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ABSTRACT  

Drug delivery systems are promising for targeting antibiotics directly to infected tissues. To 

reach intracellular Staphylococcus aureus and Mycobacterium abscessus, we encapsulated 

clarithromycin in PLGA nanocapsules, suitable for aerosol delivery by nebulization of an 

aqueous dispersion. Compared to the same dose of free clarithromycin, nanoencapsulation 

reduced 1,000 times the number of intracellular S. aureus in vitro. In RAW cells, while untreated 

S. aureus was located in acidic compartments, the treated ones were mostly situated in non-

acidic compartments. Clarithromycin-nanocapsules were also effective against M. abscessus (70-

80% killing efficacy). The activity of clarithromycin-nanocapsules against S. aureus was also 

confirmed in vivo, using a murine wound model as well as in zebrafish. The permeability of 

clarithromycin-nanocapsules across Calu-3 monolayers increased in comparison to the free drug, 

suggesting an improved delivery to sub-epithelial tissues. Thus, clarithromycin-nanocapsules are 

a promising strategy to target intracellular S. aureus and M. abscessus.   
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INTRODUCTION  

Nanoparticle drug delivery systems represent a promising strategy for targeted delivery of 

antibiotics directly to infected tissues. In cystic fibrosis (CF) patients, infections are frequently 

associated with chronic inflammation and decline of lung function. The lungs of CF patients are 

colonized by several pathogens, including not only typical CF pathogens such as Staphylococcus 

aureus but also emerging pathogens such as Mycobacterium abscessus (1-3).  

The association of mucus in the obstructive airway of CF patients leads to a high incidence of S. 

aureus in the lower respiratory tract (1). Besides the classical manifestations of S. aureus 

infection as a biofilm, these bacteria can survive within mammalian cells for prolonged periods 

(4). Inside macrophages, S. aureus resides within acidic phagosomes for several days, escaping 

afterward to the host cell cytoplasm, leading to cell death and bacterial dissemination (5-7).  

M. abscessus is a fast-growing nontuberculous mycobacterium (NTM) with an increased medical 

and microbiological concern (8). Because of the multidrug resistance characteristic of M. 

abscessus, the treatment is a challenge, which leads to prolonged intravenous treatment, often 

without success (8, 9). M. abscessus can switch between two colony morphologies, which are 

strictly related to its pathogenicity: rough (R) - more virulent and persistent and smooth (S) - less 

virulent and biofilm-forming. The main difference between them is in the presence (S) or 

absence (R) of glycopeptidolipids on their surface (10).   

The hydrophobic macrolide Clarithromycin (CLARI) is one of the FDA-approved antibiotics 

recommended in respiratory diseases due to its broad antimicrobial activity against respiratory 

pathogens and immunomodulatory effects (11). Long-term CLARI therapy in CF patients has 

been beneficial, mainly because of the down-regulation of inflammatory responses (12), which 
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favors patients with CF lung disease. However, CLARI treatment needs to be improved due to its 

limited aqueous solubility that leads to low oral bioavailability (55%), pathogen resistance, and 

several side effects (13, 14).  

The lungs are an organ not easy to reach, and in the case of CF patients, the thick and sticky 

secretion produced mainly on the surface of the lower respiratory tract represents a challenge for 

inhaled therapies. However, inhalation nanomedicine could overcome this obstacle (15, 16). 

Nanocarriers based on PLGA [poly(lactic-co-glycolic acid)] are well established due to excellent 

biocompatibility and biodegradability of this polymer, besides being a convenient encapsulation 

technology and reasonable payload for a variety of drugs (15, 17). PLGA is used to prepare 

nanoparticles containing antibiotics with optimized release kinetics and improved efficacy 

compared to the free form of the drugs (15, 18-20).  For instance, a pH-responsive and surface 

charge-switching polymeric nanoparticle delivery system with vancomycin had been described 

for targeting the bacterial cell wall (20). We hypothesized that nanoencapsulation of anti-

infective drugs such as CLARI could ameliorate the antibiotic efficacy and overcome adverse 

effects such as diarrhea, nausea, vomiting, and headache, achieving better patient compliance, 

also after aerosol administration into the lung (21-25). Inhalable nanocarriers, like polymeric 

nanoparticles, are considered as an appropriate carrier to transport a drug across the extracellular 

and cellular barrier into the lung (26). Enhanced cellular uptake and anti-Mycobacterium avium 

intracellular activity in human blood-derived macrophages have been achieved with liposome 

formulations of CLARI and ofloxacin (27, 28). Other groups have also described nano- or micro-

formulations with CLARI for pulmonary delivery (21-25, 29). While those nanoparticles have 

shown an antibacterial effect against extracellular S. aureus (24, 25), to the best of our 
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knowledge, the use of CLARI-nanoparticles to fight intracellular S. aureus or M. abscessus 

remained so far unexplored. 

