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Abstract: Targeting the iron requirement of Pseudomonas aeruginosa may be an effective adjunctive for
conventional antibiotic treatment against biofilm-dwelling P. aeruginosa. We, therefore, assessed the
anti-biofilm activity of N,N’-bis (2-hydroxybenzyl) ethylenediamine-N,N’-diacetic acid (HBED), which
is a synthetic hexadentate iron chelator. The effect of HBED was studied using short-term (microtitre
plate) and longer-term (flow-cell) biofilm models, under aerobic, anaerobic, and microaerobic
(flow-cell) conditions and in combination with the polymyxin antibiotic colistimethate sodium
(colistin). HBED was assessed against strains of P. aeruginosa from patients with cystic fibrosis and
the reference strain PAO1. HBED inhibited growth and biofilm formation of all clinical strains under
aerobic and anaerobic conditions, but inhibitory effects against PAO1 were predominantly exerted
under anaerobic conditions. PA605, which is a clinical strain with a robust biofilm-forming phenotype,
was selected for flow-cell studies. HBED significantly reduced biomass and surface coverage of
PA605, and, combined with colistin, HBED significantly enhanced the microcolony killing effects of
colistin to result in almost complete removal of the biofilm. HBED combined with colistin is highly
effective in vitro against biofilms formed by clinical strains of P. aeruginosa.
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1. Introduction

Recalcitrant Pseudomonas aeruginosa infection within the lungs of individuals with the genetic
disease cystic fibrosis (CF) remains the predominant cause of morbidity and early mortality in this
patient population [1]. Iron constitutes a major nutrient for P. aeruginosa growth since it is an essential
co-factor in multiple core enzyme systems. Iron has also been shown to be a positive regulator of
P. aeruginosa biofilm formation and is a key controller of virulence factor expression (reviewed by
Reference [2]). There are strong suggestions that iron is involved in disease pathogenesis in the CF
lung and that the increased iron content of airway secretions promotes P. aeruginosa infection [3–5].

We have previously demonstrated that targeting P. aeruginosa iron acquisition with biological
and synthetic iron chelators inhibits biofilm formation, particularly under anaerobic conditions [6,7].
P. aeruginosa employs multiple mechanisms of iron acquisition within the CF lung, which further
highlights the importance of iron to this pathogen in the disease state. However, this also offers the
opportunity to intervene therapeutically [8–10].
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In this paper, we assess the anti-biofilm effects of the hexadentate synthetic ferric iron chelator,
N,N’-bis (2-hydroxybenzyl) ethylenediamine-N,N’-diacetic acid (HBED), on laboratory and clinical
strains of P. aeruginosa. HBED, an iron chelator first described more than 50 years ago [11], has a
high affinity (1040 M-1) and selectivity for ferric iron but, despite its low toxicity [12], the zwitterionic
nature of HBED results in low bioavailability that has, thus far, prevented its clinical use as a systemic
drug [13].The potential for HBED to sequester Fe3+ with an affinity that P. aeruginosa cannot overcome
is anticipated to cause iron starvation and effects such as growth inhibition. We were particularly
interested in the ability of HBED to disrupt mature, established P. aeruginosa biofilms and examined the
efficacy of HBED against biofilm-dwelling bacteria when combined with the conventional polymyxin
antibiotic colistin.

2. Results

2.1. HBED Decreases Aerobic and Anaerobic Biofilm Formation of P. aeruginosa

We first investigated whether HBED could impair growth and biofilm development of P. aeruginosa
strain PAO1 in a microtiter plate assay (Figure 1). Under aerobic conditions in a minimal medium
(succinate medium supplemented with 10 µM FeCl3), HBED had inhibitory effects on the growth of
planktonic cells at levels of 25 µM and above (Figure 1A). The biofilm level at these concentrations
was increased compared to the absence of chelator (Figure 1C). Growth of PAO1 was impaired by
HBED at the same concentrations under anaerobic conditions (Figure 1B) as in aerobic conditions
(Figure 1A). Basal levels of biofilm formation were much higher under anaerobic conditions compared
to the presence of oxygen. However, HBED greatly impaired biofilm formation, which is consistent
with growth inhibition (Figure 1D).
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Figure 1. Effect of N,N’-bis (2-hydroxybenzyl) ethylenediamine-N,N’-diacetic acid (HBED) on strain
PAO1 (A,B) growth levels, and (C,D) short-term biofilm formation. Growth was under aerobic (A,C)
and anaerobic conditions (B,D) in succinate media with 10 µM ferric chloride. Values shown represent
the mean level of growth or biofilm formation +/− standard error of the mean (SEM). * denotes
significantly different values in the presence of HBED than without the chelator (95% confidence)
determined using analysis of variance (ANOVA) with Dunnett’s Method post hoc test.



Antibiotics 2020, 9, 144 3 of 14

2.2. Inhibition of Growth and Biofilm Formation by HBED is Iron-Dependent

To confirm that HBED was acting in an iron-dependent manner to decrease growth and biofilm
formation, bacterial growth was measured in succinate medium containing a set concentration of
HBED and supplemented with increasing concentrations of iron (Figure 2). Addition of iron overcame
the effectiveness of HBED in inhibiting the growth of strain PAO1 under both aerobic and anaerobic
culture conditions (Figure 4A,B) with 40 µM of FeCl3 required to fully reduce the effects of 25 µM
HBED in the presence of oxygen and 10 µM of FeCl3 being sufficient to reduce the inhibitory effects
of 10 µM HBED under anaerobic conditions. HBED binds Fe3+ with a stoichiometry of 1:1 and,
therefore, these concentrations are what is reasonably expected to overcome the amount of HBED
present. A lower concentration of HBED (10 µM) was used in anaerobic conditions to reflect the
increased impairment of growth and biofilm by the chelator in the absence of oxygen (Figure 1).
Supplementary iron also reversed the effects of HBED on biofilm formation under both aerobic and
anaerobic conditions (Figure 2C,D). Additionally, 40 µM of iron caused a decrease in biofilm formation
under aerobic conditions (Figure 2C). This is consistent with previous findings that iron can inhibit
biofilm formation [14] with our observations that HBED increased biofilm in the presence of oxygen
(Figure 1C).
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Figure 2. Effect of supplemental iron on growth and biofilm formation of PAO1 in the presence of
N,N’-bis (2-hydroxybenzyl) ethylenediamine-N,N’-diacetic acid (HBED). Values shown represent the
mean level of (A,B) growth and (C,D) biofilm formation +/− standard error of the mean (SEM) of the
P. aeruginosa strain PAO1 in succinate medium with FeCl3 supplemented at concentrations indicated
in the presence and absence of HBED (25 µM in aerobic conditions, 10 µM in anaerobic conditions).
Growth was under aerobic (a, c) and anaerobic (b, d) conditions. * denotes significantly different values
compared to no HBED determined using Student’s t-test (P < 0.05).
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P. aeruginosa exports a fluorescent siderophore, pyoverdine, in response to iron deprivation.
Fluorescence can be used as a measure of pyoverdine production and, thus, be used as an indicator for
iron deprivation. Both the stability constant of HBED for ferric iron (Ka = 1040 M-1) [11] and its pFe
value (31) [15] are considerably higher than those of pyoverdine (Ka = 1032 M-1, pFe = 27) [16,17], which
suggests that pyoverdine would not be able to effectively compete with HBED to acquire iron that had
been chelated by HBED. We determined whether iron starvation induced by HBED would stimulate
pyoverdine production (Figure 3A). As anticipated, the presence of 10 µM HBED was sufficient to cause
an increase in pyoverdine-dependent fluorescence. To investigate the role of pyoverdine in overcoming
an exogenous iron-chelator, a pyoverdine deficient mutant (PAOpvdH) was grown in the presence
and absence of HBED. Under aerobic conditions, the results show HBED decreased aerobic growth of
the pyoverdine mutant to a greater degree than the parental PAO1 strain (Figure 3B). Furthermore,
biofilm formation by the pyoverdine mutant was significantly decreased in the presence of HBED at
concentrations greater of 12.5 µM compared to the wild type (Figure 3C).
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Figure 3. Effect of N,N’-bis (2-hydroxybenzyl) ethylenediamine-N,N’-diacetic acid (HBED) on
pyoverdine production in PAO1. (A) Pyoverdine production from PAO1 grown in succinate medium
with 10 µM FeCl3 in the presence and absence of 25 µM HBED. The values represent the mean levels of
fluorescence (405 nm/460 nm) adjusted for growth (OD600 nm) +/− standard error of the mean (SEM) of
three biological replicates. (B) Growth and (C) biofilm formation of PAO1 and the pyoverdine deficient
mutant PAOpvdH in succinate medium with 10 µM FeCl3 with HBED at concentrations indicated.
* denotes significantly different values compared to PAO1 with the equivalent concentration of HBED
determined using Student’s t-test (P < 0.05).
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These results, therefore, indicate that, in minimal media, HBED deprives P. aeruginosa of iron,
which results in decreased growth, increased pyoverdine production and, under anaerobic conditions,
decreased biofilm formation. The presence of pyoverdine is key for the susceptibility of P. aeruginosa to
HBED-induced iron starvation.

