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ABSTRACT
Current pulmonary treatments against Pseudomonas aeruginosa infections in cystic
fibrosis (CF) lung suffer from deactivation of the drug and immobilization in thick and
viscous biofilm/mucus blend, along with the general antibiotic resistance. Administration
of nanoparticles (NPs) with high antibiotic load capable of penetrating the tight mesh of
biofilm/mucus can be an advent to overcome the treatment bottlenecks. Biodegradable
and biocompatible polymer nanoparticles efficiently loaded with ciprofloxacin complex
offer a solution for emerging treatment strategies. NPs were prepared under controlled
conditions by utilizing MicroJet Reactor (MJR) to yield a particle size of 190.4 ± 28.6 nm
with 0.089 PDI. Encapsulation efficiency of the drug was 79% resulting in a loading of
14%. Release was determined to be controlled and medium-independent in PBS,
PBS + 0.2% Tween 80 and simulated lung fluid. Cytotoxicity assays with Calu3 cells and
CF bronchial epithelial cells (CFBE41o -) indicated that complex loaded PLGA NPs were
non-toxic at concentrations >> MIC

cipro

against lab strains of the bacteria. Antibacterial

activity tests revealed enhanced activity when applied as nanoparticles. NPs’ colloidal
stability in mucus was proven. Notably, a decrease in mucus turbidity was observed
upon incubation with NPs. Herewith, ciprofloxacin complex loaded PLGA NPs are
introduced as promising pulmonary nano drug delivery systems against P. aeruginosa
infections in CF lung.
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Chemical compounds studied in this article
Ciprofloxacin (PubChem CID: 2764); Pluronic® F68 (PubChem CID: 24751); sodium
dodecyl sulfate (PubChem CID: 3423265), Poly(DL-lactide-co-glycolide) (PubChem SID
24866924)
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INTRODUCTION
Chronic pulmonary infections, among which Pseudomonas aeruginosa is known to be
the major pathogen, are reported to be the main cause of mortality among cystic fibrosis
(CF) patients [1]. In addition to intravenous (i.v.) or oral administration [2, 3], during the
last decades, repeated courses of high doses of nebulized and inhaled antibiotics have
been applied extensively for treatment of early infections as a preventive action against
the mucoidic bacteria [2-6]. However, once infection is established in the airways, it is
almost impossible to eradicate it. The established biofilm anchors the bacteria to their
environment, protects the bacteria and prevents drugs reaching minimum inhibition
concentration (MIC) at the site of action to kill bacteria [7]. Biofilm-forming mucoid strains
of P. aeruginosa are less susceptible to antibiotics than their planktonic counterparts as
a result of different resistance mechanisms. Bacteria show slow growth or proliferation
patterns or switch to anaerobic state at certain regions of the biofilm [8], thus bacterial
biofilms show heterogonous composition [9]. In addition, diffusion rates of antibiotics in
the biofilm are lower in comparison to water, they are prone to inactivation by the biofilm
components, and penetration of the antibiotics is strongly affected by the properties of
both antibiotics and the heterogeneous biofilm matrix [10-13]. Consequently, antibiotic
resistance is enhanced as a result of long term exposure. Under such disease
conditions, a local nano drug delivery system capable of penetrating the thick mucus
and biofilm, releasing antibiotic in a controlled manner at the site of action can be an
intriguing approach to overcome treatment bottlenecks [14-16]. Particles should be
engineered to possess particle size smaller than the CF mucus/biofilm meshes [17-19],
and to prevent adsorption only onto the biofilm and entrapment in the biofilm via surface

