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 1 

ABSTRACT 2 

Prevention and treatment of bacterial airway infections are essential components of cystic 3 

fibrosis (CF) therapy, as recurrent infections lead to a decline in lung function and implicate 4 

lower survival rates. However, effectiveness of antibacterial treatment is limited for bacteria 5 

in mucus and biofilm. Biofilm-forming bacteria such as Pseudomonas aeruginosa and 6 

Staphylococcus aureus are protected from immune response inside the immobile and 7 

viscous mucus. Furthermore, the antimicrobial drugs suffer from low diffusion rates and 8 

deactivation in mucus. An approach to overcome this biological barrier is to encapsulate the 9 

drug into nanoparticulate carriers showing mucus-penetrating behavior. 10 

In this context, ciprofloxacin was loaded into lipid-core nanocapsules for high mucus 11 

permeability, sustained release, and antibacterial activity. 12 

Lipid-core nanocapsules (LNC) with oleic acid as core lipid, poly(ε-caprolactone) as shell 13 

component and ciprofloxacin loading were prepared by interfacial deposition of the polymer 14 

yielding 180 nm mean sized particles with a drug encapsulation efficiency of 86.9%. An 15 

increased permeation by 50% in comparison to a drug suspension was determined in a 16 

diffusion experiment with respiratory horse mucus as barrier. Ciprofloxacin was shown to be 17 

released from the LNC by diffusion in a sustained way, with the total drug amount released 18 

within 24 h. By performing antibacterial growth assays, the drug in the LNC was active with 19 

minimum inhibitory concentrations similar to the free drug in P. aeruginosa and S. aureus. 20 

Interestingly, formation of aggregates was avoided by exposure to drug-loaded LNC, 21 

whereas biofilm-like aggregates were observed in S. aureus upon treatment with free 22 

ciprofloxacin. 23 

With the combined advantages over the non-encapsulated drug, ciprofloxacin-loaded LNC 24 

represent a promising drug delivery system with the prospect of an improved antibiotic 25 

therapy in cystic fibrosis. 26 

 27 
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1. Introduction 1 

Cystic fibrosis (CF) is one of the most common autosomal recessive genetic disorders among 2 

Caucasians with an incidence of 1 case per 2500 births [1, 2]. Due to mutations in the Cystic 3 

Fibrosis Transmembrane Conductance Regulator (CFTR) gene, chloride ion transport through 4 

the CFTR ion channel is defective, leading to dehydrated, thickened secretions in several 5 

organs of the human body. CF patients are mainly affected by pulmonary symptoms, as a 6 

consequence of the production of highly viscous mucus in the lungs. With the mucociliary 7 

clearance being impaired, mucus is easily colonized by pathogenic bacteria, among which 8 

Pseudomonas aeruginosa and Staphylococcus aureus are the most prevalent [3].  9 

P. aeruginosa is a Gram-negative bacterium, capable of forming biofilms. Inside those 10 

microcolonies, the pathogen is protected against immune response and antibiotics. Bacteria 11 

inside the biofilm are difficult to target by antibiotics and far less susceptible in comparison 12 

to planktonic pathogens [4, 5]. Up to 60-75% of adult CF patients are chronically infected 13 

with P. aeruginosa, which is strongly associated with inflammatory responses, decreased 14 

lung function and lower survival rates [1, 3]. S. aureus, a Gram-positive bacterium, is known 15 

to be one of the first pathogens colonizing CF lungs and the most prevalent bacterium in 16 

younger patients, associated with a decline in lung function and inflammatory responses. In 17 

adults, S. aureus has a high prevalence as well, however it is considered less detrimental in 18 

comparison to P. aeruginosa [3, 6]. Overall, bacteria are not only causing recurrent airway 19 

infections and pneumonia, exaggerated inflammatory responses are also leading to 20 

bronchiectasis and progressive obstructive airways disease. The resulting pulmonary 21 

insufficiency is the cause of most CF-associated cases of death [2, 7]. Therefore, new 22 

treatments are urgently needed and a variety of different approaches to tackle especially 23 

infections with P. aeruginosa are currently being developed [8]. 24 

Given the negative influence of bacterial infections on the outcome of CF patients, their 25 

treatment and prophylaxis are main pillars of CF therapy. Ciprofloxacin is a broad spectrum 26 

fluoroquinolone antibiotic and effective against P. aeruginosa and S. aureus. Intravenous and 27 

oral application of ciprofloxacin are already established in CF therapy, however systemic 28 

administration involves as well systemic side effects. Ciprofloxacin is mainly limited to adult 29 

patients, due to safety concerns regarding a long term use in children [9]. In contrast to oral 30 

or intravenous application, administration via inhalation delivers the antibiotic directly to the 31 
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site of infection. This leads to a higher local concentration and lower systemic side effects. 1 

Ciprofloxacin applied as dry powder inhaler is currently investigated in clinical studies and its 2 

efficacy in chronic P. aeruginosa infections has already been shown [10]. By using inhaled 3 

ciprofloxacin, dose and systemic side effects can be reduced and pediatric therapy might 4 

benefit from this antibiotic.  5 

However, even if the antibiotic is locally distributed in the lungs, it still has to overcome the 6 

mucus as biological barrier to reach its site of action. In infected lungs of CF patients bacteria 7 

are located inside the mucus, which significantly impedes the successful treatment of 8 

pulmonary infections by inhaled drugs [11].  9 

Mucus is a gel consisting of water, mucins (glycoproteins), non-mucin proteins, salts, lipids 10 

and cellular debris [12-14]. A mesh structure is formed by mucin fibers with spacings ranging 11 

from about 100 to 1000 nm [12]. In the healthy state, bronchial mucus is an effective barrier 12 

to protect the bronchiolar epithelium from infectious microorganisms. However, in cystic 13 

fibrosis bacterial colonization is even favored due to a reduced mucociliary clearance. Inside 14 

the highly viscous and immobile mucus pathogens are protected from antibiotics and 15 

immune response. Besides a potential deactivation of antibiotics inside the mucus, effective 16 

antimicrobial therapy suffers from limited diffusion of drugs through mucus [15, 16]. 17 

For an effective inhalative antibacterial therapy in cystic fibrosis, advanced drug delivery 18 

systems protecting the drug and facilitating the transport to the site of action are required. A 19 

promising approach is to use nanoparticles as carriers to protect the drug from deactivation 20 

and increase mobility in mucus. The ability to permeate mucus has already been 21 

demonstrated for nanoparticles depending on their surface properties, charge and size [11, 22 