2.3. HBED Decreases Growth of P. aeruginosa in Sub-inhibitory Concentrations of Antibiotics

To investigate whether the presence of HBED decreases the minimal inhibitory concentration
(MIC) of conventional antibiotics, MIC microdilution assays were undertaken in Mueller Hinton Broth
(MHB) in the presence of HBED. MHB was used in these assays because it is the standard media
used in MIC testing, as recommended by the Clinical and Laboratory Standards Institute (CLSI) and
European Committee on Antimicrobial Susceptibility Testing (EUCAST) [18]. The concentration of
iron in MHB is approximately 10 µM [19]. To ensure an appropriate concentration of HBED was added
to this media, growth and biofilm formation analysis of PAO1 in MHB with HBED was undertaken
(Figure S1). Similar to minimal media, HBED was able to significantly decrease anaerobic growth
and biofilm formation of PAO1 (Figure S1B,D). No significant decrease in growth was seen under
aerobic conditions but a small decrease in biofilm formation was seen with 1 mM HBED (Figure S1B,D).
Despite no decrease in aerobic growth, pyoverdine production was increased in the presence of HBED
at concentrations as low as 4 µM and growth and biofilm formation of the pyoverdine deficient mutant
was significantly reduced (Figure S2). These results indicate HBED causes iron deficiency in this media
and, subsequently, concentrations of 25 µM and 10 µM HBED were selected for the MIC assay under
aerobic and anaerobic conditions, respectively.

Colistin, ciprofloxacin, and gentamicin were used as representative members from the polymyxins,
fluoroquinolones, and aminoglycosides antimicrobial classes, which have distinct modes of action and
growth in the presence of these with HEBD under aerobic and anaerobic conditions were assessed
(Table 1).

Table 1. Minimal inhibitory concentrations of antibiotics in the presence of N,N’-bis (2-hydroxybenzyl)
ethylenediamine-N,N’-diacetic acid (HBED).

Antibiotic Aerobic
− HBED

Aerobic
+ 25 µM HBED

Anaerobic
− HBED

Anaerobic
+ 10 µM HBED

Colistin (mg/L) 0.5 0.5 2 1
Ciprofloxacin (mg/L) 0.25 0.25 0.5 0.5
Gentamicin (mg/L) 2 2 8 4

Under aerobic conditions, no decrease in MIC was seen for any of the antibiotics when 25 µM
HBED was added into the media. However, at antibiotic concentrations that are 2-fold to 4-fold below
MIC, aerobic growth of PAO1 in the presence of HBED decreased considerably compared to the control
(Figure S3). In the absence of oxygen, the presence of 10 µM chelator decreased the MIC of both
colistin and gentamicin two-fold (Table 1). Consistent with the inhibitory effect of HBED on anaerobic
growth in MHB (Figure S1B), growth of PAO1 was reduced across all sub-inhibitory levels of antibiotics
compared to the control, but, as with growth in aerobic conditions, growth was decreased further at
concentrations 2-fold to 4-fold below the MIC (Figure S3). Taken together, these results suggest HBED
could increase the clearance of P. aeruginosa at sub-inhibitory concentrations of antibiotics.

2.4. HBED Decreases Growth and Biofilm Formation of P. aeruginosa Clinical Isolates

Although strain PAO1 is a model bacterium in biofilm and CF research, it possesses many different
characteristics to current clinical P. aeruginosa isolates obtained from CF patients [20–22]. P. aeruginosa
undergo genetic and phenotypic adaptations during chronic infection of the CF lung, which result in
unique characteristics that need to be considered as new therapeutics are developed for use in the
clinical setting [23–26]. We, therefore, studied isolates of P. aeruginosa from CF patients. This includes
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Australian epidemic strains AUST01, AUST02, and AUST03 and strain PA605 (Table 2). PA605 is a "first
isolate" obtained from a child as part of an epidemiological study of P. aeruginosa in the Tasmanian CF
population. We also assessed “early” and “late” isolates where the “early” isolates were obtained from
children and the “late” isolates were obtained from CF adults with long-term infection (Table 2). The
early and late epidemic strains were collected from different patients and not from the same patient
over time.

Table 2. Properties of P. aeruginosa clinical isolate strains used in this study.

Strain Isolate Type1 Patient Location Patient Age at Time of Isolation Reference

PA605 First Isolate Hobart, TAS 7 This study
AUST01 Early Isolate Melbourne, VIC 10 [27]
AUST01 Late Isolate Perth, WA 39 [27]
AUST02 Early Isolate Brisbane, QLD 2 [27]
AUST02 Late Isolate Perth, WA 28 [27]
AUST03 Late Isolate Hobart, TAS 26 [28]
1 First isolate – isolate from first detection of P. aeruginosa infection. Early isolate – obtained from a child with cystic
fibrosis (CF). Late isolate – obtained from an adult with CF.

