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Abstract

The major pathogen found in the lungs of adult cystic fibrosis (CF) patients is Pseudomonas aeruginosa, which builds
antibiotic-resistant biofilms. Pulmonary delivery of antibiotics by inhalation has already been proved advantageous in the
clinic, but the development of novel anti-infective aerosol medicines is complex and could benefit from adequate in vitro test
systems. This work describes the first in vitro model of human bronchial epithelial cells cultivated at the air-liquid interface
(ALI) and infected with P. aeruginosa biofilm and its application to demonstrate the safety and efficacy of aerosolized anti-
infective nanocarriers. Such a model may facilitate the translation of novel therapeutic modalities into the clinic, reducing
animal experiments and the associated problems of species differences. A preformed biofilm of P. aeruginosa PAO1 was
transferred to filter-grown monolayers of the human CF cell line (CFBE410-) at ALI and additionally supplemented with
human tracheobronchial mucus. This experimental protocol provides an appropriate time window to deposit aerosolized
ciprofloxacin-loaded nanocarriers at the ALI. When applied 1 h post-infection, the nanocarriers eradicated all planktonic
bacteria and reduced the biofilm fraction of the pathogen by log 6, while CFBE410- viability and barrier properties were
maintained. The here described complex in vitro model approach may open new avenues for preclinical safety and efficacy
testing of aerosol medicines against P. aeruginosa lung infection.
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Introduction

The genetic disease cystic fibrosis (CF) currently affects
more than 70,000 people worldwide [1]. CF patients usu-
ally suffer from thick and sticky mucus accumulating in
their lungs, favoring bacterial growth, and leading to per-
sistent and recurrent lung infections [2]. These infections
are the major cause of morbidity and mortality in patients
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[3]. Of adult CF patients, 80% are chronically infected with
the pathogen Pseudomonas aeruginosa [4, 5]. Despite
aggressive and intensive treatment, P. aeruginosa builds
antibiotic-resistant biofilms, leading to treatment failure [6,
7]. Biofilms are bacterial communities where bacteria are
aggregated or attached to a surface (e.g., mucosal epithe-
lium) [8], enclosed by a self-produced matrix of exopoly-
saccharides, DNA, and proteins—the so-called extracellu-
lar polymeric substances. Bacteria living in such a biofilm
are less susceptible to anti-infectives than those growing
in planktonic form. Antibiotics usually target aerobically
growing pathogens or actively dividing bacteria, like ami-
noglycosides or B-lactam antibiotics, respectively. In bio-
films, especially in the center, P. aeruginosa has an anaero-
bic growth and slow cell division rates, resulting in limited
antibiotic efficiency [9, 10]. Another major problem in CF
treatment is the biological barrier formed by mucus and
biofilm polymers, leading to poor antibiotic penetration,
low diffusion rates of the antibiotic into the biofilm [11-15],
and inactivation of the drug by biofilm components [16].
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To minimize systemic exposure and maximize local drug
concentration in the lungs, antibiotic therapy may be best
administered as inhalable aerosols [17, 18]. While pulmo-
nary delivery of antibiotic drugs per see is well established,
their efficacy can be further improved in combination with
nanotechnology [19]. In contrast to the “naked” molecule,
nanocarriers hold the promise to get entrapped by bacte-
rial biofilms and thus provide a platform for the controlled
release of anti-infective agents immediately at the site of
action. Sophisticated particle surface engineering may fur-
ther improve biofilm penetration and interaction with its
components [16, 20, 21].

Existing in vivo models of CF-associated lung infections
typically use mice [22, 23] or other rodents [24, 25] for test-
ing the safety and efficacy of specific treatments. Unfor-
tunately, these models poorly reflect the human situation,
leading to failures in clinical trials. Also, for ethical reasons,
alternative testing methods to replace, reduce, and refine
such animal experiments according to the 3R principle of
Russell and Burch [26] are needed. Current in vitro mod-
els for testing antibiotics usually rely on biofilms grown on
non-living surfaces [27, 28]; however, such biofilms differ
significantly from those found in CF patients [29].

Moreover, such models do not allow for monitoring
(patho)physiological changes of the epithelium (e.g., epi-
thelial barrier function, cellular viability) under the influence
of the infection and some anti-infective therapy. Co-culture
models of P. aeruginosa biofilms cultivated on living human
airway cells have already been described. However, due to
rapid bacterial overgrowth, these cell cultures were not
viable for more than 8 h [30, 31]. Even though the epithe-
lial cells from these studies were cultivated at the air-liquid
interface (ALI) initially, cells were later maintained under
submerged conditions. Therefore, these bacterial-epithelial
co-cultures are not suitable for testing aerosolized medi-
cines, which also requires ALI conditions.

Furthermore, the lack of mucus in these models was also
not addressed. However, as we have already shown, the sus-
ceptibility of P. aeruginosa to antibiotics is reduced when
they form a biofilm in the presence of mucus [32]. Thus, a
human-based in vitro system with the potential to predict
and thus further improve antibiotic delivery to bacteria resid-
ing at the lung’s air-blood barrier is still in need.

This study aimed to address the above shortcomings of
existing in vitro models to improve the preclinical tools
for testing aerosolized anti-infective nanocarriers. We
here describe a complex in vitro model consisting of fil-
ter-grown monolayers of human bronchial epithelial cells,
supplemented with human trachea-bronchial mucus and
infected with preformed P. aeruginosa biofilms under ALI
conditions. This model was found to be suitable for testing
the safety and efficacy of aerosolized antibiotic nanocarri-
ers. Apart from ethical advantages by complying with the

abovementioned 3R principle, replacing the routinely used
but poorly predictive animal models with complex in vitro
models (CIVM’s), mainly when based on human cells, also
holds the critical perspective to enable the more successful
and faster translation of novel anti-infective therapies into
the clinic.