For intracellular delivery of antimicrobial agents, nanoparticle properties play a significant role. 

For instance, the nanoparticle surface charge is considered a key factor for the intracellular 

pharmacokinetics of both nanoparticles and encapsulated drug (30). Charge modification of the 

nanoparticle surface may, therefore, improve the interaction with mammalian or bacterial cell 

membranes. Once drug carriers reach the site of infection, electrostatic interactions with the 

negative surface of different bacterial species should be beneficial for the outcome of treatment 

of infectious disease, as already demonstrated using positively charged substances such as 

chitosan (CS) (31, 32), Eudragit
®
(33) or peptides (34). For example, chitosan, a natural and 

biodegradable polysaccharide can better attach to the bacterial cell wall and biofilms, thus adding 

bioadhesion and penetration enhancement as desirable pharmaceutical properties (35). Therefore, 

the surface charge of nanoparticles might add value to the intracellular delivery of drug-loaded 

nanoparticles (20, 30). 

We describe here a new polymeric nanocapsule (NC) system for CLARI to be administered via 

aerosol nebulization to reach local pulmonary infections. NCs were prepared by using PLGA as 

a polymer, coated or not with chitosan, and loaded with CLARI. The following parameters of 

NC were addressed: biocompatibility with lung cell lines, intracellular trafficking in 

macrophages, activity against intracellular S. aureus and M. abscessus, activity against S. aureus 

in vivo infection models: a murine wound and zebrafish, and drug permeability through a 

bronchial epithelial cell line.  
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METHODS  

Preparation of non-ionic and cationic nanocapsules 

Non-ionic clarithromycin nanocapsule (CLARI-NC) were prepared using interfacial polymer 

deposition following solvent displacement method proposed by Fessi et al. (36). Briefly, an 

organic phase was prepared using PLGA (0.1 g), Lipoid S-75
®
 (0.06 g), clarithromycin (0.01 g), 

medium-chain triglycerides (0.17 mL), acetone (20 mL) and ethanol (5 mL). Simultaneously, 

polysorbate 80 (0.08 g) was solubilized in ultra-purified water (50 mL). After complete 

dissolution of both phases, the organic phase was added with a speed of 1 mL/s in the aqueous 

phase under controlled magnetic stirring at room temperature. After homogenization, the 

formulation was evaporated and concentrated to 10 mL under reduced pressure to altogether 

remove ethanol and acetone. The cationic chitosan-coated clarithromycin nanocapsule (CS-

CLARI-NC) were prepared as the non-ionic formulation, with the addition of chitosan (0.01 g) in 

the aqueous phase. Fluorescent nanocapsules were made with the same method changing only 

the fluorescently labeled-polymer. The preparation of fluorescent nanocapsules, as well as the 

physicochemical particle characterization,  are described in the supplementary material.  

TEER measurements and Drug transport  

Calu-3 cells were seeded on Transwell
®

 filters (Corning 3460, growth area 1.12 cm
2
, pore size 

0.4 µm), as previously described (37), and cultivated for  12 – 14 days. Before and after the drug 

transport experiment, the transepithelial electrical resistance (TEER) was measured using a Volt-

Ohm Meter (EVOM with STX-2 chopstick electrodes, World Precision Instruments, Berlin, 

Germany) (37). CLARI transport study across Calu-3 was performed in the first 4h of incubation 

after particles/drug deposition with ALICE
®

 system; samples of 0.1 mL were withdrawn every 
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30 minutes from the basolateral compartment and replaced with 0.1 mL pre-warmed medium. 

Additional samples were collected after 24h of the exposure. Drug quantification was performed 

using LC-MS/MS. The 3-(4,5- dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 

and lactate dehydrogenase activity (LDH) assays assessed NC cellular biocompatibility (see  

supplementary material). 