Overall, the growth of clinical CF strains in succinate medium was significantly impaired by
HBED with inhibition of aerobic and anaerobic planktonic growth ranging from 19–97% (Figure 4). As
observed with PAO1 (Figure 1), the magnitude of these inhibitory effects was greater under anaerobic
conditions (74–97%) (Figure 4A) compared to aerobic conditions (19–82%) (Figure 4B). The greatest
inhibition of aerobic growth was seen with strains AUST01 and AUST02 and was most evident with
the late strains (Figure 4).
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Figure 4. Effect of N,N’-bis (2-hydroxybenzyl) ethylenediamine-N,N’-diacetic acid (HBED) on growth
and biofilm formation of cystic fibrosis (CF) isolates. Values shown represent the mean level of (A,B)
growth and (C,D) biofilm formation +/− standard error of the mean (SEM) of the P. aeruginosa strains
AUST01, AUST02, AUST03, and PA605 in succinate medium with 10 µM FeCl3 in the presence and
absence of 100 µM HBED. Growth was under aerobic (A,C) and anaerobic (B,D) conditions. * denotes
significantly different values compared to untreated values determined using Student’s t-test (P < 0.05).
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Except for AUST01 (early), AUST03, and PA605, the clinical CF isolates did not form robust
biofilms in 96-well microtitre plates (data not shown). In contrast to findings with strain PAO1, where
aerobic biofilm was enhanced and anaerobic biofilm decreased (Figure 1C,D), HBED caused a decrease
in biofilm formation for AUST01 (early), AUST03, and PA605 under both aerobic and anaerobic growth
conditions (Figure 4C,D).

2.5. HBED is Effective against Mature Biofilms and Increases the Efficacy of Colistin

The above experiments indicated that HBED is effective against short-term biofilms, but, during
chronic lung infection with P. aeruginosa in CF, biofilm aggregates are long-lasting and recalcitrant to
antibiotic therapy [29]. Mature biofilms are comprised of complex communities of bacteria that behave
very differently to planktonic cells [30]. Established biofilms are not only resistant to therapy, but
likely also provide the source of recrudescence of infection after conventional antibiotic therapy [31,32].
To model mature biofilms, we used a flow-cell biofilm system [33]. CF strain PA605 was chosen for
these experiments since it formed robust biofilms in vitro in the short-term 96-well plate screening
experiments that were decreased in the presence of HBED under both aerobic and anaerobic conditions
(Figure 4). As well as investigating the effectiveness of HBED alone in disrupting mature biofilms,
we investigated the effect of HBED in combination with colistin, which is a polymixin antibiotic that
is commonly used as an inhaled treatment for P. aeruginosa respiratory infections. Colistin has been
shown to be effective against anaerobically grown P. aeruginosa and bacterial cells located within the
depths of mature biofilms [34,35]. Furthermore, the MIC of colistin was decreased under anaerobic
conditions in the presence of HBED (Table 1). The concentration of colistin selected (10 mg/L) was
within the range achievable within the lung therapeutically, but below the concentration required for
killing colistin-susceptible strains of P. aeruginosa in vitro [36,37].

P. aeruginosa PA605 biofilms were allowed to form and grow for six days in a flow-cell at which
point HBED and/or colistin was added and treatment continued for a further four days. Neither
HBED nor colistin on their own significantly decreased average thickness, maximum thickness, surface
area, or total biomass of mature biofilms (Figure 5). In combination, HBED and colistin decreased
the thickness (Figure 5A,B) and surface area (Figure 5C) of the biofilm. The most striking result was
seen when HBED and colistin were delivered in combination, which caused a large decrease in total
biomass of the biofilm (Figure 5D). A similar decrease in thickness and biomass was seen for biofilms
that were grown for a total of three days with HBED and antibiotic treatment was incorporated into
the growth media in the final 24 h (Figure S4).

The impact of the combined treatment after 10 days can be seen visually in Figure S4. Following
treatment, only a few adherent bacterial cells remained with large areas of exposed flow-cell surface
visible and minimal residual biofilm matrix. Furthermore, this disruption of the biofilm was
accompanied by an increased proportion of dead cells, as determined by the LIVE/DEAD®stain,
which was not seen when the two interventions were administered individually (Figure S5).
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Figure 5. COMSTAT analysis of P. aeruginosa biofilms. P. aeruginosa PA605 was grown for a total of 10
days with treatment (HBED (100 µM) and/or colistin (10 mg/L)) being incorporated into the media
after six days. Biofilms were stained with LIVE/DEAD®stain and viewed using confocal scanning laser
microscopy (CSLM). (A) Average biofilm thickness. (B) Maximum biofilm thickness. (C) Surface area
of biomass. (D) Total biomass. *Significantly different from the control (95% confidence) determined
using ANOVA with Dunnett’s Method post hoc test. The values are the means +/− standard error of
the mean (SEM) of at least three independent experiments.

3. Discussion

Chronic infection with biofilm-forming antibiotic resistant P. aeruginosa presents a major treatment
challenge in individuals with CF. The importance of iron to P. aeruginosa and the emerging data that
demonstrate iron homeostasis is abnormal in the CF lung suggests that therapeutics targeting bacterial
iron uptake pathways may be particularly useful adjuncts to existing conventional antibiotics in this
disease. This study demonstrates that, in minimal media, the hexadentate synthetic iron chelator,
N,N’-bis (2-hydroxybenzyl) ethylenediamine-N,N’-diacetic acid (HBED), inhibits biofilm formation by
P. aeruginosa isolates obtained from patients with CF, including highly prevalent epidemic strains. The
most marked effects were observed when HBED was combined with colistin in a microaerobic biofilm
flow-cell model with the two compounds acting synergistically to cause almost complete disruption of
mature biofilms accompanied by substantial killing of resident colonies (Figure 5, Figure S5).

The low bioavailability of HBED [13] would be highly advantageous for an inhaled iron chelator
designed to exclusively target the respiratory tract. Ferric iron chelators targeting P. aeruginosa biofilms
have been investigated previously [6,38–40]. However, a ferrous iron chelator or a Fe2+/Fe3+ chelator
may be safer and more effective [2,41,42]. While HBED has been shown to have high affinity for Fe3+,
the association constant with Fe2+ has been difficult to determine because HBED rapidly oxidises it to
Fe3+, even under anaerobic conditions [11,43]. The potential to chelate Fe2+ may explain why HBED
was so effective in this study under anaerobic and microaerophilic conditions.

Several factors need to be considered when assessing the efficacy of iron-targeting interventions
in the CF lung. First, oxygen tensions within lung niches in established bronchiectasis may range
between aerobic, microaerobic, and even anaerobic in mucous occluded airways [44]. We, therefore,
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assessed HBED under aerobic, microaerobic, and anaerobic conditions using short-term growth and
short-term and long-term biofilm assays. The iron-chelating mode of action for HBED was confirmed
by the demonstration that supplemental iron abolished HBED’s growth inhibitory effects and also
ameliorated the increased synthesis of pyoverdine by strain PAO1 in the presence of HBED. The
exclusive specificity of HBED for iron in succinate medium was confirmed by LCMS (data not shown).
Under aerobic conditions, growth inhibition by HBED was variable between strains (Figures 1 and 4).
The HBED-induced increase in pyoverdine production by P. aeruginosa (Figure 3A) combined with
the decreased fitness of a pyoverdine null mutant in the presence of HBED (Figure 3B,C) suggests
that this siderophore may enable P. aeruginosa to overcome iron starvation imposed by synthetic iron
chelators. Different strains of P. aeruginosa have different capacities to produce pyoverdine as well
as other iron-acquisition systems, which may explain the strain-specific effects of HBED on growth
that we observed. AUST03 and PA605 had both the smallest HBED-induced decrease in aerobic
growth (Figure 4A), which suggests they may have been less iron-starved by the presence of HBED.
Other systems within P. aeruginosa may decrease the bacteria’s reliance on pyoverdine for iron uptake.
Phenazines are known to reduce Fe3+ and the presence of ferrous iron has been correlated with
phenazine production [41].