Material

CFBE410- cells were received as a kind gift from Dr. Dieter
C. Gruenert (University of California, San Francisco, CA,
USA). Calu-3 cells (clone HTB-55) and the fluorescent-
labeled PAOL1 strain (ATCC® 10145GFP™) were obtained
from American Type Culture Collection (ATCC; Rockville,
MD, USA).

Minimal essential medium (MEM), non-essential amino
acids (NEAA), sodium pyruvate, and Hank’s balanced salt solu-
tion (HBSS) were purchased from Gibco™ (Thermo Fisher Sci-
entific Inc., Waltham, MA, USA). Ampicillin was acquired from
Carl Roth (Karlsruhe, Germany) and fetal calf serum (FCS)
from Lonza (Basel, Switzerland). The 12-well plate Transwell®
inserts, 0.4 um pore size, were procured from Corning (Cat.
No. 3460, Corning™ Costar™, Lowell, USA). Ciprofloxacin
base, dimethyl sulfoxide (DMSO), the non-ionic surfactant, a
Poloxamer 188 (Pluronic F-68), sodium dodecyl sulfate (SDS),
phosphate-buffered saline (PBS), glucose, LB broth, arginine,
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide), and Triton X-100 were purchased from Sigma-Aldrich
(Munich, Germany). PLGA (poly(lactic-co-glycolic) acid was
bought from PCAS (Longjumeau Cedex, France); Pantotile®
CIPRO eardrops were provided from Pierre Fabre Pharma
GmbH (Freiburg, Germany). All solvents used for nanocarrier
preparation were of analytical grade and were obtained from
VWR (Darmstadt, Germany).

Methods
Nanocarriers: preparation and nebulization

PLGA (poly(lactic-co-glycolic) acid) particles were prepared
with the MicroJet Reactor (MJR), a technology of impinging
jets in a micron-sized chamber [33], which produces nanocar-
riers under controlled conditions. Through controlling process
parameters, e.g., flow rate, temperature, and gas pressure in
the chamber, the nanocarrier size can be optimized. An SDS-
ciprofloxacin complex was formed to overcome the low solubil-
ity of ciprofloxacin [34]. This complex, dissolved in a DMSO
solution containing PLGA (solvent system) and Pluronic F-68
solution as the non-solvent system, was loaded into the MJR
(Synthesechemie, Heusweiler, Germany).
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The nanocarriers’ size was determined by dynamic light
scattering using a ZetaSizer ZS90 (Malvern, UK) after 1:100
dilution in distilled water. After the precipitation process, the
particles’ purification was achieved by dialysis with D-Tube™
with an MWCO for 6-8 kDa (Merck Millipore, Darmstadt,
Germany).

Drug loading was calculated based on the drug amount
determined by HPLC (Waters Symmetry C18 column at 30 °C
with isocratic elution mode using 25 mM phosphoric acid
pH=3 adjusted with triethylamine/acetonitrile (83:13 v/v) at
a flow rate of 1.5 ml/min. The drug was detected at A =278 nm
[34]) from freeze-dried particles dissolved in DMSO and was
reported as the amount of ciprofloxacin in percent relative to
the weighed amount of formulation. Post-preparation nanocar-
riers were further lyophilized by freeze-drying using an Alpha
2-4 LSCplus freeze dryer (Martin Christ Gerfriertrocknung-
sanlagen GmbH, Osterode am Harz, Germany) [33].

Analysis of drug-loaded nanoparticles
upon nebulization

Nanocarriers were suspended in Krebs ringer buffer (KRB,
NaCl 142.03 mM, KCI1 2.95 mM, K,HPO,-3H,0 1.49 mM,
HEPES 10.07 mM, D-glucose 4.00 mM, MgCl,-6H,0
1.18 mM, CaCl,-2H,0 4.22 mM; pH 7.4) supplemented with
10% FCS to a final concentration of 350 uM (ciprofloxacin
equivalent), a concentration previously determined to be
non-toxic to the bronchial cell lines [35].

Nanocarriers were then nebulized with an Aerogen Solo
chamber attached to the Aeroneb® lab micropump control
unit (INSPIRATION Medical GmbH, Bochum, Germany)
[36]. To assure the nanosuspension’s quality, the particle
size of the resuspended lyoproduct was measured before
and after nebulization by dynamic light scattering (Zeta-
sizer Nano ZS, Malvern Instruments, Malvern, UK). In
preliminary experiments, 200 pl of antibiotic-loaded nano-
carrier suspension with a concentration of 350 uM was
nebulized into empty wells of a 12-well plate. The aerosol
was recovered by pipetting the contents of each well into
Eppendorf® tubes. Samples were diluted 1:100, and the
drug content was measured with a UHPLC method (Dionex
Ultimate® 3000 UHPLC) with an Accucore column (RP 18,
150 mm x 2.1 mm, 2.6 um, Thermo Fisher Scientific Co.,
Waltham, MA, USA).

Cell culture of bronchial epithelial cells

CFBE410-

The CFBE41o0- cells are derived from a cystic fibrosis
patient and homozygous for AF508 mutation [37, 38]. For

standard cultivation, the cells were maintained in MEM sup-
plemented with 10% FCS, 1% NEAA, and 600 mg/1 glucose
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at 5% CO, atmosphere and 37 °C, respectively. Cells were
fed every 2-3 days and passaged weekly.

