samples,
reaching detectability values in the low uM range [111, 112].
Furthermore, wound fluid exudate samples obtained from pa-
tients with chronic wounds have been directly evaluated for
the presence of Pseudomonas by using a voltammetric sensor
[113]. The electrochemical results were compared with 16S
rRNA sequencing. This analysis yielded 9 correct matches, 3
false positives and 2 false negatives which translate on a sen-
sitivity of 71% and specificity of 57% for Pseudomonas. Later
on, the same group validated this electrochemical detection
strategy by measuring PYO in 94 clinical strains belonging
to different patient cohorts: hospital-acquired infection pa-
tients and patients suffering CF [114]. The results obtained
showed that all isolates produced PYO and the concentrations
measured correlated with patient symptoms and comorbidity.
Besides that, Yang et al. [115] have developed an electro-
chemical system that allows measuring PYO in human fluids
by using a redox reactivation module that amplifies the signal
about 405 times reaching an extremely low LOD of 47 + 1
pM. More recently, a paper-based electrochemical sensor
has been described by Alatraktchi et al. [116] to detect PYO.
This approach achieves an LOD of 95 nM when working with
bacterial cultures, does not require a pretreatment of the sam-
ple and is a fast and cheap alternative given that is based on
electrode printing on paper.
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Thus, electrochemical methods show important advantages
for the development of point of care (PoC) devices to be used
for diagnosis purposes. This is due to the fact that they usually
have low cost, they avoid time-consuming traditional plate
culture procedures, showing usually a fast speed of operation.
In addition, they do not require any sample pretreatment.
Nevertheless, some constraints still need to be solved in terms
of possible interferents [114] together with the inherent limi-
tations of the electrochemical sensors by themselves which
could be improved by using other electrode types (micro or
nanofabricated electrodes) which would increase the costs. In
this sense, Elkhawaga et al. [117] lately have described a PYO
sensor that improves voltammetric output measures by mod-
ifying ITO electrodes with polyaniline/gold nanoparticles
reaching a LOD in the nM range and presenting high selec-
tivity for PYO traces when working with matrices containing
different interferents such as uric acid and glucose.

Surface-enhanced Raman spectroscopy (SERS)

SERS-based techniques have been used to identify bacteria,
examining the spectra of the cells [118], but detection of bac-
terial biomarkers emerges as a more specific approach. In this
context, Wu et al. [119] reported SERS determination of PYO.
To perform this assay, samples require a pretreatment that
includes an extraction step with an organic solvent (i.e. chlo-
roform) before being added on top of a clean (free of possible
environment contaminants) silver nanorod substrate. This re-
ported platform can detect PYO in the nM range and its per-
formance has been evaluated in aqueous solutions, culture
media and spiked clinical sputum samples. More recently, a
combination of SERS imaging and principal component anal-
ysis (PCA) has come up as a robust method for in situ spatio-
temporal mapping of PYO in heterogeneous biological sys-
tems containing P. aeruginosa communities. Using these
techniques, Polisetti et al. [120] reported that the production
of PYO depends both on the growth carbon source and on
each strain of P. aeruginosa studied. Furthermore, a novel
SERS platform for label-free, rapid and sensitive PYO detec-
tion has been fabricated based on the use of biodegradable
gold coated zein films that further enhance Raman signal
[121]. Implemented as a PoC device it allows PYO detection
in drinking water in 30 min without the need of complex
pretreatment. Spiked samples have been measured and the
LOD calculated (25 uM). These results, offer the possibility
of protecting the environment from nonbiodegradable mate-
rials together with the advantage that this technology offers as
a lab-on-a chip sensor.

Immunoanalytical techniques

Antibodies for 1-OHphz have recently been reported (PCT/
ES2014070161). 1-OHphz is the main metabolite of PYO and
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shows almost the same profile of activities. Polyclonal anti-
bodies raised have been used to develop a microplate-based
ELISA able to measure PYO witha LOD 0f0.01 £ 0.01 nM in
buffer. At present, the assay takes about 90 min and approx-
imately 100 samples can be measured in parallel, using small
sample volumes (100-200 pL). Prior to the assay, the sample
is divided in two parts, one for direct 1-OHphz determination
and the other for PYO quantification by previous conversion
to 1-OHphz in just 20 min. As a result of this assay, both PYO
and 1-OHphz levels can be quantified simultaneously in the
same microplate [122].