Importantly, strains of P. aeruginosa from CF patients were susceptible to growth inhibition by
HBED under both aerobic and anaerobic conditions. HBED was effective against important epidemic
strains of P. aeruginosa that are highly prevalent in Australia. HBED was also effective at inhibiting
growth and biofilm formation of strain PA605, which is a non-epidemic strain obtained from a young
CF patient. PA605 was of particular interest given that the early stages of infection with P. aeruginosa in
the CF lung may be the only opportunity for anti-microbial interventions to eradicate P. aeruginosa
and prevent chronic infection [45]. Inhibition of growth and biofilm formation for all strains tested
was most marked under anaerobic conditions. These findings may have important clinical relevance
as several conventional antibiotics used in CF by the inhalation route such as tobramycin, amikacin,
and aztreonam are less effective under reduced oxygen conditions [46]. Antibiotic adjuncts such as
iron chelators that are effective in diverse oxygen environments may, therefore, substantially enhance
the bactericidal effects of conventional antimicrobials. The increased susceptibility of P. aeruginosa to
HBED under anaerobic conditions may be explained by the fact that its main ferric iron acquisition
pathway (pyoverdine) is inactive under anaerobic conditions [47], where a substantial proportion of
the iron present will be in the reduced ferrous form. Recent data suggest that P. aeruginosa employs
ferrous iron uptake mechanisms in the CF lung through FeoB, but the mechanism has not been fully
characterised [8,41]. However, why HBED was so effective under anaerobic conditions, where more
ferrous iron would be theoretically available to P. aeruginosa, is not clear, but may be due to chelation
and oxidation of ferrous iron.

A potential downside of therapeutically imposing iron starvation during treatment is stimulation
of P. aeruginosa virulence [9]. In particular, sigma factor PvdS is strongly iron-regulated and conditions
of iron depletion would be expected to cause up-regulation of PvdS and increased production of the
PvdS-regulated virulence factors pyoverdine, exotoxin A, and the endoprotease PrpL [48]. However,
the results suggesting HBED could not outcompete pyoverdine in aerobic conditions (Figure 3), but
was highly effective in anaerobic conditions, suggests that pyoverdine and the associated virulence
pathway was not up-regulated under these conditions. It is possible that any bacteria dispersed
from the biofilm following HBED treatment will demonstrate up-regulated virulence will be either
rapidly targeted by the host immune system or susceptible to antibiotic action given the loss of biofilm
protection. However, this requires further investigation in animal models of CF. Furthermore, we used
sub-inhibitory concentrations of colistin in the flow cells as a proof of concept, but higher concentrations
of antibiotic delivered by inhalation may be achieved within the CF airway, which will further facilitate
enhanced killing of cells as they are dispersed from biofilms.

In summary, our findings suggest HBED as a combination therapy with colistin is a potential
anti-biofilm strategy.
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4. Materials and Methods

4.1. Bacterial Strains

P. aeruginosa laboratory strain PAO1, originally isolated from a burn wound [49], and the PAOpvdH
mutant [50] were from laboratory stocks. Clinical strains used in this study were isolated from adult CF
individuals with chronic P. aeruginosa infection [27,28] (Table 2). P. aeruginosa strain PA605 was obtained
at the time of first isolation of P. aeruginosa from the sputum of a child with CF and was provided by
Louise Roddam (University of Tasmania, Australia). Australian Epidemic Strains, AUST01 (“Melbourne
clone”), and AUST02 (“Brisbane clone”) were isolated from sputum or bronchoalveolar lavage samples
of CF patients as part of an Australian national epidemiological study (Table 2) [27]. Epidemic strains
were chosen because of their widespread distribution in the pediatric and adult CF populations in
Australia and their association with increased treatment requirements and antibiotic resistance.

4.2. Growth Media

Strains were grown from storage on Nutrient Agar for 16-18 h under aerobic conditions. Bacterial
growth and biofilm assays in microtiter plates were then conducted in BBLTM Mueller Hinton Broth, BD
(MHB) or a minimal succinate medium (K2HPO4 6 g/L, KH2PO4 3 g/L, (NH4)2SO4 1 g/L, MgSO4.7H2O
0.2 g/L, Succinic acid 4 g/L, and adjusted to pH 7.0 with NaOH) [16] as indicated. MHB and succinate
media were supplemented with 1% KNO3 for growth under anaerobic conditions. Iron (FeCl3) was
supplemented to succinate medium from stock solutions at 10 µM unless stated otherwise. Anaerobic
incubation was undertaken using Biomérieux GENbag anaerobic sachets or AnaeroGenTM compacts
(Oxoid). Continuous media flow biofilm assays were conducted in M63 medium (adapted from
Reference [51]) (15 mM (NH4)2SO4, 22 mM KH2PO4, 40 mM K2HPO4, 5.5 mM glucose, 1 mM MgSO4)
supplemented with 10 µM iron to supply bacteria with an iron concentration similar to that found
within the CF lung [3,52]. N,N’-bis (2-hydroxybenzyl) ethylenediamine-N,N’-diacetic acid (HBED)
was purchased from Strem Chemicals. Colistin sulfate and ciprofloxacin were purchased from Sigma.
Gentamicin sulfate was purchased from AG Scientific.

4.3. Biofilm Assays

4.3.1. Short-Term Biofilm Assays of PAO1

Biofilm formation was examined in a modified microtiter plate assay using crystal violet as
described previously [53]. Overnight P. aeruginosa cultures grown in LB were diluted to OD600nm = 0.001
in the desired medium with appropriate supplements. A total of 100 µL aliquots were dispensed
into 96-well polystyrene microtiter plates (Greiner). A minimum of four technical replicates within
each experiment was carried out and each experiment was reproduced at least three times. Bacteria
were incubated (37 ◦C) under aerobic and anaerobic conditions for 20 h. Total bacterial growth was
determined using optical density (600 nm) in a PHERAstar FS plate reader (BMG Labtech). Biofilms
were washed and stained with 0.1% (w/v) crystal violet (CV) for 15 min at room temperature. After
vigorous washing with water, the stained biofilms were made soluble with 30% acetic acid and the
biofilm density determined by absorbance (550 nm).