For the infection experiments, the CFBE410- cells were
seeded with a density of 50,000 cells/well in 12-well Tran-
swell® plates with a pore size of 0.4 um.

Calu-3

The human bronchial epithelial cell line Calu-3 HTB-55
(ATCC, passage 31-51) was also used as a model cell line
for the in vitro model. The cells were maintained in MEM
with 10% FCS, 1% NEAA, and 1% sodium pyruvate at 5%
CO, atmosphere and 37 °C. Cells were fed every other day
and passaged weekly. For infection experiments, cells were
seeded with a density of 100,000 cells/well in 12-well Tran-
swell® plates with a pore size of 0.4 um.

CFBE410- or Calu-3 cells were lifted to ALI 2-3 days
after seeding on Transwell® inserts and fed every other
day until forming a confluent monolayer, and barrier prop-
erties exceeded 300 Q*cm? (i.e., 7 days for CFBE41o- or
10-12 days for Calu-3 cells). Both cells were used for up
to 20 passages and checked for mycoplasma contamination
every 2 months, with the MycoAlert™ mycoplasma detec-
tion kit (LONZA), following the manufacturer’s instructions.

Mucus preparation and application

Since CFBE41o- cells do not produce mucus [39, 40];
freeze-dried human tracheobronchial mucus was applied
to cells 5 days after seeding. Human mucus collected from
endotracheal tubes (in compliance with a protocol approved
by the Ethics Commission of The Chamber of Medicine
Doctors of the Saarland, file number 19/15) from patients
undergoing surgery not related to pulmonary conditions
were pooled and freeze-dried to disks on suitable templates.
Details of this protocol are described elsewhere [32, 41].
Mucus disks were carefully removed from the template,
placed on top of CFBE410- monolayers, and rehydrated
with 50 pl of cell culture medium. Transwell® plates with
CFBE410- cells and mucus were incubated at 37 °C, at
150 rpm for 24 h to allow an even distribution of the mucus.

Measurement of transepithelial electrical resistance

To determine the barrier properties, cell monolayers were
incubated with 500 pl apical and 1500 pl basolateral medium
for 30 min at 37 °C, and TEER was measured with an epi-
thelial voltohmmeter (EVOM, World Precision Instruments,
Sarasota, FL, USA) equipped with STX2 “chopstick” elec-
trodes. Values were corrected for background value (cell-
free Transwell® filter with the medium). After the measure-
ment, ALI conditions were restored by removing adequate
amounts of medium from both compartments.
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Bacterial strains and culture conditions

P. aeruginosa strain PAO1-WT (wild type) [42] and the
fluorescent-labeled strain ATCC® 10145GFP™ were
grown in LB broth, which was supplemented with 300 pg/
ml ampicillin for the GFP (green fluorescent protein) strain.
The GFP-labeled strain was used for CLSM images. For all
other readouts (i.e., TEER, MTT, CFU measurement, scan-
ning electron microscopy), the WT strain was used.

Overnight cultures were grown by inoculating 10 ml of
LB broth with a single colony of bacteria and incubating the
broth for 16—18 h at 37 °C and 180 rpm.

For biofilm growth, an overnight culture of PAO1 in
the exponential growth phase was washed and diluted to
an ODg, 0.1 (colony-forming unit (CFU) ~5 X 107/ml).
Then, 15 pl of this dilution was inoculated into the minimal
medium M63 (M63, supplemented with 0.2% glycerol, 0.4%
arginine, and 1 M MgSO,) to a final volume of 200 pl in
24-well plates. Cultures were then incubated under static
conditions at 37 °C for 24 h to allow biofilm formation.
Biofilm formation was assessed with crystal violet staining
according to protocols described elsewhere [43, 44], with
slight adaptation as described below. The GFP and WT
strains showed similar biofilm growth under the conditions
described above (data not shown).

Co-culture of bronchial cells and P. aeruginosa PAO1

CFBE410- or Calu-3 cells were used for the infection
experiment, respectively, after 7 or 12 days of seeding. The
cultures at ALI condition were infected with a preformed
biofilm of PAO1 (CFU/ml of biofilm ~4.6 X 10%). The bio-
films (pre-grown for 24 h in a 24-well plate) were gently
scratched off and transferred with a pipette to the apical side
of the epithelial cells. Biofilms were allowed to attach to
cell monolayers for 1 h. After that time, unattached bacte-
ria and excess medium were removed from the apical side,
and the basolateral medium changed to MEM, which was
supplemented with 0.4% arginine. TEER measurement was
assessed as described before. Biofilm formation, epithelial
cell viability, and bacteria survival were further determined
after 4 and 24 h infection, as described below. During the
experiment, the epithelial cell monolayers’ integrity was
checked with a light microscope (ZEISS, Vert.Al).

Evaluation of biofilm with crystal violet

To assess biofilm biomass before and after the biofilm trans-
ference, crystal violet staining was performed. Briefly, the
biofilm was heat fixed in the well plate at 60 °C for 1 h
and subsequently stained with 0.1% (w/v) crystal violet
for 15 min. Thereafter, the excess dye was removed with
deionized water, leaving behind the stained fixed biofilm.

Solubilization with 30% (w/v) acetic acid enabled quanti-
fication of total biofilm biomass by reading the absorbance
of crystal violet at 595 nm (Inspire Multimode Plate reader,
Perkin Elmer, Waltham, MA).