Bacterial cultivation and antimicrobial susceptibility assay 

Staphylococcus aureus Newman, Staphylococcus carnosus DSM-20501 and 

Streptococcus pneumonia DSM-20566 were either obtained from the German Collection of 

Microorganisms and Cell Cultures (Deutsche Sammlung für Mikroorganismen und Zellkulturen, 

DSMZ) or were part of our internal strain collection. M. abscessus subsp. abscessus, rough and 

smooth variants, were isolated from the sputum of CF patients (38) and kindly provided by Prof. 

Dr. John Perry, Newcastle University. Overnight bacterial cultures conditions and susceptibilities 

assays are detailed described in the supplementary material. 

 

Infection of the murine macrophage cell line and NC incubation 

RAW264.7 cells were seeded in 24-well plates in RPMI with 10% fetal bovine serum (FBS) at a 

concentration of 2.5×10
5
 cells per well and allowed to adhere overnight. The medium was 

removed from the wells, and the cells were washed twice with phosphate-buffered saline (PBS). 

An inoculum of 3×10
6
 CFU of S. aureus or M. abscessus - a multiplicity of infection (MOI) = 10 

- was added to each well in RPMI with 10% FBS. After 2h, infected cells with S. aureus were 

washed five times with PBS and incubated with fresh medium (RMPI with 10% FBS) containing 

50 μg/mL of gentamicin for 90 min at 37°C to kill remaining extracellular bacteria. For M. 



 

 9 

abscessus infection, the procedure was the same as for S. aureus, except that no antibiotic was 

used after two hours to kill extracellular bacteria since after the wash steps extracellular 

mycobacteria are removed. The cells were washed five additional times with PBS and then 

treated with Milli-Q water (CONTROL), CS-BLANK-NC, BLANK-NC, CLARI, CLARI-NC, 

and CS-CLARI-NC in RPMI with 10% FBS for 18h or 24h. CLARI final concentration was 10 

µg/mL, either as a free or encapsulated drug. Bacterial survival was determined thought the 

Colony Forming Unity (CFU) (see supplementary material).  

Murine S. aureus wound infection model  

Animal experiments were performed with the approval of the animal welfare committee 

Landesamt für Verbraucherschutz (Saarbrücken, Germany) and conducted following the national 

guidelines for the ethical and human treatment of animals. Preparation of the bacterial inoculum 

and wound infection was carried out as described in the supplementary material. S. aureus 

Newman infected wounds were treated with 10 µL of CLARI-NC or BLANK-NC (sham-treated 

control), in a final concentration of 10 µg/mL, which were spotted onto infected wounds at 3, 48, 

and 96 hours post-infection. Mice were sacrificed at day 6 post-infection, full-thickness tissues 

harvested and homogenized in 1 ml PBS each. Serial dilutions of the homogenates were plated 

on sheep blood agar plates. CFU rates were determined after 24 h of growth at 37°C. 

 

Fish lines, husbandry, embryo production and infection 

Zebrafish (Danio rerio) embryos/larvae of the wild-type AB line were used in this study. All 

experiments were done with embryos/larvae at ≤ 120 hours post-fertilization (hpf), and are thus 

not considered as animal experiments according to the EU Directive 2010/63/EU. Protocols for 

husbandry and care of adult animals are in accordance with the German Animal Welfare Act 
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(§11 Abs. 1 TierSchG). Embryos/larvae were infected with S. aureus Newman and the survival 

determined until 90 hours post-infection (hpi). The infection procedure is described in details in 

the supplementary material.  

 

Lysotracker red staining and image analysis  

The samples were prepared as described for intracellular antibacterial activity assays and treated 

for 18h with 10 µg/mL of CLARI-NC, CS-CLARI-NC or CLARI (free drug). Lysosomes of 

RAW246.7 cells were stained for two h using LysoTracker Red DND-99 (200 nM). The samples 

preparation and imaging are described in the supplementary material. 

Data Analysis 

All data are expressed as mean ± SD. The results were analyzed using the GraphPad Prism 6.0c 

(GraphPad Software, La Jolla California USA) or Sigma Plot (Systat Software Inc., San Jose 

California USA). A probability (p) of less than 0.05 was considered statistically significant. 

