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Enable the Eradication of P. aeruginosa Biofilm Infections
Duy-Khiet Ho, Xabier Murgia, Chiara De Rossi, Rebekka Christmann,
Antonio G. H�fner de Mello Martins, Marcus Koch, Anastasia Andreas, Jennifer Herrmann,
Rolf M�ller, Martin Empting, Rolf W. Hartmann, Didier Desmaele, Brigitta Loretz,
Patrick Couvreur, and Claus-Michael Lehr*
Abstract: Elimination of pulmonary Pseudomonas aeruginosa
(PA) infections is challenging to accomplish with antibiotic
therapies, mainly due to resistance mechanisms. Quorum
sensing inhibitors (QSIs) interfering with biofilm formation
can thus complement antibiotics. For simultaneous and
improved delivery of both active agents to the infection sites,
self-assembling nanoparticles of a newly synthesized squalenyl
hydrogen sulfate (SqNPs) were prepared. These nanocarriers
allowed for remarkably high loading capacities of hydrophilic
antibiotic tobramycin (Tob) and a novel lipophilic QSI at 30%
and circa 10%, respectively. The drug-loaded SqNPs showed
improved biofilm penetration and enhanced efficacy in
relevant biological barriers (mucin/human tracheal mucus,
biofilm), leading to complete eradication of PA biofilms at
circa 16-fold lower Tob concentration than Tob alone. This
study offers a viable therapy optimization and invigorates the
research and development of QSIs for clinical use.

Pseudomonas aeruginosa (PA) is one of the most virulent
pathogens causing nosocomial infections worldwide.[1] Espe-
cially, this biofilm forming bacterium is the predominant life-
threatening pathogen in cystic fibrosis (CF) patients, leading
to high morbidity and mortality.[2] Inhaled antibiotics reduce
the frequency of exacerbations, significantly decrease bacte-
rial density in airway secretions, recover pulmonary function,

and most importantly improve the quality of life of patients
with PA-derived pulmonary infections. Despite intensive
focus on the discovery of new anti-infectives and pulmonary
delivery strategies, the currently available inhalation thera-
peutics cannot entirely eradicate bacterial lung infections.[3]

Therefore, the development of new and improved treatment
strategies in the context of severe pulmonary infections
remains an unmet medical need. To address this, inhalation
therapeutics will have to overcome the challenges of pulmo-
nary drug delivery, mainly including poor water-solubility,
poor absorption, and fast clearance, while providing sustained
release of anti-infectives at a concentration higher than the
minimum inhibiting concentration both in the lungs and
inside the biofilm infection.[3,4] PA is also able to form biofilms
composed of attached bacterial cells covered within a matrix
of extracellular polymeric secretions.[5] Moreover, it could
further shift to a mucoid phenotype in CF patients in later
stages of infection, which forms overexpressed alginate
biofilms.[5] These are strong penetration-limiting biological
barriers protecting bacteria from anti-infective agents and
leading to antimicrobial resistance development.[5, 6]

Depending on the bacterial density, PA strains may
produce complex biofilm infections in the host by upregulat-
ing the expression of several virulence factors through inter-
bacterial chemical communications, so called quorum sensing
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(QS) systems.[7] The PA-specific transcriptional multi-viru-
lence factor regulator (pqsR) is one of the QS systems in PA,
which coordinates the production of pyocyanin, elastase B,
hydrogen cyanide, and biofilm formation.[7] Pyocyanin gen-
erates reactive oxygen species, which benefit the bacterial
colonization.[8] Moreover, the PqsR-controlled QS metabo-
lites prompt PA to convert to a metabolically less active state
at which they are less or even not sensitive to antibiotics.[7,8]

QS systems are thus considered as attractive targets in
combatting PA infections.[9,10] A potent pqsR inverse agonis-
tic QSI (Scheme 1, QSI (1)) was discovered and synthesized
for such purpose.[9, 10] QSI (1) strongly interferes with PA
virulence without affecting cell growth, and thus has been
proposed as a complement to antibiotics.[10,11] The simulta-
neous delivery of antibiotic and QSI is hypothesized to
improve biofilm eradication.[12–14] Nevertheless, the efficacy of
QSI (1) is restricted by its poor water-solubility and the
concomitant limitations in terms of pulmonary delivery.
Furthermore, the chemical synthesis of excipients and for-
mulation methods of a few reported delivery systems for anti-
infective-combination remains cumbersome and poorly scal-
able.[3]

