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Aim: First, to compare in vitro minimum inhibitory concentrations (MIC) of free cloxacillin and cloxacillin-
containing nanoparticles (NP) against methicillin-susceptible (MSSA) and resistant Staphylococcus au-
reus (MRSA) and second, to assess NP antimicrobial activity against intracellular S. aureus. Methods:
Poly(D,L-lactide-co-glycolide) acid (PLGA)-NP were loaded with cloxacillin and physico-chemically charac-
terized. MICs were determined for reference strains Newman-(MSSA) and USA300-(MRSA). Murine alve-
olar macrophages were infected, and bacterial intracellular survival was assessed after incubating with
free-cloxacillin or PLGA-cloxacillin-NP. Results & conclusion: For both isolates, MICs for antibiotic-loaded-
NP were lower than those obtained with free cloxacillin, indicating that the drug encapsulation improves
antimicrobial activity. A sustained antibiotic release was demonstrated when using the PLGA-cloxacillin-
NP. When considering the lowest concentrations, the use of drug-loaded NP enabled a higher reduction
of intracellular bacterial load.
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Staphylococcus aureus is a major human pathogen responsible for a spectrum of diseases, which can manifest in a
range of ways from asymptomatic carriage to life threatening infections [1]. Methicillin-resistant S. aureus (MRSA)
were included in the 12 antibiotic-resistant priority pathogens listed by the World Health Organization (WHO)
in 2017 [2]. The prevalence of MRSA varies geographically with a population-weighted mean percentage of 16.9%
with large differences ranging between 1% in Norway to 44.4% in Romania (25.3% in Spain) [3]. The spread of
MRSA in healthcare and community settings is raising concern because of its impact on morbidity and mortality
and high economic burden due to longer length of in-hospital stays, the need for contact isolation precautions
and decolonization strategies. Cloxacillin is the first line antimicrobial for the treatment of methicillin-susceptible
staphylococcal infections because of its intrinsic properties: bactericidal effect, efficient tissue distribution and safety
profile [4].

S. aureus is present in the upper respiratory tract of approximately 30% of healthy individuals and it can potentially
become an airway pathogen in certain groups of patients [5]. Additionally, MRSA decolonization is particularly
ineffective in the respiratory tract [6]. We have recently reported persistent S. aureus isolation in respiratory samples
despite adjusted antibiotic treatment with no correlation with an adverse clinical outcome [7]. In this context,
several aspects related to biofilm formation or drug delivery in the lung need to be taken into consideration,
but importantly S. aureus can be found intracellularly in different eukaryotic cell types and not only localized
in the extracellular milieu. Their interaction with professional phagocytes (neutrophils, macrophages, dendritic
cells) [8,9] and nonprofessional phagocytes (e.g., endothelial/epithelial cells, osteoblasts and keratinocytes) [10] has
been extensively documented. In the case of macrophages, S. aureus subcellular localization has been described
according to the host cell type and the bacterial strain tested. Indeed, S. aureus has been localized in vacuoles,
endosomes, cytoplasm, phagolysosomes and in the compartments of the autophagic pathway [9,11,12]. Regardless of
the strategy considered, this intracellular localization represents a privileged niche and a bacterial reservoir which is
protected from the antimicrobial activity of antibiotics [13] and the immunological host defense mechanisms.