17-19]. In addition to protect the drug and to facilitate mucus permeation, nanoparticles can 23 

sustain the drug release, enabling a reduced dosing frequency. The combined advantages of 24 

a local therapy by drug-loaded nanoparticles allow a potential decrease of the applied 25 

overall dose, resulting in a reduction of systemic toxicity.  26 

An advanced carrier system with advantageous properties for drug delivery are lipid-core 27 

nanocapsules (LNC), which are composed of a lipid core, covered by a polymeric wall [20, 28 

21]. For the poly eri  shell poly ε-caprolactone) (PCL) can be used, a biodegradable and 29 

biocompatible polymer controlling drug release. LNC can efficiently be loaded with poorly 30 
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soluble drugs, such as ciprofloxacin free base, since its lipid core structure is formed by an 1 

organogel composed by sorbitan monostearate and a liquid lipid [22, 23]. In addition, active 2 

ingredients encapsulated in LNC are protected from chemical and light induced degradation 3 

[21]. Furthermore, lipid-core nanocapsules exhibit the previously discussed advantages of 4 

nano-sized drug delivery systems, like decreased side effects, high pharmacological 5 

responses and the capability of crossing biological barriers [21]. However, the ability to 6 

permeate pulmonary mucus has not yet been shown. 7 

In this work, we developed lipid-core nanocapsules to be loaded with ciprofloxacin. The 8 

modified LNC were evaluated towards a controlled release, the capability to permeate 9 

mucus and a high antibacterial activity against P. aeruginosa and S. aureus. 10 

 11 

2. Materials and methods 12 

2.1. Materials 13 

Ciprofloxacin, poly(ε-caprolactone) (MW = 80,000 g·mol-1) and sorbitan monostearate were 14 

obtained from Sigma Aldrich (São Paulo, Brazil). Oleic acid was purchased from Dinâmica 15 

(Diadema, Brazil) and polysorbate 80 from Vetec (Rio de Janeiro, Brazil). Respiratory horse 16 

mucus was provided from horse clinic Altforweiler (Überherrn, Germany). All solvents used 17 

for HPLC analysis were of chromatographic grade. All other chemicals and solvents were of 18 

analytical or pharmaceutical grade. 19 

2.2. Methods 20 

2.2.1. Preparation of nanoparticles 21 

Ciprofloxacin-loaded lipid-core nanocapsules (LNC-CIP) were prepared by interfacial 22 

deposition of polymer [20]. The orga i  phase o sisted of poly ε-caprolactone) and 23 

sorbitan monostearate in acetone and was supplemented by ciprofloxacin previously 24 

solubilized in oleic acid. Under magnetic stirring and light protection, the organic phase was 25 

injected into an aqueous polysorbate 80 solution. After maintaining stirring for 10 minutes, 26 

the acetone was removed and the nanosuspension concentrated by evaporation under 27 

reduced pressure (Rotavapor, Büchi, Flawil, Switzerland) to approximately 9 mL. Final 28 

volume was adjusted in a volumetric flask to 10 mL. Blank nanocapsules (LNC-blank) were 29 
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prepared similarly, but without addition of ciprofloxacin to oleic acid. The exact composition 1 

is listed in Table 1. 2 

 LNC-CIP LNC-blank 

Poly ε-caprolactone) 100 mg 100 mg 
Sorbitan monostearate 38.5 mg 38.5 mg 
Ciprofloxacin 8 mg - 
Oleic acid 0.165 mL 0.165 mL 
Acetone 27 mL 27 mL 
Polysorbate 80 77 mg 77 mg 
Water 54 mL 54 mL 

 3 

Table 1. Compositions of LNC-CIP and LNC-blank yielding a final volume of 10 mL 4 

nanosuspension.  5 

2.2.2. Swelling experiment for interaction testing between polymer and lipid 6 

Fil s of poly ε-caprolactone) were prepared from its chloroform solution and by subsequent 7 

evaporation of organic solvent. Fragments of this film (n = 3) were cut and accurately 8 

weighed using an analytical balance (30-40 mg). Each piece of film was immersed separately 9 

in glass vials containing excess of oleic acid (10 mL). The vials were stored at room 10 

temperature under light exclusion. At predefined time points (1, 2, 5, 15, 30 and 60 days), 11 

the films were withdrawn from the vials, dried with smooth paper tissues and weighed. 12 

2.2.3. Particle size analysis 13 

Laser light diffraction analysis was performed (Mastersizer® 2000, Malvern Instruments, 14 

Worcestershire, UK) to exclude the presence of microparticles. The measurements were 15 

conducted by adding LNC formulations to a wet dispersion unit filled with distilled water. For 16 

exact size values and to determine the polydispersity index (PDI), the LNC formulations were 17 

analyzed by photon correlation spectroscopy (PCS) (Zetasizer® Nanoseries ZS ZEN3600, 18 

Malvern Instruments, Worcestershire, UK) after dilution (1:500, v/v) in pre-filtered water 19 

(0.45 µm, Millipore, Billerica, USA).  20 

2.2.4. Zeta potential and pH 21 

The zeta potential was determined by laser Doppler electrophoresis (Zetasizer® Nanoseries 22 

ZS ZEN3600, Malvern Instruments, Worcestershire, UK). The measurements were performed 23 
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at 25°C after diluting (1:500, v/v) the samples with a pre-filtered (0.45 µm, Millipore, 1 

Billerica, USA) 10 mmol∙L-1 NaCl aqueous solution. The pH values were measured in the 2 

undiluted formulations using a calibrated pH-meter (DM-22, Digimed, Campo Grande, 3 

Brazil). 4 

2.2.5. Quantification of ciprofloxacin 5 

The quantification of ciprofloxacin was performed by high performance liquid 6 

chromatography with UV detection (HPLC-UV). The HPLC system used for encapsulation 7 

efficiency determination and release studies consisted of a Shimadzu instrument (LC-20AT 8 

Pump, SIL-20A auto-sampler, SPD-20AV detector (UV-VIS), Class-VP Software, Shimadzu, 9 

Tokyo, Japan) and a Waters Nova-Pak® C18 column (60Å pore diameter, 4 µm, 3.9x150 mm, 10 