4

properties [20-22]. With this perspective, the development of pulmonary drug delivery
systems for improved interactions with local environment is needed [23].
Pulmonary drug delivery offers many advantages including avoiding first pass effect,
reduced systemic side effects, delivering higher doses at the site of action thus
increased local concentration [24], higher bioavailability [25], increasing patient
compliance and being a non-invasive drug delivery method [26]. Controlled particle size
is one of the prerequisites of pulmonary drug delivery and lung deposition.
Engineering nanoparticles at particle size level requires full control over the preparation
method. Traditional nanoparticle precipitation techniques lack control over nucleation
and growth process, thus particle size and polydispersity index (PDI). Reproducibility
problems at lab scale and scale-up problems at industrial level are faced during early
and later stages of the development phase. Since particle size and distribution is a
critical quality attribute for

development of

pulmonary nanomedicine against

P. aeruginosa infections in CF, MicroJet Reactor (MJR) technology, a precise
preparation technique performed under controlled conditions,

was employed. MJR

enables control over the whole process parameters and environment, and turbulent like
mixing in micron-volume caused by impinging jets provides high nanoparticle quality. NP
quality can be theoretically defined as a function of parameters that govern the whole
process [27].
Biocompatibility and biodegradability of the nano-carrier play an important role for
pulmonary nanomedicines, especially for the disease cases like CF, where mucociliary
clearance (MCC) is impaired [28, 29]. Thus, possible accumulation of the carrier is more
likely. Poly(lactic-co-glycolic) acid (PLGA) applications have attracted attention following
the first FDA approved product and have been successfully used since decades for
5

micro-formulated drug delivery systems [30-34]. In addition to its biocompatibility hence
low toxicity, it also offers predictable biodegradation kinetics [33]. Even though PLGA is
not approved for pulmonary applications, yet, these characteristics make it a promising
excipient for a clinically applicable formulation. Ciprofloxacin, a fluoroquinolone
antibiotic, which is widely used for treatment of P. aeruginosa lung infections in CF
patients, was chosen as model drug to be encapsulated with high drug loading in PLGA
nano-carriers. Encapsulation of active pharmaceutical ingredients such as ciprofloxacin,
showing pH dependent solubility and limited organic solvent solubility, compromise high
drug loading regardless of preparation technique. In order to achieve potentially clinically
effective drug loading, counter-ion complex of ciprofloxacin was employed [35].
Nanoformulations’ success also depends on their potential to reach the bacteria. Thus
interaction with mucus, dissolution profile to sustain the local concentration at the site of
action and release kinetics to understand the underlying physical and chemical
phenomena were characterized. Additionally, safety and efficacy of the nanoformulation
have been evaluated to ensure sustainability of the developed nanomedicine.
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MATERIALS and METHODS
Materials
Ciprofloxacin base, Pluronic® F-68 and sodium dodecyl sulfate (SDS) were purchased
from Sigma Aldrich, Munich, Germany. PLGA (Expansorb ® 10P017, with a lactic to
glycolic acid ratio of 50:50) was purchased from PCAS, Longjumeau Cedex, France. All
solvents used were of analytical grade and were supplied by VWR, Darmstadt,
Germany. All other chemicals used were of pharmaceutical or analytical grade.
Ciprofloxacin-SDS complex preparation
Ciprofloxacin-SDS complex was prepared as previously reported [35]. In brief,
equimoles of Ciprofloxacin and SDS were dissolved in 0.1 N HCl solutions of equal
volumes. Ciprofloxacin solution was added onto the SDS solution under continuous
mixing. Precipitated complex was vacuum-filtered, washed twice with distilled water and
dried at 30°C under vacuum.
Nanoparticle preparation
Nanoparticles were prepared according to an optimized nanoprecipitation method [27]
by utilizing MJR technology. 2% Ciprofloxacin-SDS complex (1% ciprofloxacin
equivalent) dissolved in 0.5% PLGA in DMSO solution (solvent system) and 0.25%
Pluronic F68 in water solution (non-solvent system) were delivered to the MJR at 1:10
flow rate ratio at 180° angle by using Smartline S100 pumps (Knauer, Munich, Germany)
(Figure 1). Since nitrogen gas was not employed, fourth opening was sealed. Solvent
delivering capillaries and the MJR were immersed into a water bath in order to control
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the system temperature at 32.5°C. Purification of the nanoparticles was achieved with
Visking dialysis membrane with a MWCO 10 kDa (VWR, Darmstadt, Germany).

Figure 1

Schematic representation of MJR experimental set-up: Solvent and

non-solvent were delivered to the MJR at equal flow rates at 180° angle. NPs were
collected from the bottom opening of MJR. The system was immersed in a water bath in
order to control the overall temperature.