4.3.2. Short-term Biofilm Assays of Clinical Isolates

Biofilm formation of the Pseudomonas aeruginosa clinical isolates was as described in 4.3.1 with the
following modifications. Overnight cultures were diluted to OD600 nm = 0.01 in succinate medium with
10 µM FeCl3. 200 µL aliquots were dispensed into 96-well polystyrene microtiter plates (Greiner). Total
bacterial growth was determined using optical density (570 nm) in a microplate reader (Molecular
Devices SpectraMax®M2). After biofilms were stained and washed, biofilms were made soluble with
100% ethanol and the biofilm density of 200 µL aliquots was determined by absorbance (570 nm).
Anaerobic incubation was undertaken in anaerobe bags using AnaeroGenTM compacts (Oxoid).
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4.3.3. Flow Cell Biofilm Studies

For the continuous flow model, biofilms were cultivated at 37 ◦C in three channel flow-cells with
individual channel dimensions of 0.3 × 4 × 40 mm, as described elsewhere [32,54]. For inoculation
of bacteria, medium flow was arrested and the inoculum (0.5 ml of overnight grown broth culture
diluted to OD600nm = 1) was introduced into the flow-cell. After inoculation, flow-cells were inverted
(2 h) to allow bacterial adherence. The flow cell was then returned upright and media flow was
started at 100 µL/min (1 h) to wash through any non-adherent bacteria. Flow was then maintained at a
velocity of 50 µL/min. Bacteria were grown for six days at which point colistin (10 mg/L) and/or HBED
(100 µM) were introduced into the flow media and bacterial growth was allowed to continue for a
further four days.

At the conclusion of long-term assays, the biofilms were stained using SYTO®9 (Invitrogen)
and examined by confocal scanning laser microscopy (CSLM, Zeiss LSM 510 and its Zen operating
software) using an argon 488-nm laser and a 20×/1.0 DIC VIS IR W plan-apochromat (Zeiss) water
immersion objective. Representative images were analysed using the COMSTAT software [55]. For
determining viability, biofilms were stained with the LIVE/DEAD®BacLight™ Bacterial Viability Kit
(Invitrogen) and images were captured using a Leica DM LB2 fluorescence microscope with a cooled
CCD Magnafire (Optronics) camera.

4.4. Pyoverdine Measurement

To determine the concentration of pyoverdine in planktonic cultures, cells were collected by
centrifugation, passed through a 0.2 µm filter, and the relative pyoverdine concentration present
in the filtered supernatant determined by measuring the fluorescence, as described previously [56].
Fluorescence was detected on a Cary eclipse fluorometer using an excitation wavelength of 405 nm
(excitation slit width = 5) and a scanning emission of 425 m to 530 nm (emission slit width = 10). PMT
was 600. For simplicity, only emission at 460 nm is presented in this case, which has been adjusted for
relative bacterial density using absorbance (600 nm).

4.5. Minimal Inhibitory Concentration

Minimal inhibitory concentrations of colistin sulfate, gentamicin sulfate, and ciprofloxacin were
determined using broth microdilution, as described by Reference [18]. Assays were carried out in
MHB media supplemented with 20 mg/L Ca2+ and 10 mg/L Mg2+ (cation adjusted). HBED was added
at a final concentration of 25 µM under aerobic conditions and 10 µM for anaerobic conditions. To
avoid the adsorption of colistin sulfate to the microtiter plate, polysorbate 80 was added at a final
concentration of 0.002% (v/v). Microtiter plates incubated in aerobic conditions were sealed with a
Breathe-Easy®membrane (Diversified Biotech) and grown with shaking. Total bacterial growth was
determined using optical density (600 nm) in a PHERAstar FS plate reader (BMG Labtech).

4.6. Statistical Analysis

Data shown represent the mean ± SEM of at least three biological replicates. The significance of
the results was determined using either the Student’s t test or one-way analysis of variance (ANOVA)
with the Dunnett method and 95% confidence post hoc test (Minitab® 19). P-values below 0.05 were
considered significant.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-6382/9/4/144/s1.
Figure S1: Effect of N,N’-bis (2-hydroxybenzyl) ethylenediamine-N,N’-diacetic acid (HBED) on strain
PAO1 growth levels, and short-term biofilm formation. Figure S2: Effect of N,N’-bis (2-hydroxybenzyl)
ethylenediamine-N,N’-diacetic acid (HBED) on pyoverdine production in PAO1. Figure S3: Minimal inhibitory
concentration analysis of P. aeruginosa. Figure S4: COMSTAT analysis of P. aeruginosa biofilms. Figure S5: Effect of
colistin and N,N’-bis (2-hydroxybenzyl) ethylenediamine-N,N’-diacetic acid (HBED) on established P. aeruginosa
PA605 biofilms.
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Antibiotics 2020, 9, 144 12 of 14

Author Contributions: Conceptualization, K.M., I.L., and D.R. Methodology, K.M., I.L., and D.R. Validation, K.M.
Formal analysis, K.M. Investigation, K.M. Resources, I.L., K.H., and D.R. Data curation, K.M. Writing—original
draft preparation, K.M., D.R., and I.L. Writing—review and editing, K.M., I.L., D.R., and K.H. Visualization, K.M.
Supervision, I.L., D.R., and K.H. Project administration, K.M. and D.R. Funding acquisition, D.R. and K.H. All
authors have read and agreed to the published version of the manuscript.

Funding: The Royal Hobart Hospital Research Foundation, the Australian CF Research Trust and the National
Health and Medical Research Council of Australia, grant number 352611, funded this research.

Acknowledgments: We gratefully acknowledge Timothy Kidd and Scott Bell (Child Health Research Centre,
University of Queensland, Australia) and Louise Roddam (University of Tasmania, Australia) for providing
strains used in this research.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Folkesson, A.; Jelsbak, L.; Yang, L.; Johansen, H.K.; Ciofu, O.; Høiby, N.; Molin, S. Adaptation of Pseudomonas
aeruginosa to the cystic fibrosis airway: An evolutionary perspective. Nat. Rev. Genet. 2012, 10, 841–851.
[CrossRef]

2. Reinhart, A.A.; Oglesby-Sherrouse, A.G. Regulation of Pseudomonas aeruginosa Virulence by Distinct Iron
Sources. Genes 2016, 7, 126. [CrossRef] [PubMed]

3. Reid, D.W.; Withers, N.J.; Francis, L.; Wilson, J.W.; Kotsimbos, T.C. Iron deficiency in cystic fibrosis:
Relationship to lung disease severity and chronic Pseudomonas aeruginosa infection. Chest 2002, 121, 48–54.
[CrossRef] [PubMed]

4. Reid, D.W.; Anderson, G.J.; Lamont, I.L. Role of lung iron in determining the bacterial and host struggle in
cystic fibrosis. Am. J. Physiol. Lung Cell Mol. Physiol. 2009, 297, L795–L802. [CrossRef] [PubMed]

5. Moreau-Marquis, S.; Bomberger, J.M.; Anderson, G.G.; Swiatecka-Urban, A.; Ye, S.; O'Toole, G.A.; Stanton, B.A.
The DeltaF508-CFTR mutation results in increased biofilm formation by Pseudomonas aeruginosa by increasing
iron availability. Am. J. Physiol. Lung Cell Mol. Physiol. 2008, 295, L25–L37. [CrossRef] [PubMed]

6. O'May, C.Y.; Sanderson, K.; Roddam, L.F.; Kirov, S.M.; Reid, D.W. Iron-binding compounds impair
Pseudomonas aeruginosa biofilm formation, especially under anaerobic conditions. J. Med. Microbiol. 2009, 58,
765–773. [CrossRef] [PubMed]