RESULTS  

Clarithromycin loaded nanocapsules with non-ionic (CLARI-NC) and cationic surface (CS-

CLARI-NC) were prepared using PLGA and chitosan. The particle size of either nanocarrier was 

in the order of 100 nm with low polydispersity indexes. Low pH (4.2) and positive zeta potential 

(+16.5 mV) of CS-CLARI-NC confirmed the cationic surface due to the presence of chitosan 

around the nanocapsules. The clarithromycin loading rate was 23.8 and 23.2 mg/g for CLARI-

NC and CS-CLARI-NC, respectively (Table 1). The lower pH of chitosan-coated nanoparticles, 

as well as the Zeta potential, did not disturb particles stability, as shown by similar particle size 
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and PdI (Figure S1).  For both formulations, clarithromycin release was approximately 65% after 

24h  (Figure S2).  

To ensure the further potential use of loaded NC against respiratory infections, the 

biocompatibility of these formulations was assessed in bronchial and alveolar epithelial cells as 

well as in macrophages, in different concentration ranges (1-100 μg/mL). No apparent toxicity 

was observed in Calu-3 or THP-1 cells. However, A549 cells appear to be more susceptible to 

higher concentrations (Figure S3). To work within a safe concentration range, we used 10 μg/mL 

of CLARI in all further experiments, which is also in the range of clinically relevant CLARI 

concentrations (6 to 50µg/mL) (40). 

As macrophages are the first immune cells responding to pathogens, we assessed clarithromycin 

nanocapsules internalization. In RAW264.7 cells, the nanocapsules were efficiently 

phagocytosed (Figure 1A), without affecting cell viability (Figure 1B), which was the same for 

the free drug, drug-loaded and drug-free (“Blank”) nanocarriers. Nevertheless, the number of 

nanocarriers internalized per cell was significantly higher in the presence of chitosan (Figure 

1C). Nanocarriers were found in lysosomes, as observed by the colocalization with LysoTracker 

Red fluorescence, with the chitosan-coated nanocarriers showing the most prominent lysosomal 

association (Figure 1D).  

 

After demonstrating that NC loaded with CLARI localized in lysosomes, we investigated 

whether the encapsulation of this macrolide would have an impact on its intracellular 

antimicrobial activity. For S. aureus, the MIC of CLARI was 2X lower than those observed for 

either nanocarrier (Figure 2A). Similar MIC for both, free drug and nanocapsules, was however 

observed for S. pneumonia and S. carnosus (Table S1). Higher antimicrobial activity for both 
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nanocarriers was observed after the treatment of S. aureus-infected macrophages for 18h, where 

the number of intracellular S. aureus (indicated by the mean fluorescence) was significantly 

reduced compared to either the untreated or CLARI-treated RAW264.7 (Figure 2B). Intracellular 

bacterial survival was further investigated by using CFU counting. The results confirmed the 

higher efficacy of CS-CLARI-NC and CLARI-NC compared to the free CLARI after 18h 

treatment, with a 3-log reduction in the number of colonies compared to untreated culture. 

Similar results were obtained, reducing the treatment time from 18 to 2 hours, and continuing the 

incubation with fresh medium (Figure 2C-D).  

To understand the improved anti-S. aureus activity of CLARI loaded NCs in vitro, we 

investigated the intracellular traffic of S. aureus and NCs in infected cells. CLSM revealed 

intracellular localization of S. aureus in macrophages (Figure 3A), with a significant degree of 

association with CS-CLARI-NC compared to CLARI-NC (Figure 3B). Once inside 

macrophages, S. aureus locates predominantly in the acidic phagosome, which favors bacterial 

survival (6). Our results also showed that in untreated macrophages, S. aureus cells survive in 

acidic phagosomes, as observed by the association with lysotracker red. However, the treatment 

with CS-CLARI-NC, CLARI–NC, or free CLARI resulted in less colocalization of S. aureus 

phagosomes to acidic compartments (Figure 3C).   