Waters, Milford, USA). The mobile phase consisted of aqueous 0.025 mol∙L-1 ortho-11 

phosphoric acid (pH 3.0, adjusted with triethylamine) and acetonitrile (87:13, v/v) at an 12 

iso rati  flo  rate of .  L∙ i -1. Injection volume was 20 µL and 100 µL for quantification 13 

and release studies, respectively, with a retention time of 4.5 min. UV detection of 14 

ciprofloxacin was performed at 278 nm.  15 

For the mucus permeation experiments a Dionex UltiMate 3000 HPLC system was used, 16 

including a RS Pump, ASI-100 Automated Sample Injector, RS Variable Wavelength Detector 17 

and Chromeleon Client 6.80 SR12 Software (Dionex, Sunnyvale, USA) and a LiChrospher®100 18 

RP-18 column (LiChroCART® 125-4, 5 µm, Merck, Darmstadt, Germany). Mobile phase, flow 19 

rate and detection wavelength were as reported above. Injection volume was 50 µL and 20 

retention time 8.5 min.  21 

For validation of the HPLC methods please refer to supplementary materials. 22 

2.2.6. Encapsulation efficiency and drug loading 23 

Total drug concentration in the final formulation, including encapsulated and non-24 

encapsulated drug, was determined. After dissolution of an aliquot of the formulation in 25 

acetonitrile, the sample was sonicated and centrifuged. The supernatant was further diluted 26 

with mobile phase and analyzed by HPLC. Recovery was calculated by relating the measured 27 

value to the initially used concentration.  28 



8 
 

The encapsulation efficiency was determined indirectly using ultrafiltration-centrifugation 1 

(Amicon® Ultra Centrifugal Filters, 10k; Merck Millipore, Billerica, USA). The encapsulated 2 

drug is separated from the free drug (drug dissolved in the continuous phase), which is able 3 

to pass through the filter membrane during centrifugation (4,120 x g; 20 min). The filtrate 4 

was diluted with mobile phase and injected (100 µL) to HPLC. Encapsulation efficiency was 5 

calculated using equation (1): 6 

��% = � ��−� − � ���� � ��� ×  (1) 7 

with Mtotal being the total drug mass in the formulation and Mnon-encapsulated the non-8 

encapsulated drug mass, calculated from the concentrations in the formulation respectively 9 

the filtrate. Minitial is the initially used drug mass. To exclude misinterpretation of the results 10 

due to a possible interaction of the drug with the filter, the same ultrafiltration-11 

centrifugation protocol was performed with a ciprofloxacin solution in mobile phase with the 12 

same drug concentration as the drug-loaded LNC formulation .8 g∙ L-1). All experiments 13 

were conducted in triplicate. 14 

Drug loading was reported as encapsulated drug per gram of formulation. 15 

2.2.7. Determination of the presence of drug crystals 16 

To evaluate the presence of crystals (simultaneously formed during the preparation of the 17 

drug-loaded LNC), equal volumes of the same batch drug-loaded LNC formulation were 18 

stored in two different flasks at room temperature and protected from light [24]. One flask 19 

was immobilized and not shaken prior to HPLC-UV analysis and samples were withdrawn 20 

from the top, whereas the other flask was shaken before sampling. The drug contents were 21 

analyzed at predetermined time points (0, 5, 10, 20 days). 22 

2.2.8. Transmission electron microscopy 23 

Ciprofloxacin-loaded LNC and blank LNC were visualized by transmission electron 24 

microscopy (TEM). Dilutions of the samples in ultrapure water (1:10, v/v) were placed on 25 

grids and stained with uranyl acetate (2%). After 24 h of drying in a desiccator, the prepared 26 

grids were analyzed by TEM, using a voltage of 80 kV. The imaging was performed with a 27 
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JEOL JEM 1200-ExII (Tokyo, Japan) at the UFRGS Electron Microscopy Center (Centro de 1 

Microscopia Eletrônica, UFRGS, Porto Alegre, Brazil).  2 

2.2.9. Atomic force microscopy 3 

Morphology of the nanocapsules was additionally investigated by atomic force microscopy 4 

(AFM) in tapping mode in air. The LNC formulations were diluted with water and placed onto 5 

a freshly cleaved mica surface (Plano GmbH, Wetzlar, Germany). After 5 minutes of 6 

incubation, the liquid was removed with a paper tissue. Measurements were performed 7 

with a BioScope BS3-Z2 AFM with a Nanoscope IV controller (Bruker Corporation, Billerica, 8 

USA). Silicon cantilevers with tetrahydral tips (OMCL-AC160TS - Olympus, Shinjuku, Japan) 9 

with a nominative force constant of 42 Nm-1 and a resonance frequency of around 300 kHz 10 

were used. Image analysis was done with the NanoScope Analysis 1.40 software (Bruker 11 

Corporation, Billerica, USA). 12 

2.2.10. Mucus permeation assay 13 

To evaluate the ability of the lipid-core nanocapsules to permeate mucus, diffusion through 14 

horse mucus was investigated by using Transwell® systems. Polyester membrane Transwell® 15 

inserts (12 mm diameter; Corning Incorporated, Corning, USA) with a pore size of 3.0 µm 16 

were utilized to avoid retention of the nanocapsules by the membrane.  17 

The horse mucus samples were obtained by bronchoalveolar lavage with saline and kept in 18 

frozen state until use. To remove contained saline, the samples were centrifuged (3,000 x g, 19 

10 min) after thawing and the aqueous supernatant was taken off.  20 

The barrier consisted of 200 µL horse mucus, which was homogeneously distributed onto 21 

each Transwell® membrane resulting in a layer thickness of estimated 1.8 mm. On top of this 22 

barrier, the donor compartment was placed. The donor consisted of 200 µL of LNC-CIP 23 

formulation previously mixed with 100 µL horse mucus, to reduce viscosity differences and 24 

thus to avoid bypassing of the sample between Transwell® wall and mucus barrier. For 25 

comparison, the same experiment was conducted in parallel using an aqueous ciprofloxacin 26 

suspension with the same drug content as the LNC-CIP formulation .8 g∙ L-1). 400 µL 27 