7. Reid, D.W.; O'May, C.; Roddam, L.F.; Lamont, I.L. Chelated iron as an anti-Pseudomonas aeruginosa biofilm
therapeutic strategy. J. Appl. Microbiol. 2009, 106, 1058. [CrossRef] [PubMed]

8. Konings, A.F.; Martin, L.W.; Sharples, K.J.; Roddam, L.F.; Latham, R.; Reid, D.W.; Lamont, I.L. Pseudomonas
aeruginosa uses multiple pathways to acquire iron during chronic infection in cystic fibrosis lungs. Infect.
Immun. 2013, 81, 2697–2704. [CrossRef]

9. Smith, D.J.; Lamont, I.L.; Anderson, G.J.; Reid, D.W. Targeting iron uptake to control Pseudomonas aeruginosa
infections in cystic fibrosis. Eur. Respir. J. 2013, 42, 1723–1736. [CrossRef]

10. Marvig, R.L.; Damkiær, S.; Khademi, S.M.H.; Markussen, T.M.; Molin, S.; Jelsbak, L. Within-Host Evolution
of Pseudomonas aeruginosa Reveals Adaptation toward Iron Acquisition from Hemoglobin. MBio 2014, 5,
e00966-14. [CrossRef]

11. L'Eplattenier, F.; Murase, I.; Martell, A.E. New multidentate ligands. VI. Chelating tendencies of
N,N'-di(2-hydroxybenzyl)ethylenediamine-N,N'-diacetic acid. J. Am. Chem. Soc. 1967, 89, 837–843. [CrossRef]

12. Grady, R.W.; Hershko, C. HBED: A potential oral iron chelator. Ann. N. Y. Acad. Sci. 1990, 612, 361–368.
[CrossRef] [PubMed]

13. Grady, R.W.; Salbe, A.D.; Hilgartner, M.W.; Giardina, P.J. Results from a phase I clinical trial of HBED. Adv.
Exp. Med. Biol. 1994, 356, 351–359. [PubMed]

14. Musk, D.J.; Banko, D.A.; Hergenrother, P.J. Iron salts perturb biofilm formation and disrupt existing biofilms
of Pseudomonas aeruginosa. Chem. Biol. 2005, 12, 789–796. [CrossRef] [PubMed]

15. Liu, Z.D.; Hider, R.C. Design of iron chelators with therapeutic application. Coord. Chem. Rev. 2002, 232,
151–171. [CrossRef]

16. Meyer, J.M.; Abdallah, M.A. Fluorescent pigment of Pseudomonas fluorescens—Biosynthesis, purification and
physicochemical properties. J. Gen. Microbiol. 1978, 107, 319–328. [CrossRef]

http://dx.doi.org/10.1038/nrmicro2907
http://dx.doi.org/10.3390/genes7120126
http://www.ncbi.nlm.nih.gov/pubmed/27983658
http://dx.doi.org/10.1378/chest.121.1.48
http://www.ncbi.nlm.nih.gov/pubmed/11796431
http://dx.doi.org/10.1152/ajplung.00132.2009
http://www.ncbi.nlm.nih.gov/pubmed/19700646
http://dx.doi.org/10.1152/ajplung.00391.2007
http://www.ncbi.nlm.nih.gov/pubmed/18359885
http://dx.doi.org/10.1099/jmm.0.004416-0
http://www.ncbi.nlm.nih.gov/pubmed/19429753
http://dx.doi.org/10.1111/j.1365-2672.2008.03955.x
http://www.ncbi.nlm.nih.gov/pubmed/19302101
http://dx.doi.org/10.1128/IAI.00418-13
http://dx.doi.org/10.1183/09031936.00124012
http://dx.doi.org/10.1128/mBio.00966-14
http://dx.doi.org/10.1021/ja00980a019
http://dx.doi.org/10.1111/j.1749-6632.1990.tb24323.x
http://www.ncbi.nlm.nih.gov/pubmed/2127167
http://www.ncbi.nlm.nih.gov/pubmed/7887241
http://dx.doi.org/10.1016/j.chembiol.2005.05.007
http://www.ncbi.nlm.nih.gov/pubmed/16039526
http://dx.doi.org/10.1016/S0010-8545(02)00050-4
http://dx.doi.org/10.1099/00221287-107-2-319


Antibiotics 2020, 9, 144 13 of 14

17. Albrechtgary, A.M.; Blanc, S.; Rochel, N.; Ocaktan, A.Z.; Abdallah, M.A. Bacterial Iron
Transport—Coordination Properties of Pyoverdin PaA, a Peptidic Siderophore of Pseudomonas aeruginosa.
Inorg. Chem. 1994, 33, 6391–6402. [CrossRef]

18. Wiegand, I.; Hilpert, K.; Hancock, R.E. Agar and broth dilution methods to determine the minimal inhibitory
concentration (MIC) of antimicrobial substances. Nat. Protoc. 2008, 3, 163–175. [CrossRef]

19. Girardello, R.; Bispo, P.J.; Yamanaka, T.M.; Gales, A.C. Cation concentration variability of four distinct
Mueller-Hinton agar brands influences polymyxin B susceptibility results. J. Clin. Microbiol. 2012, 50,
2414–2418. [CrossRef]

20. O'May, C.Y.; Reid, D.W.; Kirov, S.M. Anaerobic culture conditions favor biofilm-like phenotypes in
Pseudomonas aeruginosa isolates from patients with cystic fibrosis. FEMS Immunol. Med. Microbiol. 2006, 48,
373–380. [CrossRef]

21. Hare, N.J.; Solis, N.; Harmer, C.; Marzook, N.B.; Rose, B.; Harbour, C.; Crossett, B.; Manos, J.; Cordwell, S.J.
Proteomic profiling of Pseudomonas aeruginosa AES-1R, PAO1 and PA14 reveals potential virulence determinants
associated with a transmissible cystic fibrosis-associated strain. BMC Microbiol. 2012, 12, 16. [CrossRef] [PubMed]

22. Kukavica-Ibrulj, I.; Bragonzi, A.; Paroni, M.; Winstanley, C.; Sanschagrin, F.; O'Toole, G.A.; Levesque, R.C.
In vivo growth of Pseudomonas aeruginosa strains PAO1 and PA14 and the hypervirulent strain LESB58 in a
rat model of chronic lung infection. J. Bacteriol. 2008, 190, 2804–2813. [CrossRef] [PubMed]

23. Haussler, S.; Tummler, B.; Weissbrodt, H.; Rohde, M.; Steinmetz, I. Small-colony variants of Pseudomonas
aeruginosa in cystic fibrosis. Clin. Infect. Dis. 1999, 29, 621–625. [PubMed]

24. Mathee, K.; Ciofu, O.; Sternberg, C.; Lindum, P.W.; Campbell, J.I.; Jensen, P.; Johnsen, A.H.; Givskov, M.;
Ohman, D.E.; Molin, S.; et al. Mucoid conversion of Pseudomonas aeruginosa by hydrogen peroxide: A
mechanism for virulence activation in the cystic fibrosis lung. Microbiology 1999, 145, 1349–1357. [CrossRef]