We further investigated the antibacterial effect of CS-CLARI-NC against M. abscessus, smooth 

or rough variants (Figure 4). Loaded NC and free CLARI showed significant anti-mycobacterial 

effects either after 24h treatment (Figure 4B, E) or after 2 hours treatment followed by 22h 

incubation with fresh medium (Figure 4C, F). The treatment with CS-CLARI-NC for 24h 

reduced the colony numbers of M. abscessus smooth significantly, compared to the free drug 

(Figure 4B). As expected, CS-BLANK-NC did not have an anti-mycobacterial effect.  
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Because of the favorable safety profile in our Zebrafish model (data not shown), we selected 

only chitosan free NC (CLARI-NC) for further testing of antimicrobial activity in vivo, using 

zebrafish and murine wound infection models. After 2 hours post-infection (hpi), the larvae were 

either exposed to nanoparticles or the free drug. Microscopic evaluation of the infected and 

nanoparticle treated zebrafish revealed that nanoparticles accumulated preferentially in the yolk 

sack (Figure S4A) or around the eyes (Figure S4B). Larvae infected via yolk circulation valley 

(YCV) and treated with  CLARI-NC 100 µg/mL showed a survival rate of 55% after 42 hours 

(Figure 5A), and a reduction in CFU of 34% after 90 hpi (Figure S4C). An even better survival 

rate was however observed in larvae that were infected via the fourth hindbrain ventricles (4V) 

and treated with CLARI-NC for 42 hours. Here, an 94% survival rate (Figure 5B), and a CFU 

reduction of 75% after 90 hpi was observed when compared to the infected control (Figure S4C).  

A comparable anti-S. aureus effect was observed when an S. aureus wound infection model was 

applied (Figure 5C). Topical treatment of S. aureus infected wounds with CLARI-NC (10 µl of a 

10 µg/ml solution) at 3 h, 48 h, and 96 h post-infection significantly reduced the bacterial load 

within wounds at six days post-infection when compared to the NC treated control (Figure 5C).   

Given that the primary use for these formulations will be aerosol deposition in the lung, we next 

investigated the interaction of nanocapsules with Calu-3 cells grown at the air-liquid interface 

(ALI). After incubation for 4 and 24h, most particles were attached to the cells rather than being 

internalized, and both NCs did not alter the actin cytoskeleton organization of Calu-3 (Figure 

6A-D). Since the beginning of the deposition, a higher transport of CLARI through Calu-3 

monolayer could be observed for both nanoparticles formulations compared to free CLARI; 

moreover, clarithromycin transport from CS-CLARI-NC was significantly higher to the 

basolateral side after 24h (Figure S5A). To confirm the consistency of permeability results, we 
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also assessed the transport of sodium fluorescein (NaFlu), a hydrophilic molecule typically used 

to evaluate paracellular permeability. There was an increased transport of NaFlu across the 

epithelial barrier in samples incubated with CS-CLARI-NC (Figure S5B). This suggests a 

moderate opening of the tight junctions, but not otherwise severe effects on epithelial barrier 

integrity: there were no changes observed after immunostaining for zonula occludens-1 (ZO-1), a 

tight junction protein (Figure S5C, D) and there was no measurable effect on epithelial barrier 

integrity, as indicated by practically unchanged TEER values (Figure S6). 

DISCUSSION  

Surface modification is a well-known approach to increase cellular uptake of polymeric 

nanocarriers (41). We used PLGA and chitosan, two well-established, biodegradable and 

biocompatible pharmaceutical polymers, which, as expected, did not induce cytotoxic effects on 

all cell lines we tested. Both nanocarriers showed similar parameter values regarding drug 

encapsulation, particle size, and controlled release of CLARI. Particles with a size of ~150 nm 

are considered appropriate for cellular uptake by macrophages (42). 

As the primary aim was to improve the delivery of clarithromycin to bacteria localized inside 

alveolar macrophages during infections, we used the well-characterized RAW mouse 

macrophage cell line as a model to study particle uptake and intracellular localization. We 

analyzed confocal images of RAW264.7 cells containing NC and quantified with ImageJ, in 

which co-localization experiments identified the NC intracellular location. Chitosan-coated 

particles were taken up better than particles without chitosan, proving that the cationic surface 

may improve the intracellular uptake. The former particles also showed stronger accumulation in 

lysosomes as observed by LysoTracker red – a cationic fluorescent dye that accumulates in 

acidic compartments as an indicator of lysosomal content, a behavior also described by others 
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(43). While the lysosomal degradation of PLGA nanocarriers remains to be investigated in more 

detail, the co-localization with lysosomes is at least likely to enhance drug release and polymer 

degradation (30), also contributing to the safe elimination of such nanocarriers. The long-term 

fate of such particles remains to be further elucidated in more detail. Cellular stress generated 

upon exposure to most NPs can activate autophagy (41), the intracellular mechanism responsible 

for degrading undesirable substances (44-46). Further studies shall address to what extent 

autophagy plays a role in the cellular elimination of both nanocapsules. 