PBS-buffer were placed in each well as acceptor compartment. The well plate was kept in a 28 

shaker at 37 °C and gentle shaking. At predefined time points (2, 4, 6, 8 and 10 h), samples 29 

were taken from the acceptor medium and replaced by the same volume of preheated PBS-30 
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buffer. The drug contents of the samples were determined by extraction with acetonitrile 1 

and sonication and subsequent analysis by HPLC. The experiments were conducted in 2 

triplicate. 3 

After 10 h, samples from the acceptor compartments were dropped onto freshly cleaved 4 

mica surfaces, air dried and imaged by AFM.  5 

2.2.11. In vitro drug release study 6 

The ciprofloxacin release of the formulation was determined by direct dialysis bag method. 7 

To ensure that the release behavior is not dominated by the dialysis membrane, the release 8 

of a ciprofloxacin solution in 0.14% ortho-phosphatidic acid with the same drug 9 

concentration as the LNC-CIP formulation .8 g∙ L-1) was performed at the same time.  10 

As release medium, simulated lung fluid (SLF 3) was used [25]. Dialysis tubing cellulose 11 

membrane bags (molecular weight cut-off 14.000; Sigma Aldrich, São Paulo, Brazil) filled 12 

with each 2 mL LNC formulation or ciprofloxacin solution were placed each into a closed 13 

glass container containing 150 mL release medium and kept under continuous stirring at (37 14 

± 1)°C and light exclusion. Sink conditions were ensured. At predefined time points (1, 2, 4, 6, 15 

8, 24 h) aliquots of the release medium were withdrawn and replaced by fresh preheated 16 

medium. The drug contents of the samples were analyzed by HPLC-UV (as described above) 17 

and the cumulative release calculated. All experiments were carried out in triplicate. The 18 

Scientist® software (MicroMath®, Saint Louis, USA) was used for mathematical modeling and 19 

further analysis of the release behavior. 20 

2.2.12. Antibacterial growth assays 21 

Three independent assays were performed for P. aeruginosa PAO1 (DSM-19880, DSMZ) and 22 

two for S. aureus Newman (kind gift from Prof. Rolf Müller, Saarbrücken) and in each assay 23 

duplicates were measured. Bacterial pre-cultures were inoculated from single colonies in 24 

5 mL LB medium (Luria/Miller; Carl Roth, Karlsruhe, Germany) and grown at 37°C to 25 

stationary phase (6-8 hours or overnight). LNC-CIP, LNC-blank and a ciprofloxacin solution 26 

containing polysorbate 80 in the same concentration as the LNC formulations were prepared 27 

aseptically. For the antibacterial growth assay 200 µL of the highest concentration (2x the 28 

concentration of the highest tested concentration) of nanocapsules or ciprofloxacin were 29 

added to a 96-well plate (CELLSTAR® 655180; GreinerBioOne, Frickenhausen, Germany) and 30 
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serial 1:2 dilutions were performed in LB resulting in 100 µL per well for each concentration. 1 

As positive control only bacteria in LB were used and as negative control only LB medium 2 

with ciprofloxacin or LNC-CIP was used. The bacterial pre-cultures were diluted to an OD600 3 

of 0.04 in fresh LB medium and to each well 100 µL diluted culture was added (final OD600 4 

0.02). Then, the plates were incubated at 37°C with shaking (at 180 rpm) for 16 - 18 hours 5 

and bacterial growth was monitored by measuring the absorbance at a wavelength of 6 

600 nm using a FLUOstar Omega microplate reader (BMG Labtech, Ortenberg, Germany). 7 

2.2.13. SEM analysis of S. aureus aggregates 8 

The antibacterial growth assay was performed for ciprofloxacin solution (0.2 µg∙mL-1) and 9 

ciprofloxacin-loaded particles (LNC-CIP) with the same drug concentration and 3.72 µg·mL-1 10 

oleic acid which was also present in the blank particles used as control (LNC-blank). Bacteria 11 

were grown in 8-well microscope slides (Sarstedt) at 37°C (at 180 rpm) for 16 - 18 hours. 12 

Then, bacteria were fixed with 2.5% glutaraldehyde for two hours at room temperature. 13 

After fixation, samples were washed three times with PBS and sequentially dehydrated with 14 

ethanol dilutions: 10%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, 96%, 100%, 100%; each 15 

dilution was incubated for 10 minutes at room temperature. Samples were sputter coated 16 

with gold after complete drying and imaged at an accelerating voltage of 20.0 kV with a JEOL 17 

JSM-7000F scanning electron microscope (Tokyo, Japan). 18 

 19 

3. Results and discussion 20 

3.1. Evaluating the interaction of polymer coat with lipid core material 21 

Lipid-core nanocapsules are composed of a polymeric shell and a lipid core, which usually 22 

contains oils such as caprylic/capric triglycerides or vegetable oils [21]. To optimize the 23 

loading with ciprofloxacin, we used oleic acid as liquid lipid material. Due to the less 24 

lipophilic character compared to triacylglycerols, oleic acid shows a higher solubility for 25 

ciprofloxacin in comparison to the typically used oils [26]. Furthermore, ciprofloxacin has 26 

amine and carboxylic acid functional groups, which can interact with oleic acid by forming 27 

ionic chemical bonds or hydrogen bonds, respectively. Therefore higher drug loading was 28 

expected by the use of oleic acid. Interactions between oleic acid and PCL could modify the 29 

supramolecular structure formed after nanoprecipitation. We investigated this possible 30 
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interaction by performing a swelling experiment. Thin PCL films were immersed in excess of 1 

oleic acid and weight changes were analyzed. PCL in contact to oleic acid resulted in a low 2 

weight increase of (7.50 ± 0.97)% within 24 hours and then this value stayed constant over 3 

60 days (Fig. S1, supplementary materials). To avoid instabilities of the nanocapsules, water 4 

and the core components must be non-solvents for the polymer [21, 27, 28]. The kinetic 5 

stability of the polymeric nanocapsules is also influenced by the mechanical barrier of the 6 

shell to prevent coalescence of the oily phase. The result indicated that PCL is not soluble in 7 

oleic acid as otherwise a weight decrease would have been observed. Thus, oleic acid was 8 

confirmed as an appropriate excipient for the preparation of lipid-core nanocapsules. 9 