Physicochemical characterization of the nanoformulation
Particle size, polydispersity index (PDI) and zeta potential of the nanoparticles were
determined by Malvern Instruments Nano-ZS90 Zetasizer (Malvern Instruments,
Worcestershire, England).

Entrapment efficiency (EE) was calculated with direct method, where incorporated drug
substance is determined by extracting the drug from the carrier and comparing with the
initial mass of the drug substance employed. EE was determined by HPLC analysis
(provided in supplementary materials) and reported as the percentage of ciprofloxacin
8

incorporated into PLGA nanoparticles relative to the initial total amount of drug in solvent
system (n=3).
Drug loading was calculated by HPLC analysis (provided in supplementary materials) of
the freeze-dried nanoparticles dissolved in DMSO (n=3). Drug loading was reported as
the amount of ciprofloxacin in relation to a certain mass of nanoformulation in percent.
Drug based yield was calculated by comparing the theoretical ciprofloxacin amount in
the nanoparticle formulations and comparing this with the experimental amount. Yield
was reported as percentage. The freeze drying method involved in determining the mass
of the nanoformulation is provided in supplementary materials.
Morphology of the particles was determined using atomic force microscopy (AFM).
Tapping mode measurements were performed in air using a BioScope BS3-Z2 with a
Nanoscope IV controller (Bruker Corporation, Billerica, USA) and silicon cantilevers with
tetrahydral tips (OMCL-AC160TS - Olympus, Shinjuku, Japan) with a nominative force
constant of 42 Nm -1 and a resonance frequency of around 300 kHz. For sample
preparation, undiluted nanosuspensions were dropped onto a freshly cleaved mica
surface (Plano GmbH, Wetzlar, Germany). After 5 minutes, the liquid was removed with
a tissue and the samples were completely dried before imaging. Particles were analyzed
with NanoScope Analysis 1.40 software (Bruker Corporation, Billerica, USA).

In vitro evaluation of the nanoformulation
The in vitro drug release behavior of the nanoparticles loaded with 100 µM ciprofloxacin
equivalent complex in different buffer systems was determined by using dialysis
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membrane technique. Release studies were performed at 37.0 ± 0.5°C in triplicate
under sink conditions. Refer to supplementary materials for experimental design.

Mucus interaction of the NPs was evaluated by two in vitro methods (see supplementary
materials for further details). First method was based on turbidimetric measurement of
horse lung mucus interaction with NPs over 2h evaluating the absorbance at 650 nm at
pre-defined time points. During the turbidimetric measurements, cuvettes were kept
steady in the measurement position. Absorbance of horse lung mucus incubated on top
with the same amount water as used for NP suspensions were evaluated as control
solutions. Zeta potential and size of the NPs after incubation with mucus were used as
second in vitro method to assess NP and mucus interaction. NP suspension and mucus
were mixed at 1:1 volume ratio and incubated at 37°C for 2 h. Zeta potential and size
measurement of the NP before and after incubation with mucus was realized by Malvern
Instruments Nano-ZS90 Zetasizer. At the end of mucus incubation, NPs were recovered
from the mixture via centrifugation for 5 minutes at 5000 g prior to analysis.

The antibacterial activities were compared by the disk diffusion method which was
performed in accordance with the recommendations of NCCLS (formerly known as the
National Committee for Clinical Laboratory Standards, responsible for establishing
guidelines for antimicrobial susceptibility testing) document M2-A9 [36]. Test substances
were evaluated simultaneously against P. aeruginosa ATCC® 27853 strains. Disk
diffusion test was performed in triplicate for a total of 18 h in an incubator at 37°C after
inoculation with organisms and placement of disks. Zones of inhibition were measured at
18 h. Detailed description of the set-up is provided in supplementary materials.
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Calu-3 HTB-55 and CFBE41o - cells were seeded in 96-well tissue culture plates with a
density of 125,000 cells/cm² and 62,500 cells/cm², respectively. Three days after
seeding the cells were incubated with the ciprofloxacin-SDS complex loaded NPs or the
single components (Ciprofloxacin as free drug, pure SDS, drug-free NPs, free
ciprofloxacin-SDS