The intracellular bioavailability of an antibiotic depends on the penetration into the host cell, the 

accumulation inside the cell, and the cellular metabolism (15). As S. aureus can infect 

macrophages, we evaluated the bactericidal effect of internalized nanocapsules against 

intracellular S. aureus.  For S. aureus, the MIC of free CLARI was 2X lower than the one 

observed for encapsulated CLARI. These results indicate that there is a controlled release of 

CLARI once encapsulated in PLGA NC, what is expected, and the encapsulation did not hamper 

the activity of this antibiotic against extracellular S. aureus. As also expected, CS-BLANK-NC 

did not show any antibacterial activity. However, the in vitro efficacy of CLARI to kill 

intracellular bacteria was significantly improved by drug encapsulation into a polymeric 

nanocarrier. 

To acknowledge the limited pulmonary residence time of an inhaled antibiotic, we treated the 

infected cells for 2h, washed the cultures and replaced with fresh medium without drug or 

formulations, for further 18h. Under such conditions, the two nanocarriers were still more 

effective in killing the intracellular S. aureus compared to the free drug. There was even a slight, 

but significant better activity of the CS-CLARI-NC, suggesting that the positive zeta potential 
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conveyed by this natural cationic polymer further improves the intracellular delivery of such 

antibiotic nanocarriers.  

Once internalized in macrophages, S. aureus avoids its lysosomal digestion, and escape into the 

host cell cytoplasm, eventually inducing host cell death (47). The latter leads to the release of 

bacteria into the extracellular space, where they proliferate and invade new cells. A recent 

publication showed that methicillin-resistant S. aureus (MRSA) of the USA300 lineage traffic to 

mature phagolysosomes in murine RAW macrophages, without disrupting normal phagosome 

acidification (6). Conversely S. aureus blocks phagolysosomal maturation leading to bacterial 

persistence in macrophages (48). In our study with S. aureus strain Newman, we also observed 

that the bacterial cells were located in acidic compartments and that the treatment with 

formulations as well as free CLARI decreased the colocalization of S. aureus with acidic 

compartments. Whether this effect is due to an inhibition of phagosomal acidification or the 

escape of S. aureus from acidic vacuoles to the cell cytoplasm are still open questions.  

The traffic of chitosan nanoparticles to phagosomes might help in fighting bacteria living in such 

acidic compartments (30). As the nanoparticles were mostly concentrated in lysosomes, the 

release of CLARI into an acidic compartment would favor the killing of S. aureus in an acidic 

phagosome. Our results also suggest that CLARI-NCs disrupt the S. aureus intra-macrophage 

survival and thereby the regular cycle of infected macrophage lysis. The properties of 

phagosomes results from a complex series of interaction with the endolysosomal and several 

pathogens disrupt such maturation to survive (49). As far as our studies went, we cannot 

unequivocally prove that NC and S. aureus were co-localized in late phagolysosome or 

lysosomes. As previously reported S. aureus resides in early-stage phagosomes while the NC is 

more like to end up in the late phagolysosome (48, 50). As published by the Griffiths and co-



 

 17 

workers (50), PLGA nanoparticles containing rifampicin and coumarin-6 were located in the 

phagolysosome of macrophages and separated from intracellular Mycobacterium bovis BCG. 

Nevertheless, sufficient antibiotic was released into the infected cell cytoplasm to clear the 

infection in a mouse in vivo model of mycobacterial infection (50). There is evidence that 

CLARI also works as a potent inhibitor of autophagy and lysosomal function (40). Whether this 

aspect of CLARI accounts for the S. aureus killing mechanism in the present study remains to be 

investigated.  

M. abscessus is a nontuberculous mycobacterium responsible for lung diseases and healthcare-

associated extrapulmonary infections. The resistance to antibiotics is the main issue in the 

treatment of infections caused by this mycobacterium (51). Nanomedicine has been considered a 

potential strategy to overcome mycobacterial resistance, as explored by some groups. Of note, a 

liposomal formulation containing amikacin was developed and showed good improvement in 

killing M. abscessus and M. avium, both in vitro and in vivo (52), but they have not been tested 

against both smooth and rough variant of the mycobacteria. Moreover, to the best of our 

knowledge, this is the first time that a nanomedicine of CLARI was used against M. abscessus. 