3.2. Physicochemical characterization 10 

Lipid-core nanocapsules with oleic acid as core component were prepared by interfacial 11 

deposition of the polymer. In brief, an organic phase with the dissolved components was 12 

injected into the aqueous surfactant solution. Under reduced pressure the organic phase 13 

was removed and the nanocapsules suspension concentrated. To characterize the 14 

nanocapsules, particle size, size distribution, pH and zeta potential of drug loaded (LNC-CIP) 15 

and blank lipid-core nanocapsules (LNC-blank) were determined. Ciprofloxacin-loaded LNC 16 

were additionally analyzed in terms of encapsulation efficiency and drug loading. 17 

Both, LNC-CIP and LNC-blank showed mean hydrodynamic diameters of about 180 nm as 18 

determined by PCS, with a narrow size distribution, which is represented by a PDI < 0.2. 19 

Laser light diffraction analysis excluded the presence of microparticles. Both formulations 20 

had a slightly acidic pH and negative zeta potential due to carboxylate groups at the particle 21 

surface (Table 2). However, stabilization of LNC in general is mainly achieved by steric 22 

hindrance due to polysorbate molecules [29]. A particle size above 200 nm is reported to be 23 

disadvantageous for negatively charged nanoparticles intended for mucus drug delivery, as 24 

they are showing reduced mucus permeability [14, 19]. Thus, with the LNC-CIP showing a 25 

mean size below 200 nm, most of the particles were found in the desired size range. 26 

 27 

 28 

 29 

 
Size (nm) PDI pH 

Zeta potential 

(mV) 

LNC-blank 182.2 ± 3.2 0.125 ± 0.018 5.49 ± 0.25 -30.0 ± 4.3 

LNC-CIP 181.8 ± 10.7 0.140 ± 0.010 5.85 ± 0.10 -21.3 ± 2.6 
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 1 

Table 2. Physicochemical characterization of LNC-CIP and LNC-blank (n = 3) 2 

For the determination of the encapsulation efficiency by ultrafiltration-centrifugation, 3 

potential pitfalls have to be addressed to avoid measurement errors. 4 

The first step consists in determining the retention of drug on the filter membrane. To 5 

exclude interaction or a potential absorption of the drug on the filter membrane, we filtered 6 

a ciprofloxacin solution ( .8 g∙ L-1 in mobile phase) through the ultrafiltration-7 

centrifugation unit. The ciprofloxacin was completely recovered in the ultrafiltrate; thus, no 8 

interaction of the soluble drug with the membrane occurred. Furthermore, the simultaneous 9 

formation of nanocrystals can occur by loading nanocapsules with poorly water-soluble 10 

drugs [24]. Their presence would misrepresent encapsulation efficiency results, as the 11 

crystals might be retained by ultrafiltration together with the nanocapsules. Nanocrystals in 12 

the formulation would agglomerate and subsequently precipitate or sediment as drug 13 

crystals (or aggregates).  14 

By analyzing in parallel the drug contents of immobile and shaken drug-loaded LNC 15 

formulations, decreasing concentrations would be determined for the immobile sample in 16 

the case of the presence of drug crystals (or aggregates), as sedimented crystals would not 17 

be quantified. For the ciprofloxacin-loaded LNC, no difference was detectable between the 18 

drug quantifications for the shaken and immobile samples during storage over 20 days, 19 

indicating the absence of drug crystals (or aggregates) in the continuous phase of the LNC-20 

CIP formulation. Neither presence of nanocrystals nor interaction of ciprofloxacin with the 21 

membrane of the centrifugal filter unit were determined, validating the indirect 22 

determination of the encapsulation efficiency using equation (1). 23 

The drug content and encapsulation efficiency of LNC-CIP were determined by HPLC analysis. 24 

The total ciprofloxacin concentration in the formulation was (0.794 ± . 8) g∙ L-1, 25 

corresponding to a recovery of (99.24 ± 3.57)% of the weighed drug. The high recovery 26 

confirmed a complete extraction of ciprofloxacin. The encapsulation efficiency of 27 

ciprofloxacin-loaded LNC was determined as (86.90 ± 0.83)%, resulting in a drug loading of 28 

(18.5 ± 0.8) g∙g-1 of LNC. Due to the amphiphilicity of ciprofloxacin, the use of oleic acid in 29 

the oily core rendered nanocapsules with high encapsulation efficiency of ciprofloxacin. The 30 

result can be explained by the probable interactions between carboxylic function of oleic 31 
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acid and amine group of the drug (ionic chemical bond) and/or carboxylic acid functional 1 

groups of both, fatty acid and drug (hydrogen bonds). 2 

With the use of LNC as carrier system, the apparent solubility of ciprofloxacin in aqueous 3 

phase can be significantly increased. The solubility of ciprofloxacin in water has been 4 

reported to be between 0.086 and 0.22 mg∙mL-1 [30-32]. By encapsulation into LNC we 5 

reached a drug content of .8 g∙ L-1 in the formulation and thus considerably increased 6 

the apparent solubility in water. 7 

TEM and AFM visualization revealed spherical particles with no visible difference between 8 

the blank and the drug loaded formulation (Fig. 1). Sizes determined by AFM image analysis 9 

in the shown images ranged from 125 to 280 nm for LNC-blank and from 112 to 271 nm for 10 

LNC-CIP, thus corresponding to the values obtained by PCS. Particle height measured by AFM 11 

was smaller than the diameter, most likely as consequence of adhesion to the mica surface 12 

or collapsing of polymeric structures in ambient conditions [33, 34]. A smooth particle 13 

surface was detected in the AFM images. 14 

 15 
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influence on the mucus barrier properties, we used an aqueous drug suspension .8 g∙ L-1 

1) for comparison.  2 

We monitored the drug concentration in the acceptor compartment over time and within 3 

10 h after the formulation had been applied on the mucus barrier, (50.6 ± 2.7)% of the drug 4 

had permeated the mucus layer. In contrast, only (32.8 ± 1.3)% ciprofloxacin reached the 5 

acceptor within the same time when applied as drug suspension. Both permeation curves 6 

were fitted by linear equation with a coefficient of determination R2 > 0.995 as presented in 7 

figure 2A.  8 

We determined the apparent permeability coefficients (Papp; i  ∙s-1) to compare the 9 

permeation behavior of encapsulated and suspended drug. The apparent permeability 10 

coefficients were calculated using the following equation (2): 11 ���� =  ��  ∙  1�∙ 0  (2) 12 

dQ/dt presents the drug appearance rate in the acceptor compartment (µg∙s-1), c0 the initial 13 

concentration in the donor compartment (µg∙ L-1) and A the surface area (cm2) [36]. 14 