25. Eberl, L.; Tummler, B. Pseudomonas aeruginosa and Burkholderia cepacia in cystic fibrosis: Genome evolution,
interactions and adaptation. Int. J. Med. Microbiol. 2004, 294, 123–131. [CrossRef]

26. Smith, E.E.; Buckley, D.G.; Wu, Z.; Saenphimmachak, C.; Hoffman, L.R.; D'Argenio, D.A.; Miller, S.I.;
Ramsey, B.W.; Speert, D.P.; Moskowitz, S.M.; et al. Genetic adaptation by Pseudomonas aeruginosa to the
airways of cystic fibrosis patients. Proc. Natl. Acad. Sci. USA 2006, 103, 8487–8492. [CrossRef]

27. Kidd, T.J.; Ramsay, K.A.; Hu, H.; Bye, P.T.; Elkins, M.R.; Grimwood, K.; Harbour, C.; Marks, G.B.; Nissen, M.D.;
Robinson, P.J.; et al. Low rates of Pseudomonas aeruginosa misidentification in isolates from cystic fibrosis
patients. J. Clin. Microbiol. 2009, 47, 1503–1509. [CrossRef]

28. Bradbury, R.; Champion, A.; Reid, D.W. Poor clinical outcomes associated with a multi-drug resistant clonal
strain of Pseudomonas aeruginosa in the Tasmanian cystic fibrosis population. Respirology 2008, 13, 886–892.
[CrossRef]

29. Hoiby, N.; Ciofu, O.; Bjarnsholt, T. Pseudomonas aeruginosa biofilms in cystic fibrosis. Future Microbiol. 2010, 5,
1663–1674. [CrossRef]

30. Sauer, K.; Camper, A.K.; Ehrlich, G.D.; Costerton, J.W.; Davies, D.G. Pseudomonas aeruginosa displays multiple
phenotypes during development as a biofilm. J. Bacteriol. 2002, 184, 1140–1154. [CrossRef]

31. VanDevanter, D.R.; Van Dalfsen, J.M. How much do Pseudomonas biofilms contribute to symptoms of
pulmonary exacerbation in cystic fibrosis? Pediatr. Pulmonol. 2005, 39, 504–506. [CrossRef] [PubMed]

32. Kirov, S.M.; Webb, J.S.; O'May, C.Y.; Reid, D.W.; Woo, J.K.; Rice, S.A.; Kjelleberg, S. Biofilm differentiation
and dispersal in mucoid Pseudomonas aeruginosa isolates from patients with cystic fibrosis. Microbiology 2007,
153, 3264–3274. [CrossRef] [PubMed]

33. Sternberg, C.; Tolker-Nielsen, T. Growing and analyzing biofilms in flow cells. Curr. Protoc. Microbiol. 2006,
00, 1B.2.1–1B.2.15. [CrossRef]

34. Kolpen, M.; Appeldorff, C.F.; Brandt, S.; Mousavi, N.; Kragh, K.N.; Aydogan, S.; Uppal, H.A.; Bjarnsholt, T.;
Ciofu, O.; Hoiby, N.; et al. Increased bactericidal activity of colistin on Pseudomonas aeruginosa biofilms in
anaerobic conditions. Pathog. Dis. 2016, 74, ftv086. [CrossRef]

35. Haagensen, J.A.; Klausen, M.; Ernst, R.K.; Miller, S.I.; Folkesson, A.; Tolker-Nielsen, T.; Molin, S. Differentiation
and distribution of colistin- and sodium dodecyl sulfate-tolerant cells in Pseudomonas aeruginosa biofilms. J.
Bacteriol. 2007, 189, 28–37. [CrossRef]

36. Li, J.; Turnidge, J.; Milne, R.; Nation, R.L.; Coulthard, K. In vitro pharmacodynamic properties of colistin
and colistin methanesulfonate against Pseudomonas aeruginosa isolates from patients with cystic fibrosis.
Antimicrob. Agents Chemother. 2001, 45, 781–785. [CrossRef]

http://dx.doi.org/10.1021/ic00104a059
http://dx.doi.org/10.1038/nprot.2007.521
http://dx.doi.org/10.1128/JCM.06686-11
http://dx.doi.org/10.1111/j.1574-695X.2006.00157.x
http://dx.doi.org/10.1186/1471-2180-12-16
http://www.ncbi.nlm.nih.gov/pubmed/22264352
http://dx.doi.org/10.1128/JB.01572-07
http://www.ncbi.nlm.nih.gov/pubmed/18083816
http://www.ncbi.nlm.nih.gov/pubmed/10530458
http://dx.doi.org/10.1099/13500872-145-6-1349
http://dx.doi.org/10.1016/j.ijmm.2004.06.022
http://dx.doi.org/10.1073/pnas.0602138103
http://dx.doi.org/10.1128/JCM.00014-09
http://dx.doi.org/10.1111/j.1440-1843.2008.01383.x
http://dx.doi.org/10.2217/fmb.10.125
http://dx.doi.org/10.1128/jb.184.4.1140-1154.2002
http://dx.doi.org/10.1002/ppul.20220
http://www.ncbi.nlm.nih.gov/pubmed/15830388
http://dx.doi.org/10.1099/mic.0.2007/009092-0
http://www.ncbi.nlm.nih.gov/pubmed/17906126
http://dx.doi.org/10.1002/9780471729259.mc01b02s00
http://dx.doi.org/10.1093/femspd/ftv086
http://dx.doi.org/10.1128/JB.00720-06
http://dx.doi.org/10.1128/AAC.45.3.781-785.2001


Antibiotics 2020, 9, 144 14 of 14

37. Ratjen, F.; Rietschel, E.; Kasel, D.; Schwiertz, R.; Starke, K.; Beier, H.; van Koningsbruggen, S.; Grasemann, H.
Pharmacokinetics of inhaled colistin in patients with cystic fibrosis. J. Antimicrob. Chemother. 2006, 57,
306–311. [CrossRef]

38. Banin, E.; Lozinski, A.; Brady, K.M.; Berenshtein, E.; Butterfield, P.W.; Moshe, M.; Chevion, M.; Greenberg, E.P.
The potential of desferrioxamine-gallium as an anti-Pseudomonas therapeutic agent. Proc. Natl. Acad. Sci.
USA 2008, 105, 16761–16766. [CrossRef]

39. Moreau-Marquis, S.; O'Toole, G.A.; Stanton, B.A. Tobramycin and FDA-approved iron chelators eliminate
Pseudomonas aeruginosa biofilms on cystic fibrosis cells. Am. J. Respir. Cell Mol. Biol. 2009, 41, 305–313. [CrossRef]

40. Oglesby-Sherrouse, A.G.; Djapgne, L.; Nguyen, A.T.; Vasil, A.I.; Vasil, M.L. The complex interplay of iron,
biofilm formation, and mucoidy affecting antimicrobial resistance of Pseudomonas aeruginosa. Pathog. Dis.
2014, 70, 307–320. [CrossRef]