Nevertheless, macrolide resistance in M. abscessus has been widely reported, which suggest that 

the use of CLARI must be carefully evaluated. Inducible resistance to CLARI occurs when the 

strain is susceptible to this macrolide after three days of treatment, but becomes resistant after 14 

days, with a MIC ≥ 8 μg/mL (53). The clinical strains used in our work were not resistant to 

CLARI since the MIC after 14 days was around 4 μg/mL (data not shown); others also described 

similar MICs for Mycobacterium avium-intracellulare (27). Particle treatment was efficient to 

kill both smooth and rough forms of M. abscessus, as it was also observed for the free drug. For 

aerosolized therapy, CLARI must be solubilized in DMSO due to its poor solubility in water, 



 

 18 

which is of course not easily translatable to the clinic. However, this solvent allows for the 

complete availability of the free CLARI creating in this way a relevant control for our drug-

loaded nanocarriers regarding drug efficacy assessment in vitro. Regarding a potential 

administration to patients, it is essential to point out that CLARI-loaded nanocarriers can be 

easily dispersed in water and subsequently aerosolized.  

To demonstrate the in vivo efficacy of our drug-loaded nanocarriers, two different S. aureus 

infection models were used: zebrafish and a murine wound.  Treatment of infected animals with 

CLARI-NC significantly reduced the bacterial loads in both models. However, the highest 

survival rates were observed in the CLARI-NC 100 µg/mL group, suggesting that the drug-

loaded NCs are superior over the free drug in protecting the vertebrates against S. aureus in the 

zebrafish model.  For the murine model, the bacterial reduction could be seen already with NC-

CLARI 10 µg/mL. Topical application of CLARI-NC with the lower dose still reduced the 

bacterial load in the infected wounds by more than 99%, demonstrating that CLARI-NC are 

active in a mammalian model.  

Despite the significant decrease in the number of viable bacteria (either S. aureus or M. 

abscessus) after the treatment with both NC in vitro, not all the intracellular bacteria were 

eradicated at the time frame of incubation used in this work, which might represent a problem 

since the remaining bacteria can multiply again. The same was observed in our in vivo 

experiments. Further studies with long terms treatment and repeated doses of application would 

be necessary to guarantee complete bacteria elimination.   

Besides the antimicrobial effect, macrolides have several beneficial effects on inflammation and 

cellular damage. In the airway, they increase the mucociliary clearance and the tight junctions 



 

 19 

functionality (54). After deposition of aerosolized CLARI-loaded nanocarriers at the ALI of 

Calu-3 cells, we observed a moderate enhancement of transepithelial transport but no drastic 

disruption of epithelial barrier function. Most of the particles were only attached to the surface of 

Calu-3 cells rather than internalized, which might account for their good biocompatibility. Our 

transport results agree with previous work from Zakeri-Milani and colleagues, which had 

reported a higher permeation of CLARI when nanoencapsulated (55). The increased transport of 

CS-CLARI-NC may be assigned to a reversible opening of the tight junctions caused by an 

electrical interaction between the positive charge of the nanocapsules and the negative charge of 

the cell membranes as previously reported (56, 57). Therefore, the positive charge represented by 

the positive zeta potential and arisen by chitosan presence increased the NC adsorption to the cell 

surface (composed mainly of phospholipids) (58, 59). 

In conclusion, we demonstrated that nanocapsules loaded with CLARI were significantly more 

effective in killing intracellular S. aureus, as well as both variants of M. abscessus, than the same 

dose of the same drug in free form. Nanomedicines might thus add considerable value to the 

combat against infectious diseases, especially in the context of polymicrobial infections as well 

as bacterial multi-resistance in CF patients. 

APPENDIX A. SUPPLEMENTARY DATA 
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FIGURE LEGENDS  

Table 1. Nanocapsule characterization. Average particle size and polydispersity index (PdI) 

determined by dynamic light scattering, zeta potential by electrophoretic mobility, pH by 

potentiometry and drug content, and encapsulation efficiency by LC/MS-MS. 