Efficacy testing of antibiotic-loaded nanocarriers
against planktonic and biofilm P. aeruginosa

Two treatment time points were chosen for this study. The
suspended nanocarriers were nebulized on the co-culture
1 h or 4 h after the infection. As a negative control, infected
cells were treated only with KRB at the 1 h time point. The
positive control was uninfected cells treated with the nano-
suspension at the 1 h time point. Panotile® CIPRO ear-
drops were chosen as a reference product to compare the
antibiotic-loaded nanocarriers to a commercially available
ciprofloxacin product; 1 ml of the aqueous Panotile solu-
tion contains 2.32 mg ciprofloxacin hydrochloride equal to
2 mg/ml ciprofloxacin. Additional ingredients are glycerol,
polysorbate 20, sodium acetate, acetic acid 99%, methyl-
cellulose, hydrochloric acid, sodium hydroxide, and water
for injection. The Panotile® CIPRO eardrops were diluted
with KRB (with 10% FCS) to the appropriate concentra-
tion (350 uM ciprofloxacin) and nebulized onto the infected
epithelial cells at one of these time points in the same man-
ner as the nanocarriers. The efficacy of either treatment was
determined by measuring the cell viability (MTT assay) and
barrier properties (TEER). Furthermore, the CFU of plank-
tonic and biofilm-bound bacteria was assessed in separate
experiments after these different treatment options.

Measurement of barrier properties (TEER)
and cellular viability (MTT)

The basolateral medium was removed as well, and both
compartments were replenished with HBSS (500/1500 pl)
for 30 min to obtain the TEER values. ALI conditions were
restored, and cell viability was determined via MTT assay.
The MTT assay was performed by following the manu-
facturer’s instructions. Briefly, the cells were washed and
incubated with 300 ul MTT solution (500 ug/ml) apical
and 500 ul HBSS basolateral for 4 h at 37 °C and 5% CO,
atmosphere, protected from the light. Then, 250 pl of the
apical solution was discarded, and 200 ul DMSO was added
in each well to solubilize the resulting formazan crystals.
The negative control for cell viability was obtained by incu-
bating uninfected cells with 1% Triton X-100 in HBSS for
30 min. After 30-min incubation with MTT reagent, the
samples’ supernatants were transferred to a 96-well plate
and measured with a plate reader (TECAN, infinite M200
pro, Minnedorf, Switzerland) at the absorption of 550 nm.
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Colony-forming unit assay

After 24-h infection, supernatants (resulting mainly from
nebulized nanocarriers and medium transported from the
basolateral to the apical side) were removed, serially diluted
in PBS, and 0.1 ml of suitable dilution plated on agar plates.
CFU counts resulting from cell supernatants are related to
the planktonic bacteria, while the CFU counts resulting
from bacteria adherent to epithelial cells are considered as
biofilms. To lyse the epithelial cells, 500 ul of PBS with
0.1% Triton X-100 was added apically. The co-culture
lysates were scraped from wells, vortexed, serially diluted,
and plated on agar plates, as done for the supernatant. The
plates were incubated overnight at 37 °C, and the CFU was
determined the next day.

Scanning electron microscopy

The preparation of the samples was performed 24 h after
infection and treatment. The cells were washed once with
PBS at 37 °C, followed by fixation with glutaraldehyde 3%
for 2 h at room temperature. Samples were then washed
with PBS and dehydrated with a graded ethanol series
(30-100%). Filters were cut from inserts and mounted on
aluminum stubs equipped with a carbon disk and sputtered
with gold (Quorum Q150R ES, Quorum Technologies Ltd,
Laughton, UK). Images were taken with an EVO HD 15
microscope (acceleration voltage 5 kV; Software Smart-
SEM, Zeiss, Jena, Germany) under high vacuum conditions
(3.8 x 10 mbar in the sample chamber).

Confocal laser scanning microscopy

For confocal images, the GFP-labeled strain P. aeruginosa
PAO1-GFP was used to assess biofilm formation before and
after transferring between 24-well plate and onto CFBE410-
monolayer and following treatments. Before cells were fixed
with 3% paraformaldehyde solution and stained with DAPI
(200 ng/ml, Life Technologies, Darmstadt, Germany), an
additional propidium iodide (PI) staining (40 pg/ml PI in
PBS) was conducted. Since PI can only enter cells and
intercalate with nucleic DNA when their membrane is dam-
aged, this staining allows distinguishing between dead cells
(red nuclei, PI) and living cells (blue nuclei, DAPI). After
staining, filters were cut from Transwell® inserts, mounted
on glass slides, and covered with a coverslip. They were
then examined with a Leica TCS SP8 with an AOBS beam
splitter and a Leica HyD detector (Mannheim, Germany).
Using the 25 X water immersion objective (Fluotar VISIR
25x%/0.95 water) or 63 X oil immersion objective, images
were taken with a 1024 x 1024 resolution and processed with
LAS X software (Leica).

@ Springer

Statistical analysis

Data are presented as mean + standard error of the mean
(SEM) from at least 3 independent experiments. Statistical
analysis was performed with the GraphPad Prism 5 software.

The change in TEER values before and after mucus addi-
tion and changes in crystal violet staining biofilm biomass
before and after transferring were compared with a ¢ test.
TEER and CFU values after different treatment time points
were compared with the one-way ANOVA and Bonferroni
post-test. P values <0.05 were considered significant as
described in the respective figures legends.