complex)

dissolved

in

Krebs-Ringer

modified

Buffer (KRB)

supplemented with 10% FCS with increasing concentrations from 50-500 µM. Cell
viability was assessed with the ToxiLight™ bioassay kit 4, 8 and 24 hours after
incubation with the test compounds (for further details see supplementary materials).
Data Analysis
The results presented were expressed as mean ± standard deviation (SD) obtained from
three independent experiments (n=3). Comparisons among groups were evaluated by
ANOVA analysis, paired Student’s t-test, and a P-value of < 0.05 was considered
significant.

RESULTS and DISCUSSION
Physicochemical characterization of nanoformulation
NPs prepared with MJR under optimized and controlled conditions are in general
expected to have small PDI values, since homogenous dissipation of the entire energy
in a micro volume is facilitated. Optimization studies revealed that MJR process
parameters (flow rate, temperature and pressure) had a significant effect on particle size
of complex loaded PLGA NPs. Regardless of drug incorporation, prepared NPs were
11

shown to have homogenous particle size distributions [27]. Incorporation of complex in
PLGA NPs resulted in 3-4-fold increase in the particle size. Optimized blank NP were
shown to be as small as 57.8 ± 17.5 nm with a PDI of <0.090, whereas optimized
complex-loaded PLGA NPs showed a particle size of 190.4 ± 28.6 nm with a PDI <
0.090. AFM images of the complex-loaded NPs have confirmed that they are spherical
with a smooth surface. Nanoparticle size was, ranging from 51.7 to 124.2 nm in the
shown image found to be smaller than measured by photon correlation spectroscopy
(PCS). This is commonly observed and represents the difference between geometric
radiuses in ambient conditions in contrast to the hydrodynamic radius determined with
PCS [37], [38].

Figure 2: Complex-loaded nanoparticle morphology: Atomic force microscopy
revealed spherical shape with smooth surface
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Both blank and complex loaded PLGA NPs had a negative surface potential
of -25.9 ± 7.7 mV and -22.5 ± 5.4 mV, respectively. Ciprofloxacin-based yield of the NP
preparation was 101.9 ± 2.3% and EE of 79.3 ± 0.9% was achieved. Drug loading was
determined as 13.32 ± 0.52 %.
Lyophilization process was shown to have no negative effect on the quality of the NPs.
Particle size, PDI, yield, and EE were compared before and after freeze-drying following
redispersion (Table 1).

Table 1: Effect of freeze-drying on NP quality
Before Lyophilization
Particle size [nm]

After Lyophilization

190.4 ± 28.6

236.7 ± 22.6

<0.090

<0.120

Drug yield [%]

101.9 ± 2.3

101.9 ± 13.0

EE [%]

79.3 ± 0.9

57.5 ± 1.3

PDI

However, following redispersion of the lyophilized product, a decrease in EE was
observed. This situation was related to loss of the drug load located close to the NP
surface upon redispersion and subsequent evaluation of NP. Considering the short
diffusion path of those drug molecules, it can be concluded that wetting the particles
promoted drug dissolution from the sites close to the surface of the particles. The
importance of determination of release kinetics is emphasized by the release of the drug
load upon wetting, as it will also be the case when the particles reach the lung lining fluid
upon pulmonary application.
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In vitro evaluation of the nanoformulation
In vitro release behavior of the NPs was evaluated in three different media shown to be
in vivo relevant: Phosphate Buffered Saline (PBS) pH 7.4 with or without 0.2% Tween 80
(T80) [39], and simulated lung fluid (SLF) [40]. Additionally, drug leakage testing was
performed at 37°C in distilled water. For composition of SLF, please refer to Table S1.
Among a variety of different recipes used to simulate the extracellular lung fluids, SLF 3
modeling the interstitial fluid was chosen (see supplementary material for the
composition). Results provided as cumulative released amount of ciprofloxacin as
percentage over time are depicted in Figure 3.