To overcome the aforementioned limitations, we describe
herein a novel nano-carrier system based on a newly synthe-
sized amphiphilic lipid, squalenyl hydrogen sulfate (SqHS)
(Scheme 1). SqHS nanoparticles (SqNPs) are easily formed in
aqueous media due to SqHS�s unique nano-assembling
property, which allows the simultaneous delivery of both the
polycationic antibiotic tobramycin (Tob, the widely used first-

line therapy in the treatment of PA associated infections) and
a hydrophobic QSI (1). This approach enables the co-delivery
of both anti-infectives and therefore is expected to provide
high drug availability at and inside the infection sites, thereby
providing enhanced antimicrobial activity at all stages of the
infection (Scheme 1).

To the best of our knowledge, the anti-infectives co-
loaded SqNPs described display a remarkably higher drug
loading capacity compared to previously reported drug
delivery systems having similar a size range.[3] Particularly,
the drug co-loaded SqNPs of 200 nm allowed the maximum
Tob and QSI (1) loading capacity at 30 % and circa 10 %,
respectively. Detailed SqNPs characteristics are summarized
in Figure S3 in the Supporting Information, while the
morphology of the Tob and QSI (1) co-loaded SqNPs could
be observed by Cryo-TEM (Scheme 1).

We firstly investigated the efficacy of QSI (1)-loaded
SqNPs on PA strain PA14 wild type (wt). Figure 1A shows an
improvement by a factor of four in pyocyanin inhibitory
efficacy when using QSI (1)-loaded SqNPs compared to free
QSI (1), whereas the control drug-free SqNPs did not display
any activity (Figure S6). This is a result of the better
availability of hydrophobic drug in an aqueous environment,
which encourages the use of SqNPs for the delivery of QSI
(1).

Scheme 1. Schematic illustration of the co-assembly of Tob and QSI
(1) co-loaded SqNPs, their ultrastructure by Cryo-TEM image, and
their proposed actions at all stages of PA respiratory infections.

Figure 1. Production of pyocyanin levels compared to control PA14
wild type (wt): A) of samples treated with free QSI (1) in blue (a,
dp<0.001 vs. samples treated with 20 and 8 mm QSI (1)), and with
QSI (1)-loaded SqNPs in red (*, #, §, &p<0.001 vs. samples treated
with equivalent 0.5, 20, 8 and 4 mm QSI (1)); B) in the presence of
mucin (*, #, &, §p<0.001 vs. controls, mucin concentration 1, 0.25 and
0.1%); C) in the presence of human mucus (*, #, §p<0.001 vs.
controls, human mucus concentration 0.5 and 0.1%). D) Comparison
of pyocyanin production levels of PA14 wt grown in PPGAS medium
(proteose peptone glucose ammonium salt), in the presence of mucin
0.1% and mucus 0.025%, treated with 2 mm QSI (1) as either free
form or loaded in SqNPs (*p<0.001). All control samples were grown
in PPGAS medium, which was also used as diluent for mucin and
human mucus. All data are presented as mean�SD, at least three
independent experiments performed in triplicate each.
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In the context of PA-induced pulmonary infections,
airway mucus is always the first contact with the host at the
early stages of infection. Mucus is a protecting layer that
entraps and clears foreign materials, including bacteria, out of
the lungs.[15, 16] Unfortunately, mucus clearance is often
compromised in disease states such as CF, which might
promote the development of bacterial resistance.[17] Hence,
we investigated the pyocyanin production of PA14 wt in the
presence of mucin, the main organic component of mucus,
and in the presence of crude, native human tracheal mucus.
The results are shown in Figure 1B,C. Interestingly, our study
pointed out that, at the highest tested concentrations of both
mucin and mucus, the pyocyanin production was inhibited,
while bacteria growth was not affected in both conditions.
Although the tested mucin/mucus concentrations are lower
than the reported ones in healthy airway mucus and CF
sputum,[18, 19] the observed phenomenon corroborates the
biochemical effects of mucus, which inhibits cell-to-cell
communication and, as recently reported by Wheeler et al.,
also influences the biofilm formation.[17] On the contrary,
when decreasing mucin or mucus concentrations, which
corresponds to an increase of the ratio between bacteria
population to mucin or mucus amount (i.e., the setting of
infection), the pyocyanin production was not inhibited, yet
significantly promoted. Notably, the pyocyanin levels were
enhanced by a factor of 1.5 when incubating PA14 wt with
mucin or mucus at 0.25 % and 0.05% concentration, respec-
tively. This might be, in turn, of relevance to the immuno-
suppression of PA once its population increases in the host.
Furthermore, the presence of mucin or mucus might limit the
water-solubility and permeation of the hydrophobic QSI.
Hence, we compared the pyocyanin inhibitory effect of 2 mm