Results
Nanoparticle characteristics

Nanocarriers with sizes of 236.7+22.6 nm and a drug
loading of 14% were found (Table 1, supplementary mate-
rial). Suspending the particles in KRB supplemented with
FCS led to an increase in particle size, to 374 +41 nm.
Due to proteins in FCS, the formation of a corona could be
observed. The nebulization process had no significant effect
on the particle size (Table 1, supplementary material). After
nebulization, the recovered suspension had a concentration
of 234 +30 uM, which corresponds to a recovery rate of
67% (~ 140 pl), indicating an acceptable deposition efficacy
(Table 2, supplementary material).

Mucus enhances barrier properties of CFBE410- cells
and protects them during bacterial infection

As mucus plays a significant role in CF chronic infections,
a disk of freeze-dried human mucus was added to the api-
cal compartment of the in vitro system. As we have previ-
ously shown, upon mucus hydration, both cell viability and
mechanical mucus properties are preserved [41]. Measure-
ment of TEER values 1 day after mucus application showed
a sevenfold increase compared to control cells without
mucus (1573 + 126 Q*cm? vs. 230 +20 Q*cm?; Fig. 1).
TEER values of mucus alone (cell-free Transwell® with
mucus only) reached 21 +8 Q*cm?.

Co-culture of CFBE410- cells and PAO1 biofilm

Direct infection of the epithelial cells with a multiplicity
of infection (MOI) 1:20 of PAO1 did not lead to a stable
model suitable for further testing. Even though earlier bio-
films formed on the epithelial monolayer after 4 h with this
approach, further cultivation for greater than 8 h without
antibiotics led to the destruction of the cell monolayers
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Fig.1 TEER values of CFBE41lo- cells without or with additional
human mucus. Without the addition of mucus, TEER did not reach
300 Q*cm? (solid gray bar). When human mucus was applied onto
the cells, TEER values increased by sevenfold (striped bar). Mucus
alone did not show barrier properties (right bar). The mean+SEM
from at least 3 independent experiments are shown with n=18 wells
(cells without mucus), n=34 wells (cells with mucus), and n=4
wells (only mucus). ***p <0.0001

and inevitable cell death (data not shown). Trials without
the external human mucus layer led to an even faster death
of the human cells. Thus, the approach to pre-grow the
biofilm externally was taken, as described in the methods.

Figure 2a shows a scanning electron microscopy micro-
graph of the CFBE41o0- cells (with extra mucus layer)
1 h after infection with the preformed PAO1 biofilm. A
tight monolayer of cells with microvilli-like structures
and mucus on top (black arrow) is observed. The confo-
cal micrograph in Fig. 2b also shows an intact monolayer
of the CFBE41o0- cells (tight pattern of blue nuclei) with
few dead cells (red nuclei) 1 h after the infection and bio-
film microcolonies; those are only visible in certain areas
(white arrows in Fig. 2a, GFP bacteria in Fig. 2b) and do
not cover the epithelial cells completely when transferred
on top of the CFBE41o- cells and mucus. In Fig. 3, the
native (preformed) 24 h PAO1 (labeled with GFP) biofilm
(Fig. 3a) is compared to the transferred biofilm (Fig. 3b).
While the transferred biofilm has smaller microcolonies
than the native biofilm, quantification of the total biofilm
biomass via crystal violet staining indicated no significant
differences in the architectures before and after the biofilm
is transferred into a new well (P=0.114, Fig. 3e). The
same applied to the PAO1 (wild type) biofilms, further
suggesting that the biofilm’s integral structure does not
change significantly. Moreover, upon being transferred
onto the CFBE410- cells alone, the biofilm retains micro-
colonies as observed in Fig. 3c, d. Also, single planktonic
bacteria are present; yet, micro-colonies predominate 4 h
post-infection (Fig. 3c, d).

Without antibiotic treatment, cells did not endure the pre-
formed biofilm conditions for more than 4 h, leading to loss
of barrier properties and subsequent cell death. However,
transferring a preformed biofilm on top of the ALI-grown
CFBE41o0- cells allowed mimicking at least temporarily the
situation of infected CF airways. Therefore, this approach
was further pursued to evaluate aerosolized nanocarriers
loaded with ciprofloxacin.

Early treatment with antibiotic nanocarriers makes
epithelial cells survive bacterial infection

Aerosolized nanocarriers or KRB buffer as negative control
(no antibiotic treatment) were deposited onto the ALI co-
culture at different time points. In a previous study, the cho-
sen concentration of the nanocarriers (350 uM) was found
to be non-toxic to the epithelial cells [35].

To evaluate the potential of such treatment to eradicate
the PAO1 biofilm and preserve the epithelial cell monolay-
er’s integrity, viability assays, TEER measurement, scan-
ning electron microscopy, and CLSM-imaging were used
as read-outs.

An MTT assay was performed 24 h after the infection.
The viability of CFBE410- cells infected with PAO1 biofilm
for 1 h before treatment with the nanocarriers reduced to
65% (no mucus, Fig. 4a). When the antibiotic treatment was
performed later (r=4 h), the cell viability further decreased
to 51%. However, in the presence of mucus, the cell viability
after 1 h or 4 h infection improved to 93% and 80%, respec-
tively, with the nanocarrier treatment.