Figure 3: In vitro release kinetics of ciprofloxacin in three different in vivo
representative media and water: Release kinetics in the in vivo relevant media did not
show differences.
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It was observed that controlled release of ciprofloxacin was achieved within 8 h without
burst effect [41] in the very first sampling hours (<30% after 1 h. Please refer to Table S5
for raw data). In water after 8 h, ciprofloxacin release amounted to 59.2% ± 3.0%.
Meanwhile, for all the in vivo representing media employed, the amount of released
ciprofloxacin reached around 80% after 8 h, followed by a very slow release till day 14 to
yield ca 90.5% drug release (data provided in Table S5 in supplementary material.).
PLGA degradation and release kinetics have been well explored over years [33, 42]. In
the initial phase dissolution of the load close to the surface is observed (following Fickian
diffusion) and this release is followed by an erosion/degradation and diffusion dominated
phase [33, 43].
In order to further investigate the dominating drug release mechanism, Hixson-Crowell,
Higuchi, Korsmeyer-Peppas, first order and zero order functions were computed and
coefficients of determination (R 2) were evaluated. A summary of the mathematical
models and the correlation factors is provided in supplementary material (Table S2 and
S3, respectively). It was observed that in all release media release kinetic was best
described by Korsmeyer-Peppas model which is used to analyze release of
pharmaceutical polymeric dosage forms, where more than one release phenomena
could be involved [44]. Used kinetic models and calculated correlation factors for each
medium is provided in supplementary materials. Based on calculated release exponent
(n), release in all media was defined as anomalous transport (n = 0.6 for all media)
which is a combination of diffusion and polymer degradation/erosion dominated release
phenomena. This finding was in accordance with the polymeric matrix used as
discussed above. The drug release kinetic in water was shown to be the only one being
driven by Fick`s diffusion law (n = 0.2); following the model that the diffusional exponent
15

depends on the size distribution and the general shape of the distribution for drug
release in spherical polymer particles [45]. Considering that the diffusion is dominated by
the concentration gradient, this result can be attributed to the limited solubility of
complex in water (surrounding fluid) at the stagnant layer. Water running into the
polymer matrix as a result of osmotic effects reaches saturation much faster than other
surrounding fluids tested (PBS, PBS + 0.2% T80 or SLF), thus not experiencing a sharp
concentration gradient to forge the release [46].

Mucus interaction properties of the NPs were evaluated by monitoring the turbidity at
650 nm over a period of 2h after mixing NPs with horse lung mucus. NPs and lung
mucus samples used as control samples showed significant turbidity difference
(p<<0.001) and NPs were shown to have a turbidity almost close to zero owing to the
applied nanosuspension concentration (0.5 mg NP content in 1 mL). Following
incubation of the mucus with NPs, immediately after 15 minutes mucus turbidity
decreased and after 2h turbidity was significantly lower than mucus absorption at t=0
(p<<0.001) indicating potential disaggregation of the mucus (Figure 4). This
phenomenon might be explained by the repulsive forces exerted by the nanoparticles to
negatively charged mucus following diffusion thoroughly into the mucus and
disassembling the network [47, 48].
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Figure 4: Mucus and NP interaction evaluation with turbidity analysis at 650 nm:
Following incubation of the mucus with NPs, mucus turbidity decreased significantly
(p<<0.001) immediately after 15 minutes and stayed constant over 2 h.

Effect of applied NP concentration on disaggregation of the mucus was investigated by
incubating the mucus with increasing amounts of NP without changing the applied
nanosuspension volume. Results (Figure 5) indicated that mucus disaggregation was
directly correlated with the NP concentration: as the applied NP concentration increased,
the turbidity decreased, which is related to the disaggregation of the mucus network.
These findings might be supported by the cryo-SEM images (see Figure S1), where
mucus incubated with NP showed structural differences in comparison to control mucus.
Further investigation of this phenomenon is on-going.
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Figure 5: Concentration dependent mucus and NP interaction evaluation with
turbidity analysis at 650 nm: Following incubation of the mucus with increasing NP
concentrations, mucus turbidity decreased already after 15 minutes in direct relation to
concentration significantly (p<<0.001 for each applied concentration) and stayed
constant over 2 h.