Current approaches for the treatment of infectious diseases are directed toward the development of nanosystems
(i.e., nanoparticles [NPs]) producing a controlled or sustained release of encapsulated antimicrobials. The NP acts
as a drug carrier in the form of suspensions or as coatings on medical devices. In some cases, the NP does not act as
a drug carrier but presents antimicrobial properties of its own (e.g., nanosilver) with a release of ionic species that
can have multiple mechanisms of bactericidal action. It is well known that when multiple mechanisms of action
take place against bacteria, it is difficult for simultaneous gene mutations to occur and therefore the development
of resistance is hindered. General applications include biocompatible NPs used as adjuvants and antimicrobial or
vaccine carriers in order to achieve a sustained or controlled delivery during infections and to promote an immune
response during vaccine delivery [14]. In addition, nanoparticles offer the potential to achieve a targeted and selective
delivery of the corresponding antimicrobial drug intracellularly, where the responsible bacteria/virus are located,
without altering the surrounding commensal microbiota [15]. Intracellular delivery requires the use of materials
that can bind and recognize the eukaryotic cell membrane. Passive strategies take advantage of recognition by the
immune system, as macrophages can recognize and internalize NPs naturally by an energy-dependent phagocytic
mechanism [16]. Therefore, the antimicrobial cargos of NPs can accumulate inside intracellular compartments
of infected cells, which can later fuse with pathogen containing vesicles or release the NP payload into the
cytoplasm. The introduction of targeted drug-delivery systems that respond to the acidic pH of the endolysosomal
compartments are specially designed to target pathogens with an intracellular lifestyle, such as Mycobacterium
tuberculosis, but also species that have been described as facultative intracellular pathogens more recently, such
as Pseudomonas aeruginosa and S. aureus [14]. We have recently designed a drug-delivery system intended for
oral administration to access M. tuberculosis infected alveolar macrophages using biodegradable and approved
rifampicin-loaded nanoparticulate carriers [17]. Rifampicin was loaded inside poly(d,l-lactide-co-glycolide) acid
(PLGA) NPs, which were subsequently loaded into gastro-protected microcapsules to improve drug bioavailability.
We postulated that intracellular accumulation and slow antibiotic release could be achieved when using orally
administered antibiotic-loaded PLGA–NPs if they were able to cross the intestinal epithelium into the bloodstream
with a sufficient blood circulation half-life to reach infected alveolar macrophages. In the current work, the delivery
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system designed is based on nanoparticulated formulations of PLGA (Resomer RG504) NP loaded with cloxacillin
and we again postulate that a potential co-localization between the drug-loaded nanoparticle and the bacteria in the
same intracellular compartment could enhance the antimicrobial efficiency of the drug. The main objectives of this
study were: To determine the in vitro minimum inhibitory concentrations (MICs) of drug-containing nanoparticles
required against methicillin-susceptible (MSSA) and resistant (MRSA) S. aureus compared with the corresponding
concentration of the free drug, and to assess the antimicrobial activity of drug containing nanoparticles against
intracellular S. aureus in a cell infection model using alveolar macrophages.

Material & methods
Nanoparticle synthesis & characterization
Resomer R© RG504, an ester terminated PLGA 50:50 (Mw: 38,000–54,000 Da) was purchased from Evonik
Industries AG (Darmstadt, Germany). Cloxacillin sodium salt and dexamethasone (as an internal standard for the
HPLC determination), Pluronic R© F-68,ethyl acetate, ethanol absolute, acetonitrile and methanol (HPLC grade)
were supplied by Sigma-Aldrich (MO, USA).

PLGA-cloxacillin nanoparticles were prepared by the oil-in-water (O/W) single emulsion solvent evaporation
method. 50 mg of PLGA polymer, 40 mg of cloxacillin and 150 mg of Pluronic F68 (as surfactant), were dissolved
in 5 ml of ethyl acetate. The organic phase was then emulsified with 10 ml of Milli Q water and sonicated in an ice
bath for 25 s with a sonicator (Digital Sonifier 450, MO, USA) using a probe of 0.13 inches in diameter and 40%
of amplitude. The organic solvent of the resulting emulsion was evaporated under stirring (600 rpm, 3 h) and the
obtained nanoparticles were washed by centrifugation twice and redispersed in 2 ml of Milli Q water. Cloxacillin
sodium salt was previously protonated at pH = 2 to render it hydrophobic (pKa = 2.7) in order to increase the drug
loading.

The hydrodynamic diameter of the colloidal drug-loaded nanoparticles at a pH of 7.4 was determined by dynamic
light scattering in a Brookhaven 90 Plus system (NY, USA). Their morphological characterization was analyzed using
scanning electron microscopy (SEM; Inspect™ F50 Scanning Electron Microscope, Holland, FEI) and transmission
electron microscopy (TEM; TECNAI FEI T20). The nanoparticles for TEM analysis were stained with 7% (w/v)
phosphotungstic acid as a negative contrast. Fourier transform infrared spectroscopy (FTIR) was carried out to
evaluate the potential molecular interactions between the encapsulated antibiotic and the encapsulating polymer
using a Bruker Vertex 70 (Bruker Corporation, USA).