The apparent permeability coefficients were determined as (3.73 ± 0.20) x 10-6 cm∙s-1 for 15 

LNC-CIP and (2.41 ± 0.09) x 10-6 cm∙s-1 for the drug suspension. Thus the permeation rate 16 

was increased by a factor of 1.5 for nanoencapsulated ciprofloxacin over the drug 17 

suspension. 18 

By extraction and subsequent HPLC analysis, we determined the released drug together with 19 

the encapsulated drug. To ensure the presence of nanocapsules in the acceptor 20 

compartment, samples of the acceptor were analyzed by AFM. In the LNC-samples 21 

nanocapsules could be visualized, proving their successful permeation through horse mucus 22 

(Figure 2B). Thus we could exclude that only released drug is reaching the acceptor 23 

compartment. However, image analysis was impeded by impurities on the mica surface, 24 

probably caused by mucus constituents such as proteins. Friedl et al. reported that proteins 25 

were released from the mucus and could be detected in acceptor and donor compartment 26 

[35]. Hence, to avoid misestimation of visualized structures, AFM analysis was additionally 27 

conducted with samples containing ciprofloxacin suspension. There we detected as well 28 

background structures; however, no clearly distinguishable nanoparticles could be found 29 

(Fig. S2, supplementary materials). Nanocapsules visualized by AFM after mucus permeation 30 

were slightly smaller than previously imaged nanoparticles (102.9 ± 19.6 nm, n = 15). This 31 
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can be explained by an increased permeability of smaller particles, which has been 1 

previously reported for negatively charged nanoparticles [14, 19]. Retention of particles in 2 

biological hydrogels can be attributed to size exclusion effects and to interaction filtering 3 

[37]. Diffusion of particles above a certain size is restricted depending on the mesh size while 4 

smaller particles are able to diffuse through the hydrogel. Nevertheless, also small particles 5 

can be retained due to interactions with the hydrogel components such as electrostatic 6 

interactions [37]. In our experiments retention of bigger particles in the mucus network due 7 

to size exclusion effects is likely. In contrast, interactions with mucus components do not 8 

seem to play a major role for the nanocapsules, as in total high permeability through the 9 

mucus barrier was observed.  10 
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A high capability to permeate mucus has been described for muco-inert nanoparticles, which 1 

show low interaction with mucus components due to their PEGylated surface and neutral 2 

charge [18, 38-41]. However, there is evidence that mucus permeability is already improved 3 

by only using surfactants containing polyoxyethylene chains. For solid lipid nanoparticles 4 

(SLN) different diffusion behaviors have been described depending on the stabilizers. For 5 

SLN stabilized by poloxamer 407 and polysorbate 80 diffusion into mucus has been 6 

observed, whereas the use of polyvinyl alcohol (PVA) was disadvantageous for mucus 7 

penetration [17, 42]. Enhanced mucus-penetrating properties have also been reported for 8 

poloxamer stabilized nanoparticles, poloxamer-modified liposomes and nanoparticles 9 

stabilized by a PEG-based surfactant [43-46]. Furthermore, it has been shown that 10 

polysorbate 80 micelles do not interact with mucin [47]. A correlation between 11 

polyoxyethylene chains and mucus permeability due to low interaction is hypothesized, as 12 

poloxamer and polysorbate contain polyoxyethylene groups in comparison to PVA. Our 13 

findings concerning a high mucus permeability of polysorbate 80 stabilized LNC strengthen 14 

this assumption. 15 

The diffused drug amounts after application of LNC-CIP on the mucus barrier cannot be 16 

exclusively explained by Fickian diffusion, which should be much slower for nanoparticles in 17 

this size range. We expect a hopping mechanism as found in anomalous diffusion being 18 

involved. Nanoparticles were described to be able to move through polymeric networks by 19 

hopping between entanglement cages [48-50]. The probability of large displacements of 20 

nanoparticles inside polymeric networks is size dependent; it is more pronounced when the 21 

average distance between polymer chains is larger than the nanoparticle size [50]. This 22 

correlates with our observation that mainly smaller nanoparticles were found in the 23 

acceptor compartment. Permeation by hop-like motions is furthermore expected to be 24 

faster than diffusion described by Stokes-Einstein relation [49]. Thus, the fast permeation 25 

behavior of the nanocapsules might be explained by hopping diffusion. 26 

The low mobility of the suspended drug in comparison can be attributed to the low aqueous 27 

solubility of ciprofloxacin. The suspended drug particles are with a size in the lower 28 

micrometer range not expected to move through the mucus network (Fig. S3, 29 

supplementary materials). Thus, the ciprofloxacin particles presumably form a reservoir in 30 
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the donor compartment from which the drug is slowly released to permeate through the 1 

mucus barrier by Fickian diffusion. 2 

Our results show that the mucus permeability of a drug with low aqueous solubility can be 3 

considerably increased by encapsulation into nanoparticulate carriers. 4 

 5 

3.4. In vitro drug release 6 

Upon reaching the site of action, a controlled drug release from the nanocapsules is desired. 7 

Therefore we analyzed the in vitro drug release by direct dialysis method. Simulated lung 8 

fluid type 3 was chosen as release medium, as it represents the typical composition of 9 

bronchiolar lung lining fluid [25]. In vivo, a slower release is assumed for pulmonary 10 

application, especially for particles inside the mucus as the volume of fluid in the lungs is 11 

very limited.  12 

The ciprofloxacin solution showed a faster concentration increase in the measurement 13 

compartment with (97.9 ± 7.1)% of the drug being present during the first 4 h, due to free 14 

diffusion of the drug. In contrast, the nanocapsules suspension had to release the drug from 15 

the particles first; only (66.9 ± 2.7)% of the drug reached the measurement compartment 16 

within the same time. The total release of ciprofloxacin from the nanocapsules was reached 17 

after 24 h (96.0 ± 3.3%) (Fig. 3).  18 
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Fig. 3. Release study: Cumulative release of drug-loaded nanocapsules in simulated lung fluid 1 

in comparison with ciprofloxacin solution. Values are expressed as mean ± SD (n = 3). 2 