Figure 1. Nanocapsule internalization in RAW264.7 cells after 18h incubation. A) 

Representative Z-stack image of RAW264.7 cells containing fluorescent CS-CLARI-NCs; B) 

MTT assay of RAW264.7 cells incubated with free drug or NCs; C) Intracellular NCs 

quantification in RAW264.7 cells measured by green fluorescence per cell; D) Quantification of 

lysotracker red association with NCs; representative confocal pictures showing lysosome (red), 

nanoparticle (green) and channels overlay. n= DAPI-stained cell nucleus. Scale bar 10μm. At 

least 200 cells were counted per condition. *** p< 0.0001, 1-way ANOVA with Bonferroni post-

hoc test. Error bars represent mean ± SD of 3 independent experiments (C-D). 

 

Figure 2. CLARI-loaded NCs activity against S. aureus. A) MIC of CLARI, CS-BLANK-NC, 

CLARI-NC and CS-CLARI-NC against S. aureus in broth; B) Quantification of S. aureus 

detected with anti-S.aureus antibody in infected RAW264.7 cells after 18h treatment; C-D) CFU 

of S. aureus at 18h hours after treatment (C) or 2 h treatment followed by 18 h incubation with 

fresh medium (without drug or formulations)(D). Error bar represents mean ± SD of 3 

independent experiments. (**p < 0.01, n=3 independent experiments).  

Figure 3. S. aureus-containing phagosome association with nanocapsules and with acidic 

compartments. A) Representative image of RAW264.7 cells infected with S. aureus Newman 

and treated with NCs for 18 h. Bacteria were stained with anti-S. aureus antibody (blue), the 
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acidic compartments stained with Lysotracker (red) and nanocapsules with FITC (green). 

Examples of no association (a1) or association (a2) of S. aureus with lysosomes or NCs are 

shown.  Scale bar: 50 µm. B) Quantification of the association of NCs with S. aureus after 18 h. 

C) Quantification of lysotracker red association with intracellular S. aureus in untreated cultures 

and treated with NCs or free drug. Error bars represent mean ± SD from at least 200 cells from 3 

independent experiments. 

Figure 4.  Replication of M. abscessus in RAW264.7 cells is restricted by NCs incubation. 

Representative images of  M. abscessus smooth (A) or rough (D) morphology on 7H11 agar 

plate. B and E) RAW264.7 cells infected for 2 hours and treated for 24h with free drug or 

nanocapsules. C and F) RAW264.7 cells infected for 2h, treated for further 2h then washed and 

incubated with fresh medium without CLARI or formulations for 22h. Error bars represent mean 

± SD from 3 independent experiments. *p < 0.05; ** p < 0.001; ***p < 0.0001. One-way 

ANOVA with Bonferroni post-hoc test.  

 

Figure 5.  Zebrafish and Murine wound infection models. A-B) Zebrafish survival is shown 

with Kaplan-Meier survival curves for a high-dose of S. aureus Newman (SaN) injection in (A) 

YCV and (B) 4V. Infected larvae were subsequently treated with 100 g/mL of CLARI or 

CLARI-NC. Negative control: heat-inactivated SaN. Per group, 20-30 infected larvae were 

analyzed. C) Effect of CLARI-NC (10 µg/mL) on the bacterial loads in S. aureus infected 

murine wounds at day 6 post-infection.  Negative control: BLANK-NCs (sham-treated). Each 

symbol represents an individual wound; horizontal bars: median of all observations (n=12). ***p 

< 0.0001 (Mann–Whitney U-test). 
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Figure 6.  Nanocapsules association with bronchial cells. Clarithromycin nanocapsules 

(CLARI-NC; A, B; green) or chitosan-coated clarithromycin nanocapsules (CS-CLARI-NC; C, 

D; green) were deposited as an aerosol on Calu-3 cells at the air-liquid interface. Cells were 

fixed either at 4h  (A, C) or 24h (B, D), after deposition and immunostained with rhodamine-

phalloidin for actin (red) and DAPI for the nuclei. Scale bar: 20 µm. 

 

Figures 

 

Graphic abstract 

Clarithromycin delivery to intracellular bacteria in macrophages 

I     -  Macrophage internalize CS-CLARI-NC that end-ups in lysosomes. 

II    -  CLARI can be released in the macrophage cytoplasm and might reach the bacteria inside 

the vacuole. 

IIIa -  Lysosomes containing CS-CLARI-NC can get closer to the bacteria vacuole.  

IIIb -  CS-CLARI-NC and bacteria compartments are closely associate and CLARI might be 

released inside the bacteria vacuole. 
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Figure 4.  
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Figure 6.  

 