TEER measurements demonstrated the protective role
of human mucus in maintaining epithelial barrier function
after infectious challenges (Fig. 4b). Cells that had received
mucus before the infection showed almost twice the TEER
values compared to the cells without human mucus (TEER
361 +52 Q*cm? versus 601 +75 Q*cm?). This was at least
the case when the antibiotic treatment occurred 1 h post-
infection. When antibiotic-loaded nanocarriers were applied
4 h post-infection, the cells could not maintain their bar-
rier properties even in the presence of mucus. However,
TEER values of cells that had received mucus (TEER
115 +29 Q*cm?) were still twice as high compared to cells
without it (TEER 49 + 5 Q*cm?). Notably, the infected cell
monolayers that had not received any antibiotic treatment
(i.e., only blank KRB nebulized on the cells) hardly showed
any remaining barrier function (TEER ~ 10 Q*cm?, data
not shown). In contrast, uninfected cells which received
the nanocarriers showed high barrier function after 24 h
(TEER ~ 1932+ 167 Q*cm?, data not shown).

During the development of the model, the well-known
Calu-3 HTB-55 cells (also of bronchial origin) that can
produce a mucus layer [45] were also used. Compared to
the CFBE41o0- cell, the Calu-3 cells were more sensitive to
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Fig.2 Images of the co-culture
with fixation 1 h after infection.
Scanning electron microscopy
image (a) of intact CFBE41o-
monolayer with mucus,
planktonic bacteria, and biofilm
on top. Black arrow indicates
mucus; white arrows are biofilm
fragments. The single bacteria
can be considered planktonic.
Confocal image (b) shows a
confluent epithelial cell mon-
olayer as indicated by a tight
pattern of blue nuclei (DAPI).
Dead cells are stained in red
(propidium iodide). Green-
labeled bacteria (GFP strain)
form small clusters, which are
only observed occasionally
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Fig.3 Confocal laser scanning
micrographs of PAO1 GFP
labeled (a) incubated in 24-well
plate to form biofilm for 24 h,
(b) scratched off and transferred
into a new well after formation,
(¢) CFBE410- cells stained with
DAPI and incubated with PAO1
GFP-labeled biofilm after 4 h,
and (d) is the GFP channel only
of (c). (e) Crystal violet absorb-
ance at 595 nm, indicating the
biofilm biomass of the PAO1
biofilm grown in the 24-well
plate for 24 h before (native)
and after the transfer process
(transferred), data represented
as mean + SEM from four inde-
pendent experiments, n=12.
No statistical significance was
assessed by an unpaired Stu-
dent’s ¢ test (p=0.114)

bacterial infection than the CFBE410- cells. The MTT assay
(Fig. 5a) showed that even with early antibiotic-nanocarrier
treatment (¢=1 h), viability was reduced to 80%. Viabil-
ity further declined to 50% when nanocarriers were only

Fig.4 Viability and TEER of
CFBE41o0- cells after infection.
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administered after 4 h. TEER measurements (Fig. 5b) before
the infection showed that Calu-3 cells exhibit good barrier
properties (TEER ~ 500 Q*cm?). However, after 24 h of
infection, the barrier integrity could not be maintained, even

Viability (a) of the CFBE410 150+ e no mucus _
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with early treatment (=1 h, TEER ~ 30 Q¥cm?). Compared
to the CFBE41o0- cells, the Calu-3 cell line was more vulner-
able to the infection and did not endure bacteria’s presence
for a long time without compromising barrier properties and
a decline in cell viability. We, therefore, chose the more
robust CFBE41o0- cells as a preferable cell line for such
in vitro model.

Scanning electron microscopy micrographs of
CFBE41o0- cells treated with ciprofloxacin nanocarriers 1 h
after the infection allowed for visual evaluation of epithe-
lial and biofilm integrity, while drug-free KRB treated co-
cultures served as control. When KRB was applied to the
co-culture (Fig. 6a), no epithelial cells could be detected
anymore after 24 h in co-culture with PAOI1 biofilm. This
is in agreement with the absence of TEER described
before (Fig. 4b). Only a biofilm of the pathogen remained.
Even the pores in the Transwell® membrane were visible
(white arrows in the enlargement). In contrast, when drug-
loaded nanocarriers were applied 1 h after the infection,
the epithelial cell monolayer was still visible after 24 h
(Fig. 6b). Only a few single bacteria (black arrows in the
enlargement) embedded in a mixture of mucus and biofilm
were visible on top of the bronchial cells.

Fig.5 Viability and TEER of a
Calu-3 cells after infection.

Viability (a) of Calu-3 cells

was measured with an MTT

assay. A decline in cell viability

was visible. An early treatment

(t=1 h) with the antibiotic-

150+

100+

CLSM gave further insight into the status of the co-
culture after antibiotic treatment at different time points.
Figure 7 (a) depicts a confluent monolayer of the cells
when nanocarriers were applied 1 h after the infection;
here, no PI stained (dead) nuclei are visible. Later treat-
ment (=4 h) increased cell death, as seen by the red-
stained nuclei (Fig. 7b). No living bacteria (green) could
be detected in Fig. 7(a, b). In contrast, when cells were
treated with drug-free KRB, the cell monolayer was
destroyed entirely. No cell nuclei were visible anymore.
Since DAPI and PI bind to DNA abundant in bacterial bio-
films, fluorescence imaging of the same was possible and
revealed the typical three-dimensional structures (Fig. 7¢)
[46, 47].