QSI (1) either in its free form or loaded in SqNPs on PA14 wt,
which was grown in PPGAS medium, or medium either
supplemented with 0.1%w/w mucin or 0.025%w/w mucus
concentrations. These chosen concentrations were lower than
the most pyocyanin-promoting conditions to minimize the
effects on water-solubility of QSI (1). Figure 1D shows that
the inhibition efficacy of free QSI (1) is notably abolished in
the presence of 0.1% mucin. On the contrary, QSI (1)-loaded
SqNPs still showed a significant inhibitory effect, which is
comparable to those observed in the assays performed in
PPGAS medium. At lower mucus concentrations, the activity
of the free form QSI (1) was not impaired. As mucin or mucus
at the studied concentrations would not have significant effect
on the viscosity, the observations in mucin-containing
medium could be due to the other effects. For instance, the
glycoprotein mucin has hydrophobic regions in its struc-
ture,[16] which could adsorb QSI (1) molecules and limit their
contact with the bacteria. The QSI (1)-loaded SqNPs are, by
contrast, well-dispersed and show consistently better inhib-
itory efficacy in all tested media.

Despite the attractive potency of QSIs in limiting
bacterial virulence and increasing antimicrobial susceptibility,
clinical studies are relatively scarce and no such drug product
has yet reached market approval.[20] The lack of adequate
in vitro and in vivo models with suitable endpoints might be
a possible reason for this. Moreover, QSIs as monotherapy
could be limited to prophylaxis, which is of less relevance

compared to the medical needs of clinically confirmed
infections.[21] Encouraged by the benefits of QSI (1)-loaded
SqNPs, we investigated the biofilm eradicating efficacy by
simultaneously delivering QSI (1) and Tob. As shown in
Figure 2A, PA14 wt biofilms could only be completely
eradicated at Tob concentrations of 200 mg mL�1 or higher,
which is dramatically higher than the efficacious concentra-
tion against planktonic bacteria (3.125–6.25 mgmL�1). This
limited efficacy might be due to strong interaction with the
biofilm matrix, which results in slow and incomplete Tob
permeation into the biofilm core.[22] Furthermore, bacteria
might become metabolically less active in the biofilm thereby
being less sensitive to Tob. Together with the fast clearance of
Tob from the lungs after inhalation, these appear as the main
reasons limiting eradication of PA-associated chronic lung
infections. Tob-loaded SqNPs neutralized the positive charge
of Tob and showed a slight improvement in efficacy with
a determined MBEC value at 200 mgmL�1 (Figure 2B). The
free form mixture of Tob and QSI (1), in which QSI (1)
concentration was kept constantly at 20 mm, performed better
in combatting PA14 wt biofilm compared to the treatments of
Tob mentioned above (Figure 2C). In addition to a decrease
of the Tob MBEC value to 100 mgmL�1, the overall bacteria
viability (cfu mL�1) in all samples treated with lower Tob
concentrations was reduced compared to those treated in the
absence of QSI (1). These results represent an encouraging