 3 

To predict the release mechanism of the ciprofloxacin-loaded nanocapsules, the release data 4 

was fitted to the equation described by Ritger and Peppas (3) and the diffusional exponent 5 

was determined [51]. 6 

Mt/M∞ = k  · tn  (3) 7 

Mt and M∞ are the amounts of drug released at time t and at infinite time, respectively. k  is 8 

the kinetics constant, t the release time and n the diffusional exponent [51]. 9 

The diffusional exponent was determined to be n = 0.302 (Table 3). According to Ritger and 10 

Peppas, a diffusional exponent of n = 0.43 can be related to Fickian diffusion for spherical 11 

non-swellable controlled release systems. However, this value is only valid for monodisperse 12 

samples. Determining the exponent for a sample presenting a particle size distribution, the 13 

authors obtained a value of 0.30 ± 0.01 [51]. Therefore, we are proposing a release following 14 

Fi k s la  of diffusion for the ciprofloxacin-loaded lipid-core nanocapsules. 15 

We assumed the diffusion to be the only release mechanism. This was strengthened by the 16 

fact that the release curve could be well fitted assuming a monoexponential release, 17 

described by the following equation (4): 18 
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 c = c0 ∙ (1-e-kt) (4) 1 

where c is the amount of ciprofloxacin released at time t, c0 is the initial total drug content 2 

and k is the observed kinetic rate constant. The parameters for a monoexponential release 3 

are displayed in Table 3. From the ciprofloxacin solution 50% of its drug appeared in the 4 

medium within less than one hour, whereas in the LNC formulation it took more than 2.5 h 5 

to release the same fraction of the drug. Thus, the nanocapsules showed a sustained release, 6 

being promising for a reduction of the dosing frequency. 7 

 8 

Table 3. Drug release parameters including kinetic rate constants (k), coefficients of 9 

determination (R2), the diffusional exponent n and time values for 50% drug released (t50%) 10 

obtained by fitting the release data to the equation described by Ritger and Peppas [51] and 11 

a monoexponential release equation, respectively. 12 

The sustained release of drugs from lipid-core nanocapsules is suggested to be mainly due to 13 

a diffusion process from the core to the outer phase. This is influenced by the sorbitan 14 

monostearate concentration that affects the core viscosity. In contrast, the polymer shell is 15 

supposed to have a negligible influence in lower polymer concentrations [20, 21]. The LNC 16 

did not show a biphasic release as often observed for nanocapsules containing triacylglycerol 17 

or mineral oil as oily core. A biphasic release is characterized by an initial burst release, 18 

which can be due to drug located on the particle surface, and a following sustained phase 19 

due to the drug encapsulated within the nanocapsules [20, 21]. No burst effect was 20 

observed for LNC-CIP likely due to the strong interaction of the drug with oleic acid. We 21 

previously suggested an interaction of methotrexate diethyl ester [MXT(OEt)2] with oleic 22 

acid by forming ammonium and carboxylate salt in LNC-MXT(OEt)2 [23]. Furthermore, 23 

specific surface area, supramolecular structure and molecular interactions between the 24 

 Release parameters LNC-CIP CIP solution 

Determination of release 

mechanism by Ritger and 

Peppas [51] 

k  (h-1) 40.00 ± 1.25  

Diffusional exponent n 0.302 ± 0.015  

R
2 0.9848 ± 0.0062  

Monoexponential release k (h-1) 0.268 ± 0.010 0.873 ± 0.058 

t50% (h) 2.59 ± 0.10 0.80 ± 0.05 

R
2
 0.9971 ± 0.0011 
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materials, including the drug, are together responsible for the release behavior from LNC 1 

prepared using different core materials. In the present study, ciprofloxacin is likely strongly 2 

interacting with oleic acid corroborating our initial hypothesis of forming ionic chemical 3 

bond and/or hydrogen bonds. 4 

In summary, the ciprofloxacin-loaded lipid-core nanocapsules exhibited the desired 5 

sustained release favorable for lung administration. In comparison to other nanoparticulate 6 

formulations the LNC incorporate the drug by strong interactions with the core material 7 

preventing an initial burst release and facilitating a predictable and controlled release by 8 

follo i g Fi k s la  of diffusio .  9 

3.5. Antibacterial activity 10 

A key parameter for the particle formulation is the biological activity. Thus the ciprofloxacin-11 

loaded nanocapsules were tested for effectivity against bacterial pathogens. Antibacterial 12 

growth assays with the human pathogens P. aeruginosa PAO1 (Gram-negative) and S. aureus 13 

Newman (Gram-positive) were performed in presence of LNC-CIP, LNC-blank or free 14 

ciprofloxacin (Figure 4). Therefore also the release in LB medium was determined and the 15 

total drug amount was found to be released from the nanocapsules within the time of the 16 

experiment in dilutions corresponding to ciprofloxa i  o e tratio s elo  .  µg∙mL-1 17 

(Table S1, supplementary materials). For P. aeruginosa, the LNC-CIP nanocapsules showed 18 

almost the same efficiency as the antibiotic ciprofloxacin alone, while the LNC-blank 19 

nanocapsules showed no growth inhibition (Figure 4 A). The minimal inhibitory 20 

concentration (MIC) for S. aureus is almost similar for ciprofloxacin and LNC-CIP 21 

nanocapsules (Figure 4 B). However, higher concentrations of ciprofloxacin alone showed 22 

high OD600. Interestingly, these wells showed aggregated large structures at the bottom of 23 

the wells (Fig. S4 A, supplementary materials). When 100 µL supernatant of these wells was 24 

transferred to a 96-well plate containing 100 µL fresh medium and absorbance 25 

measurement was repeated, no bacterial growth in the supernatant was determined (Fig. S4 26 

B, supplementary materials).  27 
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D). This enlargement upon treatment with antibacterial drugs has been previously reported 1 

[52]. Furthermore, under these conditions the bacteria formed small aggregates of approx. 3 2 

- 5 bacteria (Figure 5 C, D). Very interestingly, S. aureus incubated with free ciprofloxacin 3 

showed an increased number of bacteria that occurred in large aggregates embedded in 4 

matrix-like structures (most likely biofilms) (Figure 5 E, F). The formation of S. aureus 5 

aggregates was described by Haaber et al. [53] and embedded bacteria are more resistant to 6 

antibiotics like ciprofloxacin than planktonic S. aureus. 7 

The antibacterial growth assays revealed a comparable activity of free and encapsulated 8 

ciprofloxacin. However, due to the higher capability of LNC-CIP to permeate mucus in 9 

comparison to the non-encapsulated drug, higher ciprofloxacin concentrations can be 10 

expected at the site of infection by using nanocapsules. Surprisingly, a clear benefit of the 11 