Efficacy of antibiotic-loaded nanocarriers
against planktonic and biofilm P. aeruginosa

The efficacy of ciprofloxacin nanocarriers was compared
to a commercially available ciprofloxacin product (Pano-
tile® CIPRO ear drops). The same dosing schedules of
1 h and 4 h after the infection were chosen for the appli-
cation of the antibiotic treatments or drug-free KRB as

@M with own mucus
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@ with own mucus
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loaded nanocarriers maintained
80% viability, whereas a later
treatment (t=4 h) resulted in
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Fig.6 Scanning electron microscopy images of the co-culture with-
out or with treatment. Cells were treated 1 h after the infection with
blank KRB a or antibiotic-loaded nanocarriers b. Cells were fixed
24 h after the infection. KRB treatment resulted in the destruction of
the epithelial cell monolayer and the formation of a biofilm covering

determined 24 h after the infection accordingly (Fig. 8).
At 24 h after the infection, the supernatants from cultures
treated with the antibiotic-loaded nanocarriers or Pano-
tile® solution 1 h after infection showed no bacterial
growth. The later treatment (4 h after the infection) was
not effective in eradicating all planktonic bacteria. For
the biofilm fraction, nanocarriers’ treatment led to a log 6
reduction of CFU/ml compared to the control wells treated
with KRB (2.8 x 10! and 5.2 x 10" CFU/ml for nanocar-
rier treatment after 1 h or 4 h vs. 4.6 x 10’ CFU/ml for
KRB treatment). Similar to the ciprofloxacin nanocarriers,
the Panotile® solution was able to reduce the bacterial
burden. A log 5 reduction of CFU/ml could be achieved
(9.5% 10" and 1.8 x 10> CFU/ml for Panotile® treatment

Delay of treatment after infection:
t=1h

t=4h

Delay of treatment after infection:

the whole well. Pores of the Transwell® membrane are visible (white
arrows). With nanocarrier treatment, the viability of epithelial cells
could be maintained, and only single bacteria (black arrows) are vis-
ible on top of the still intact epithelial monolayer

after 1 h or 4 h vs. 4.6 x 10’ CFU/ml for KRB treatment).
The difference between the two treatments, however, did
not yet reach statistical significance, indicating that there
is potential and still room for further improvement in such
a nanocarrier approach.

Discussion

One might argue that research to improve in vitro models
will not immediately provide a cure to better help patients in
the clinic. However, the translational value of so-called com-
plex in vitro models (CIVM’s) is the potential to eventually
better predict the clinical performance of experimental drugs

Delay of treatment after infection:
no treatment

Fig.7 Representative confocal images of co-cultures after treat-
ment or no treatment. The co-culture was fixed 24 h after the infec-
tion. When antibiotic-loaded nanocarriers were applied after 1 h (a),
cells are still forming a confluent monolayer. Treatment after 4 h
(b) resulted in increased cell death (red nuclei). No treatment (c¢) led

to the destruction of the cell monolayer, and bacteria could build
three-dimensional biofilm structures. DAPI (blue) was used to stain
the nuclei of all cells and propidium iodide (red) to label dead cell
nuclei; P. aeruginosa strain PAO1 carries a plasmid with GFP (green)
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Fig.8 Remaining CFU in supernatant and biofilm. CFU/ml of PAO1
in supernatant and biofilm of KRB (control), antibiotic-loaded nano-
carrier, or Panotile® treated cells was determined 24 h after the infec-
tion. All planktonic bacteria in the supernatant were eradicated when
treatment was given 1 h after the infection. Later application of the
treatment only increased the CFU/ml slightly. CFU count of biofilm

and delivery systems than currently used preclinical animal
models. We here described a method for such a CIVM by
manually transferring a P. aeruginosa biofilm to the apical
surface of bronchial epithelial cells with a pipette. The phys-
ical forces involved with spreading the biofilm across the
surface may explain the relatively smaller biofilm fractions
found in Fig. 2b. According to the literature [39, 48], a mini-
mum of 24 h of maturation on abiotic surfaces is required to
provide an equally mature biofilm as if grown for 6 h on a
biotic surface. Transferring the biofilm by pipetting resulted
in multiple microcolonies compared to the large native bio-
film colony in the 24-well plate (Fig. 3b and a, respectively).
However, the biofilms biomass was not compromised dur-
ing this process, as quantified by crystal staining (Fig. 3e),
indicating the mature, preformed biofilm is transferred as
micro-colonies while maintaining its structural integrity.
Lieleg et al. [49] demonstrated that biofilms have remark-
able self-healing properties, and even though the manual
transfer might have destroyed bigger biofilm colonies, the
remaining microcolonies regain their former viscoelastic
behavior. Interactions between bacteria and biofilm poly-
mers will be re-established within minutes. The smaller
microcolonies may even better reflect the actual in vivo
situation, where the biofilm can be found only in parts of
the lung tissue and is not covering the whole surface [50].
As suggested by Bjarnsholt et al. [51], microcolonies of bio-
films might be more clinically relevant than the typically
relatively large and dense biofilms of most in vitro models.
Further in-depth characterization of transferred biofilms
compared to native biofilms and planktonic bacteria is cur-
rently ongoing (Horstmann et al., in preparation).
Moreover, the biofilms observed on top of the mucus
and cell monolayer in the scanning electron and CLSM