Additionally, finding on effect of NP on mucus degradation was supported by particle
size and zeta potential of the nanoparticles before and after incubation with mucus.
Summarized results of native and incubated NPs are provided in Table 2, where zeta
potential of the mucus before incubation was taken as control. Particle size of the
nanoparticles was shown to increase only minimally, therefore excluding uncontrolled
aggregation and indicating stability of NP in mucus. The shift towards bigger size might
be due to corona effect. The formation of a corona is also supported by the fact, that
zeta potential of the NPs was shifted slightly (p-value: 0.1524). Before and after each
mucus interaction investigation, the count rates of the particle size measurements were
18

taken as indicator of NP recovery. In all cases the count rate was staying approximately
constant.

Table 2: Characterization of NPs before and after incubation with mucus
Mucus

Particle Size [nm] / PDI

Zeta Potential [mV]

Mucus

+

n.a.*

-14.5 ± 0.00

NP

-

235.2 ± 38.5 / 0.163

-21.0 ± 4.31

+

284.8 ± 44.8 / 0.302

-27.9 ± 0.00
* n.a. not applicable

Evaluation of the NP-mucus interaction with those two in vitro methods fosters the
conclusion that presented nanoformulations might show mobility in mucus and be
capable of penetrating through the mucus owing to their surface properties, size and
potential. Complex mechanism of particle penetration through mucus/biofilm and particle
properties effecting the mucus penetration have been subject to many studies. It has
been already reported that a size below 200 nm is advantageous for mucus penetration
of negatively charged particles [47, 49], and polyoxyethylene-polyoxypropylene block
copolymer-stabilized particles, such as Pluronic F68, have been described to enhance
mobility in mucus [17, 50]. This might be related to the polyethylene glycol chains
involved in the block copolymer, as improved permeability has been also shown for NP
with low molecular weight PEGylated surface coverage properties [18, 51, 52]. In the
light of those studies, potential mucus penetration capability and mobility of the
nanoformulations might be related to a cumulative effect of all those.
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Besides reaching the respective bacterial location in the mucus, the activity of the
encapsulated and complexed drug is essential. Antibacterial activity of the ciprofloxacin
was evaluated by disk diffusion test. According to this test the zone inhibition diameter
break point of free ciprofloxacin (5 µg) against susceptible strains of P. aeruginosa has
been reported as ≥ 25 mm [53]. Figure 6 shows the antibacterial activities of free
ciprofloxacin, the used excipient (SDS), complex and complex-loaded PLGA
nanoparticles, respectively, against a laboratory strain of P. aeruginosa. Inhibition zones
obtained from disk diffusion test are provided in table 3. It has been previously reported
that ciprofloxacin-SDS complex shows significant difference in antibacterial activity
compared to ciprofloxacin at all applied concentrations (p-values 0.01, 0.01 and 0.04 for
0.5 µg, 2.5 µg and 5 µg, respectively) [35].

Table 3: Concentration dependent zone diameters of ciprofloxacin against P. aeruginosa
ATCC® 27853 strains measured by disk diffusion test
Applied Ciprofloxacin
Amount (mg)

Zone Diameter (mm)
Complex-loaded
SDS

Cipro

Complex
PLGA

0.5

0.0

23.0 ± 0.9

26.0 ± 0.5

25.0 ± 0.8

2.5

0.0

27.0 ± 0.9

31.0 ± 0.9

31.0 ± 0.9

5.0

0.0

32.0 ± 0.5

35.0 ± 0.9

36.0 ± 0.8
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Since SDS, Pluronic F68 or blank NPs did not show any antibacterial activity at any of
the applied concentrations (supplementary data table S6), enhanced antibacterial
activity might be related to steric protection of the functional group on position 7 of
ciprofloxacin following complex formation. It has been reported that the bulkiness of the
substitute at position 7, which is known to directly interact with DNA-gyrase protects
quinolones from efflux transporters [54]. After 18 h of incubation, complex loaded PLGA
NPs have shown zone inhibitions not significantly differing from complex (p>0.05 at all
concentrations) as shown in Figure 6 (A).