Figure 2. Minimum biofilm eradicating concentration (MBEC) assay
on PA14 wt biofilm grown in PPGAS medium for 24 h: biofilms were
treated with A) free Tobramycin (Tob), B) Tob-loaded SqNPs, C) free
Tob and free QSI (1), and D) Tob and QSI (1) co-loaded SqNPs. The
concentration of QSI (1) was 20 mm and kept constant in all assays
using QSI (1). After a 24 h treatment, efficacy was assessed by
determination of colony-forming units per millilitre (cfumL�1).
CfumL�1 values are depicted logarithmically for n = 3 experiments with
technical triplicates each. Untreated PA14wt biofilm, PA14 wt biofilms
treated with either drug-free SqNPs, or free QSI (1), or QSI (1)-loaded
SqNPs were served as controls. The dotted lines indicate the detection
limit. (*, #, §, &p<0.001 vs. controls, samples treated with Tob 3.125,
6.25, 12.5 mgmL�1).
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proof of concept that Tob and QSI (1) in combination act
synergistically. Hence, we hypothesized that simultaneous co-
delivery of Tob and QSI (1) by the same SqNPs, would further
enhance the PA-eradicating efficacy by facilitated biofilm
crossing and thus better bioavailability of both drugs inside
the biofilm. Therefore, we treated PA biofilms with Tob and
QSI (1) co-loaded into SqNPs in which the QSI (1) concen-
tration was kept constant at 20 mm. Remarkably, the biofilm-
eradicating Tob concentration was even further reduced from
200 mgmL�1 (free Tob) to 12.5 mgmL�1, which is nearly 16-
fold lower (Figure 2D). Notably, no biofilm eradicating effect
at all was observed after administering either drug-free
SqNPs, 20 mm QSI (1) free form or loaded in SqNPs (Fig-
ure S7). Moreover, PA biofilms treated with the drugs co-
loaded SqNPs at Tob concentrations below 12.5 mg mL�1 had
significantly lower average cfumL�1 values than that of
samples treated with the same Tob concentrations in other
regimens. These results prove the significant advantage of the
co-delivery of Tob and QSI (1) as enabled by such nano-
technology. Besides enhanced biofilm penetration, it may be
speculated that the nano-carrier enhances the solubility of
QSI (1) and provides a sustained release of both actives by
maximizing the antibiotic effect of Tob and enabling PA
biofilm eradication at significantly lower antibiotic concen-
trations.

We investigated the permeation of QSI (1) either as free
form or loaded in SqNPs through 24 h-old PA14 wt biofilms
grown on transwell membrane (Figure 3A). The limited
amount of QSI (1) permeating through the membrane over
time, from the apical to the basolateral compartment (Fig-
ure 3B), clearly demonstrates the barrier function of PA
biofilms. Incomplete permeation of QSI (1) was observed
using either form. Interestingly, the permeation of QSI (1)-
loaded SqNPs was 5-fold higher than that of free QSI (1) after
8 h incubation. We visualized the transport of SqNPs through
a PA14 wt biofilm using live CLSM. The presence of SqNPs at
the bottom layer of biofilm after 4–8 h incubation (Figure 3C
and Videos S1–S3) demonstrate the penetration of this
delivery system through biofilm. Moreover, SqNPs were
found well distributed deep inside biofilm after 8 h incubation
(Figure 3D) suggesting improved availability of loaded drugs
in the biofilm core.

Relevant chronic PA-mediated lung infection animal
models are challenging to establish. Moreover, currently
described animal models have been reported for not provid-
ing adequate endpoints and not properly reflecting the
biological environment of biofilm infections.[21,23] Our in vitro
data, however, clearly demonstrates the synergistic effects of
simultaneously delivering Tob and QSI (1) through SqNPs,
thus provides an adequate endpoint and hopefully invigorates
the research and development of QSI for clinical use.

In summary, we have described a novel nano-carrier
system allowing simultaneous encapsulation and delivery of
both Tob and QSI at high loading capacities. We have
addressed the effects of mucin and mucus, respectively, on
PA�s pyocyanin production. We have also demonstrated the
biofilm penetration of SqNPs and the superior antimicrobial
activity of drug-loaded SqNPs compared to free anti-infec-
tives. Consequently, co-delivery of Tob and QSI (1) by SqNPs

showed a remarkable synergistic effect, enabling complete
eradication of PA biofilm at circa 16-fold lower concentration
of Tob compared to this drug alone. The SqHS synthesis and
SqNPs preparation is facile and scalable. Furthermore, SqNPs
were found to be well compatible with human cells (IC50 % in
MTT assay > 300 ug mL�1; Figure S8), and also showed no
toxicity on zebrafish embryos at the highest tested concen-
tration (200 ug mL�1, Table S3). Hence, we seek to advance
this approach toward clinical translation of new therapeutic
modalities based on optimized QSI candidates and their co-
delivery with suitable antibiotics.
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