LNC-CIP over free ciprofloxacin was observed for the S. aureus aggregate formation. Such 12 

antibiotic-resistant aggregates could be avoided with encapsulated drug, whereas free drug 13 

induced the formation of biofilm-like structures. 14 

 15 

4. Conclusion 16 

Lipid-core nanocapsules loaded with ciprofloxacin were successfully prepared with a high 17 

encapsulation efficiency, yielding a mean particle size below 200 nm. The apparent solubility 18 

of ciprofloxacin in water could be considerably increased by encapsulation into LNC. Due to 19 

their size and surface properties the nanocapsules showed mucus permeability, which was 20 

increased by 50% compared to a drug suspension. The ability to permeate mucus and 21 

protection of the drug from deactivation will be essential prerequisites for an effective drug 22 

delivery system for antibiotics in cystic fibrosis. In combination with the sustained drug 23 

release those advantages could enable a reduction of, both, dosing frequency and overall 24 

dose. Antibacterial activity against P. aeruginosa and S. aureus was not affected by 25 

encapsulation into nanocapsules. However, a promising biofilm preventing effect in 26 

S. aureus was observed upon treatment with drug-loaded nanocapsules. Overall, the 27 

ciprofloxacin-loaded lipid-core nanocapsules combine benefits which will be of advantage 28 

for the treatment of bacterial pathogens located inside mucus in comparison to the non-29 
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encapsulated drug. Thus this delivery system is giving a promising perspective to an 1 

improved therapy of bacterial infections in cystic fibrosis. 2 

 3 
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HPLC-Validation 1 

The HPLC method was validated in terms of the following characteristics: linearity (y = 2 

88244x – 35832, n = 3, R2 = . 8, ra ge et ee   a d  µg∙ L-1), precision 3 

(repeatability: RSD 3.37%; intermediate precision: 4.42%) and specificity (blank 4 

formulations). Specificity analysis showed no alteration of the ciprofloxacin assay by 5 

nanocapsule excipients. The limits of detection (LoD) and quantification (LoQ) of the method 6 

were calculated using the following equations (S1) and (S2), respectively:  7 

LoD = .  ∙ σ ∙ S-1  (S1) 8 

LoQ =  ∙ σ ∙ S-1  (S2) 9 

with σ being the standard deviation of the response (peak areas) and S the slope of the 10 

ali ratio  ur e. The LoD as .  µg∙ L-1 a d the LoQ .  µg∙ L-1.  11 

For the in vitro release study, the injection volume was increased and the quantification 12 

range reduced, thus the HPLC method was validated separately. A good linearity (y = 13 

419084x - 16451, n = 3, R2 = . 8 ) i  the ra ge of .  a d  µg∙ L-1 and precision 14 

(repeatability: RSD 2.04%, intermediate precision: RSD 1.77%) were achieved. The calculated 15 

li its of dete tio  a d ua tifi atio  ere .  µg∙ L-1 a d .  µg∙ L-1, respectively. 16 

The Dionex UltiMate 3000 system was validated for the mucus permeation experiments. In a 17 

range of 1-  µg∙ L-1 the HPLC method showed linearity (y = 3.2797x – 1.2775, n = 3, R2 = 18 

0.9987) and precision (repeatability: RSD 2.59%; intermediate precision: 4.07%). The LoD 19 

was .  µg∙ L-1 a d the LoQ .  µg∙ L-1.  20 

  21 
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Swelling experiment to determine the interaction of polymer coat with lipid core material 1 

 2 

Fig. S1. Swelling experiment: The PCL film weight increased about 7.5% within one day of 3 

contact with oleic acid. No further uptake was observed over two months (n = 3). 4 

 5 

Mucus permeation assay 6 

 7 

Fig. S2. Mucus permeation: Samples from the acceptor compartment of the ciprofloxacin 8 

suspension permeation assay, visualized by AFM. Due to mucus components a background 9 

structure was visible. However, no nanocapsules could be detected. 10 
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Laser diffraction analysis was performed by applying the ciprofloxacin suspension to a Hydro 1 

2000µP dispersion unit and measurement with a Mastersizer 2000 (Malvern Instruments, 2 

Worcestershire, UK). 3 

 4 

Fig. S3. Particle size distribution of the ciprofloxacin suspension used in the mucus 5 

permeation assays: Laser diffraction analysis determined a broad size distribution with sizes 6 

ranging in the lower micrometer range.  7 

 8 

Antibacterial activity 9 
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Fig. S5. SEM Imaging of S. aureus: Planktonic bacteria were observed after exposure to LNC-1 

blank (A), few enlarged S. aureus upon treatment with LNC-CIP (B) and biofilm-like 2 

aggregates after incubation with ciprofloxacin solution (C) in three independent 3 

experiments. Imaging was performed by a JEOL JSM-7000F SEM (Tokyo, Japan) in 4 

experiment 1 and by an EVO HD15 SEM (Zeiss, Oberkochen, Germany) in experiment 2 and 5 

3. 6 

 7 

Release in LB-medium 8 

To investigate the release properties in antibacterial growth assay conditions, LNC-CIP 9 

nanosuspension was diluted with LB-medium to different concentrations. After incubation 10 

for 18 h at 37 °C and 200 rpm, the released drug was separated from the nanocapsules by 11 

ultrafiltration-centrifugation (Amicon® Ultra Centrifugal Filters, MWCO=10k; Merck 12 

Millipore, Billerica, USA). Drug content in the filtrate was analyzed by HPLC. 13 

 14 

 15 

 16 

 17 

 18 

Table S1. Percentage of drug released from LNC-CIP in LB-medium after 18 h of incubation. 19 

Total release is reached in concentrations below 6.4 µg/mL. Values are expressed as mean ± 20 

SD (n = 3). 21 

Concentration (µg/mL) Released drug (%) 

25.6 81.8 ± 3.4 

12.8 88.3 ± 3.2 

6.4 95.8 ± 2.8 

3.2 98.8 ± 2.6 

1.6 103.8 ± 7.8 