@ Springer

fraction revealed that early treatment (=1 h) almost eradicates all
biofilm bacteria. CFU doubles when the application of nanocarriers
or Panotile® is only conducted at =4 h. Control wells (KRB only)
showed a log 6 higher CFU/ml than wells that received antibiotic-
loaded nanocarriers. Data are presented as mean+SEM (n=11 from
4 independent experiments). ***p <0.0001

micrographs in Fig. 2 are, in general, similar in density
compared to the biofilms on top of the cell-only monolayer
in the CLSM micrograph in Fig. 3c. Previously, Caldara
et al. showed that mucins could inhibit bacterial adhesion
to underlying surfaces and, therefore, could prevent bacte-
rial colonization and biofilm formation [52]. However, in
CF, P. aeruginosa tends to be non-motile [53], increasing
its ability to build large, aggregated flocs in the presence
of mucins [52]. While we had no access to mucus from
CF patients, tracheobronchial mucus isolated from healthy
volunteers undergoing elective surgery was used as a sur-
rogate for establishing the model. We demonstrate biofilm
formation on a cell monolayer with a mucus coating. Con-
sidering the bacteria used in our studies are already partly
non-motile bound in a biofilm, this may have led to further
rapid growth 24 h after transferring onto the cells in the
presence of mucus, as observed in Figs. 6a and 7c with the
destruction of the epithelial layer. Therefore, larger biofilm
colonies may, in fact, harm the co-culture model developed.

Additional washing steps of the apical surface may
improve the model protocol by reducing the planktonic bac-
teria, which are responsible for acute toxicity and cell death
of the epithelial cells through to their rapid over-growth and
the activation of the type 3 secretion system, a significant
threat in acute P. aeruginosa infections [11, 31, 54]. It would
furthermore allow more time for host—pathogen interac-
tions between CFBE410- cells and P. aeruginosa biofilm.
However, while undoubtedly capable of further technical
improvements, the experimental set-up, as described herein,
already allowed safety and efficacy testing of aerosolized
antibiotic nanocarriers against P. aeruginosa in vitro by
maintaining ALI conditions during the whole course of the
experiment.



Drug Delivery and Translational Research (2021) 11:1752-1765

1763

The advantages of pulmonary drug delivery for lung dis-
eases like CF and the benefits of administering antibiotic
drugs like ciprofloxacin by this route have been discussed
at the beginning of this paper. A dry powder inhaler and a
liposomal formulation with ciprofloxacin have already been
tested in phase III studies (RESPIRE I and II and ORBIT III
and IV trials). However, disappointing results and inconsist-
ency between the trials led to no market approval of the drug
formulation by the FDA and a stop in developing the DPI
for the time being [55-57]. This emphasizes the fact that
further research on advanced aerosolizable ciprofloxacin-
nanocarriers is of great importance.

Since pure ciprofloxacin suffers from low solubility, the
preparation of a ciprofloxacin solution with similar drug
content as the nanocarrier solution was not possible. To
our knowledge, no pulmonary pharmaceutical product con-
taining ciprofloxacin, and especially no nanoformulation,
are on the market yet [56]. One of the few pharmaceutical
products on the German market with ciprofloxacin already
in solution is eardrops. In default of a better alternative, a
market-approved commercial product—Panotile® CIPRO
eardrops—was chosen to check the activity of free ciproflox-
acin on biofilms, compared to the antibiotic nanocarriers.
Therefore, the effect of the ciprofloxacin nanocarriers and
commercial products on infected co-cultures were compared
and further assessed by CLSM.

Even though CFU counting revealed that the treatment
with the nanocarriers could not eradicate all biofilm grown
bacteria, the lack of the bacterial signal in those images
(Fig. 7a and b) can be explained by the fact that after 24 h,
only a few bacteria (~50 CFU/ml, Fig. 8) remained in the
whole sample. Moreover, the micrographs only represent
approximately one-seventh of the total sample. CLSM data
corroborates the previously discussed results regarding epi-
thelial barrier function and cellular viability by showing that
a later treatment increases the amount of red-stained nuclei,
indicating cell death. Even holes in the cell monolayer are
equivalent with a decrease in viability and TEER values.

Compared to the commercial product Panotile® CIPRO,
our results with antibiotic-loaded nanocarriers tended to
show some improved efficacy against bacterial biofilms
(CFU/ml counts were only a third of the once treated
with Panotile® CIPRO, see results section). Although the
improvement of bacterial killing failed to reach significance,
this observation supports the possibility of developing nano-
carriers for improving penetration of mucus and bacterial
biofilm but probably requiring new materials and technolo-
gies [21]. Also, nanocarriers with mucoadhesive properties
and a prolonged residence time after deposition could be
designed to release their cargo slowly. This would lead to
drug levels above the minimum inhibitory concentration
needed to eradicate bacteria for more extended periods in the

pulmonary lining fluid. In contrast, a drug administered as a
solution would be cleared from the lungs much more rapidly,
either by mucociliary clearance or systemic absorption. The
development of such an optimized nanocarrier was, however,
beyond the scope of the present study.

Conclusion

We here describe a protocol for cultivating preformed bio-
films of P. aeruginosa on top of the CF cell line CFBE410- at
ALI conditions. The addition of human mucus to CFBE41o0-
cells before infection improved their barrier properties and
survival during the infection.

To demonstrate the translational potential of such a com-
plex in vitro model to assist in the fight against infectious
diseases and the increasing threat of antimicrobial resist-
ance, aerosolized antibiotic-loaded nanocarriers could be
shown to efficiently reduce P. aeruginosa growing on the
human bronchial cells both in planktonic and biofilm form.
By allowing to optimize drug delivery across significant bio-
logical barriers (e.g., mucus, bacterial biofilms, epithelial
cells), complex models of human tissues and organs in a
state of diseases may significantly facilitate the preclinical
development of innovative therapeutic modalities and their
successful translation into the clinic.
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