Preliminary experiments performed with sputa samples
from control patients not infected with P. aeruginosa pointed
to the possibility of using this assay for the analysis of PYO
and 1-OHphz in complex samples without the need of previ-
ous extraction or purification of the sample. Moreover, the
detectability accomplished is below the reported levels of
these phenazines in clinical samples (see above), for which
reason apparently there would be no need of previous sample
concentration. So far, this is the first immnochemical method
already reported for the detection of PYO [122] that could
represent an important improvement for the diagnosis of in-
fectious diseases caused by P. aeruginosa.

Recently, the same group has been able to raise monoclonal
antibodies showing very high affinites for both molecules 1-
OHphz and PYO (unpublished results). This fact has allowed
the setting up of an ELISA assay that quantifies PYO without
the need of a previous transformation to 1-OHphz. Thus, by
using both immunoreagents, poly and monoclonal PYO anti-
bodies, both compounds have been already detected in bacte-
rial isolates.

Therefore, these assays are quite fast (they take less than
90 min), reliable (they are very specific and robust), present
very high sensitivity down to the low nM range, they show
highthroughput capabilities and according previous prelimi-
nary experiments with different matrices, they should allow to
measure different kinds of biological samples by performing
simple treatments or not treatment at all. Moreover, their im-
plementation as PoC devices should be also feasible.

Concluding remarks

P. aeruginosa is a multidrug resistant pathogen that causes
disease in immune-compromised patients. Thus, is one of
the most commonly isolated microorganisms in healthcare
associated and community acquired infections. It affects dif-
ferent areas of the body such as: ears, skin, lungs, soft tissues
and blood. Moreover, in CF, P. aeruginosa is the main respi-
ratory pathogen establishing chronic infections and being the
leading determinant of morbidity and mortality due to pulmo-
nary complications. Thus, in this context, detection of
P. aeruginosa at early colonization stages could help on

prescribing more appropriate and specific antibiotic treatment
while reducing the appearance of resistant strains and there-
fore avoiding chronic infection.

Eventhough extensive studies at basic and clinical level
have been reported there is still a lack of fast and reliable
diagnostic tools. Currently, the most commonly used methods
for the detection of this bacterium include culture plate tech-
niques which imply a relatively long time delay on confirming
the infection. Besides that, quantitative PCR is gaining ground
but requires expensive equipment, previous nucleic acid puri-
fication steps, highly trained personnel and detailed validation
of the results for an accurate clinical interpretation.

The ability of P. aeruginosa to raise disease depends on the
production of virulence factors. This fact points them as po-
tential biomarkers of infection. Moreover, the concentration of
these molecules is found in direct proportion to the bacterial
load. In this context, PYO emerges as a very interesting target
for developing new detection techniques. PYO is a specific
virulence factor of P. aeruginosa and can also be considered
as well an important QS signalling molecule [36, 123]. Thus,
this pigment alters crucial cellular functions. For instance, it is
involved in the process of lung destruction during chronic
infections contributing to the accelerated decline in lung func-
tion in CF patients [69] and remains an important cause of
serious wound infections and mortality in burn patients
[113]. With this in mind, an important challenge arises on
the field of developing new technologies for a rapid and reli-
able detection of novel biomarkers allowing an early infection
diagnosis. The implementation of new methodologies such as
nanotechnology and biosensing combined with specific
immunoreagents could significantly improve the management
of infectious diseases and this would translate on a better
quality of life of the patient, faster initiation of the therapy
and a more specific use of antibiotics avoiding resistance
processes development. Lately in this field there have been
noticeable advances but still these technologies have not been
launched to the market due to the lack of international regula-
tory guidelines required to evaluate the safety of the different
nanomaterials and their possible toxicity. Moreover, it still
needs to be assessed if nanotechnology-based biosensors are
reproducible, robust, reliable and low-cost enough to satisfy
the current market requirements and to prove that they are
better than the conventional technologies already used.
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