B

Figure 6: Inhibition zones of ciprofloxacin against P. aeruginosa detected after
18 h of incubation at 37°C (A) and representative results following normalization
to released amount of ciprofloxacin (B) as comparison to free ciprofloxacin*: It
was shown that at all applied concentrations complex formation enhances antibacterial
activity of ciprofloxacin against P. aeruginosa as free complex and complex loaded
PLGA NPs, respectively. (*Δ drug amount= free ciprofloxacin amount – released amount
of ciprofloxacin)
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However, after 18 h only 60% of the drug was released from the polymeric carrier to the
water-based environment of agar plates (Figure 3). Taking these released amounts of
ciprofloxacin into consideration the enhanced activity of the complex in the NPs in
comparison to free complex can be clearly seen (Figure 6 (B)). These data suggests that
complex formation enhances antibacterial activity of ciprofloxacin against P. aeruginosa
for free complex and complex loaded PLGA nanoparticles.

Cytotoxicity of the nanoformulation was assessed over 24 h with Calu-3 bronchial
epithelial cell line as a model for healthy lung and CFBE41o
a CF-derived bronchial

epithelial cell line as a model for diseased lung. Selected test concentrations were well
above the reported in vivo maximum ciprofloxacin concentrations (Table 4) and minimum
inhibitory concentration (MIC) of ciprofloxacin against susceptible and resistant strains of
P. aeruginosa, reported between 0.75-3.0 µM [50].

Table 4: Summary of reported in vivo ciprofloxacin concentrations
Administration

i.v. ciprofloxacin 400 mg [55]

Detection site

Highest detected

(adult CF patients)

concentration after 2 h

Serum

2.37 ± 1.40 µM

Lung tissue

3.84 ± 1.87 mg/kg

oral ciprofloxacin 500 mg three times induced sputum

3 µM

daily [56]
ciprofloxacin DPI 32.5 mg [56]

induced sputum

22

99.6 µM

As shown in Figure 7 toxicity of the NPs was dose dependent and no additional
cytotoxicity was observed with Calu-3 or CFBE41o- CF bronchial epithelial cell lines as a
result of drug-complex loading in PLGA NPs when compared to free ciprofloxacin and
SDS. Considering that blank NPs did not show any toxic effect at any applied
concentration, it was concluded that observed viability reductions were directly related to
drug-complex.
A

B

Figure 7 Cytotoxicity assessment with Calu3 (A) and CFBE41o- CF (B) bronchial
epithelial cell lines: Cytotoxicity assay details are described in supplementary materials
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After 4 hours of incubation none of the tested compounds shows a toxic effect, whereas
after 8 hours the highest concentration of SDS (500 µM) decreases the viability of both
cell lines. After 24 hours also the highest concentration of the ciprofloxacin-SDS complex
loaded NPs (500 µM) decrease the viability to 75%. It can be concluded that the NPs
are well tolerated by the epithelial cells and show a low cytotoxic potential.

CONCLUSION
Pulmonary administration of nanoformulations with higher drug loading is a promising
tool for treatment of CF infections by overcoming low local antibiotic concentrations at
the site of action. Ciprofloxacin complex loaded PLGA NPs presented here not only
show high drug loading but also size and surface properties that promise penetration
into the negatively charged, thick CF mucus, where the bacteria reside. Controlled
release of the antibiotic from particles within 8 h is expected to serve for high and
sustained local drug concentration. Additionally, enhanced antibacterial activity of nanoformulated ciprofloxacin against P. aeruginosa promises reduced dose, thus reduced
side effects. Although a local therapy is aimed in the present work; NPs were shown to
be safe against healthy and CF bronchial epithelial cells in vitro even at concentrations
higher than reported in vivo ciprofloxacin concentrations in the lung. Under the light of
the presented results, ciprofloxacin complex loaded PLGA NPs are introduced as
promising pulmonary nano drug delivery system against P. aeruginosa infections in CF
lung.
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Evaluation of the further effect of those drug delivery systems on P. aeruginosa, and also
release properties in mucus/biofilm secreted by the bacteria are valuable information on
performance of this nano drug delivery system. These properties are under investigation
and studies are on-going.
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