41. Hunter, R.C.; Asfour, F.; Dingemans, J.; Osuna, B.L.; Samad, T.; Malfroot, A.; Cornelis, P.; Newman, D.K.
Ferrous iron is a significant component of bioavailable iron in cystic fibrosis airways. MBio 2013, 4, e00557-13.
[CrossRef] [PubMed]

42. Kim, T.S.; Ham, S.Y.; Park, B.B.; Byun, Y.; Park, H.D. Lauroyl Arginate Ethyl Blocks the Iron Signals Necessary
for Pseudomonas aeruginosa Biofilm Development. Front. Microbiol. 2017, 8, 970. [CrossRef] [PubMed]

43. Samuni, A.M.; Afeworki, M.; Stein, W.; Yordanov, A.T.; DeGraff, W.; Krishna, M.C.; Mitchell, J.B.;
Brechbiel, M.W. Multifunctional antioxidant activity of HBED iron chelator. Free Radic. Biol. Med.
2001, 30, 170–177. [CrossRef]

44. Worlitzsch, D.; Tarran, R.; Ulrich, M.; Schwab, U.; Cekici, A.; Meyer, K.C.; Birrer, P.; Bellon, G.; Berger, J.;
Weiss, T.; et al. Effects of reduced mucus oxygen concentration in airway Pseudomonas infections of cystic
fibrosis patients. J. Clin. Investig. 2002, 109, 317–325. [CrossRef] [PubMed]

45. Schelstraete, P.; Haerynck, F.; Van daele, S.; Deseyne, S.; De Baets, F. Eradication therapy for Pseudomonas
aeruginosa colonization episodes in cystic fibrosis patients not chronically colonized by P. aeruginosa. J Cyst.
Fibros. 2013, 12, 1–8. [CrossRef]

46. King, P.; Citron, D.M.; Griffith, D.C.; Lomovskaya, O.; Dudley, M.N. Effect of oxygen limitation on the
in vitro activity of levofloxacin and other antibiotics administered by the aerosol route against Pseudomonas
aeruginosa from cystic fibrosis patients. Diagn. Microbiol. Infect. Dis. 2010, 66, 181–186. [CrossRef]

47. Xiong, Y.Q.; Vasil, M.L.; Johnson, Z.; Ochsner, U.A.; Bayer, A.S. The oxygen- and iron-dependent sigma factor
pvdS of Pseudomonas aeruginosa is an important virulence factor in experimental infective endocarditis. J.
Infect. Dis. 2000, 181, 1020–1026. [CrossRef]

48. Lamont, I.L.; Beare, P.A.; Ochsner, U.; Vasil, A.I.; Vasil, M.L. Siderophore-mediated signaling regulates virulence
factor production in Pseudomonas aeruginosa. Proc. Natl. Acad. Sci. USA 2002, 99, 7072–7077. [CrossRef]

49. Holloway, B.W. Genetic recombination in Pseudomonas aeruginosa. J. Gen. Microbiol. 1955, 13, 572–581. [CrossRef]
50. Lopez-Medina, E.; Fan, D.; Coughlin, L.A.; Ho, E.X.; Lamont, I.L.; Reimmann, C.; Hooper, L.V.; Koh, A.Y.

Candida albicans Inhibits Pseudomonas aeruginosa Virulence through Suppression of Pyochelin and Pyoverdine
Biosynthesis. PLoS Pathog. 2015, 11, e1005129. [CrossRef]

51. Miller, J.H. Experiments in Molecular Genetics; Cold Spring Harbor Laboratory: New York, NY, USA, 1972.
52. Reid, D.W.; Carroll, V.; O'May, C.; Champion, A.; Kirov, S.M. Increased airway iron as a potential factor in the

persistence of Pseudomonas aeruginosa infection in cystic fibrosis. Eur. Respir. J. 2007, 30, 286–292. [CrossRef]
[PubMed]

53. O'Toole, G.A. Microtiter dish biofilm formation assay. J. Vis. Exp. JoVE 2011, 47, 2437. [CrossRef] [PubMed]
54. Webb, J.S.; Thompson, L.S.; James, S.; Charlton, T.; Tolker-Nielsen, T.; Koch, B.; Givskov, M.; Kjelleberg, S.

Cell death in Pseudomonas aeruginosa biofilm development. J. Bacteriol. 2003, 185, 4585–4592. [CrossRef]
55. Heydorn, A.; Nielsen, A.T.; Hentzer, M.; Sternberg, C.; Givskov, M.; Ersboll, B.K.; Molin, S. Quantification of

biofilm structures by the novel computer program COMSTAT. Microbiology 2000, 146, 2395–2407. [CrossRef]
56. Martin, L.W.; Reid, D.W.; Sharples, K.J.; Lamont, I.L. Pseudomonas siderophores in the sputum of patients

with cystic fibrosis. Biometals 2011, 24, 1059–1067. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1093/jac/dki461
http://dx.doi.org/10.1073/pnas.0808608105
http://dx.doi.org/10.1165/rcmb.2008-0299OC
http://dx.doi.org/10.1111/2049-632X.12132
http://dx.doi.org/10.1128/mBio.00557-13
http://www.ncbi.nlm.nih.gov/pubmed/23963183
http://dx.doi.org/10.3389/fmicb.2017.00970
http://www.ncbi.nlm.nih.gov/pubmed/28611763
http://dx.doi.org/10.1016/S0891-5849(00)00459-7
http://dx.doi.org/10.1172/JCI0213870
http://www.ncbi.nlm.nih.gov/pubmed/11827991
http://dx.doi.org/10.1016/j.jcf.2012.07.008
http://dx.doi.org/10.1016/j.diagmicrobio.2009.09.009
http://dx.doi.org/10.1086/315338
http://dx.doi.org/10.1073/pnas.092016999
http://dx.doi.org/10.1099/00221287-13-3-572
http://dx.doi.org/10.1371/journal.ppat.1005129
http://dx.doi.org/10.1183/09031936.00154006
http://www.ncbi.nlm.nih.gov/pubmed/17504792
http://dx.doi.org/10.3791/2437
http://www.ncbi.nlm.nih.gov/pubmed/21307833
http://dx.doi.org/10.1128/JB.185.15.4585-4592.2003
http://dx.doi.org/10.1099/00221287-146-10-2395
http://dx.doi.org/10.1007/s10534-011-9464-z
http://www.ncbi.nlm.nih.gov/pubmed/21643731
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	HBED Decreases Aerobic and Anaerobic Biofilm Formation of P. aeruginosa 
	Inhibition of Growth and Biofilm Formation by HBED is Iron-Dependent 
	HBED Decreases Growth of P. aeruginosa in Sub-inhibitory Concentrations of Antibiotics 
	HBED Decreases Growth and Biofilm Formation of P. aeruginosa Clinical Isolates 
	HBED is Effective against Mature Biofilms and Increases the Efficacy of Colistin 

	Discussion 
	Materials and Methods 
	Bacterial Strains 
	Growth Media 
	Biofilm Assays 
	Short-Term Biofilm Assays of PAO1 
	Short-term Biofilm Assays of Clinical Isolates 
	Flow Cell Biofilm Studies 

	Pyoverdine Measurement 
	Minimal Inhibitory Concentration 
	Statistical Analysis 

	References