The drug content in the resulting NP was determined by HPLC (Waters 2695, RP column Phenomenex Kinetex,
4.6 × 50 mm, 2.6 μm) as follows: 100 μl of the corresponding drug-loaded NP suspension was centrifuged at
13,250×g. The pellet obtained was dissolved in 1.15 ml of acetonitrile and mixed for 1 h with 100 μl of
dexamethasone. Then, 250 μl of methanol was added to promote PLGA precipitation. The dispersion was then
centrifuged at 19,000×g to remove the polymeric residue and the supernatant was filtered (0.22 μm cut-off ) and
analyzed in triplicate. Quantification was also carried out by a seven-point calibration against the internal standard.
The analyte was detected at 225 nm. The linearity range was 10 to 200 ppm (r2 = 0.9992) and the limit of detection
and limit of quantitation were 7 and 21 ppm, respectively.

Drug encapsulation was expressed both as drug loading (DL) and entrapment efficiency (EE), and they were
calculated using the following equations:

DL (%) =

(
weight of drug entrapped

)

(
total weight of drug − loaded nanoparticles

) × 100

EE (%) =

(
weight of drug entrapped

)

(
total weigth of drug added

) × 100

Drug release studies were carried out by incubating the antibiotic-loaded nanoparticles at 37◦C in an orbital shaker
(90 rpm). The 250 μl of different cloxacillin-loaded nanoparticle batches (15 mg/ml) were incubated in water at
pH 7 in order to elucidate the drug release kinetic constant and order. At different times, 200 μl of supernatants
were collected, after centrifugation during 8 min at 5300×g, and chromatographically analyzed and replaced with
distillate water.
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For microscopy analysis, Red Nile (RN)-PLGA nanoparticles were prepared using the single emulsion-
precipitation method using the same protocol and experimental conditions described above for the encapsulation
of cloxacillin by dissolving 5 μg of the fluorescent dye in the ethyl acetate.

Minimum inhibitory concentration
S. aureus Newman strain (MSSA) and USA300 (MRSA) were tested. Bacteria were routinely cultivated in Mueller
Hinton (MH) agar at 37◦C (pH 7). Nanoparticles (empty and cloxacillin loaded) and free antibiotic were tested
against both strains by the broth microdilution method in 96-well microplates. The formulations were serially
diluted twofold in MH broth cation adjusted from a starting concentration of 0.0078 μg/ml to 8 μg/ml in a
final volume of 100 μl. Empty PLGA NP, PLGA-cloxacillin NP and free cloxacillin were prepared in MH cation
adjusted media at three different pHs (pH 4.5, pH 5.5 and pH 7) to assess the influence of acidic pH on the release
of the drug from the antimicrobial loaded NPs. Then, 1 μl of S. aureus inoculum was added to each well to produce
a bacterial cell concentration of 5 × 105 cfu/well. Plates were incubated for 24 h at 37◦C. Negative (absence of
bacteria and antimicrobial) and positive (presence of bacteria and absence of antimicrobial) growth controls were
included in each plate. The minimum inhibitory concentration (MIC) was defined as the lowest concentration
that can prevent visible bacterial growth. We assume that all bacteria were in planktonic form and no biofilm was
formed. We followed Clinical and Laboratory Standards Institute (CLSI) Guidelines. Assays were run in triplicate.

Bacterial morphology after treatment with free drug & PLGA-cloxacillin NP
To determine the effects of NP treatment, bacteria morphology was studied by SEM, as previously reported [18]. In
brief, free cloxacillin and PLGA-cloxacillin NP (at respective MIC and 0.5 MIC) were added to S. aureus Newman
and USA 300 strain cultures (final volume 1 ml, bacterial concentration: 5.106 cfu/ml) and incubated overnight
under shaking (180 rpm, 37◦C).

Then, bacterial samples were washed twice (PBS 0.1 M) and fixed in glutaraldehyde (2.5%; 90 min). After
fixation, samples were dehydrated in ethanol series (30–100%; twice for 15 min), air-dried and finally coated with
Pt (15 nm) for electron microscopy imaging. SEM micrographs were recorded in a SEM Inspect F50 at 10-15 keV
(FEI Co., LMA-INA, Spain).

Cytotoxicity assay
Murine alveolar macrophages (MH-S; ATTC, CRL-2019) were grown in Roswell Park Memorial Institute (RPMI)-
1640 tissue culture medium supplemented with 10% heat-inactivated calf serum (FCS), Hepes 10 mM and
antibiotics/antifungals at 37◦C in a humidified atmosphere and 5% CO2. To determine the cytotoxic effect of
PLGA nanoparticles on MH-S, Presto Blue reagent (Invitrogen) was used following the manufacturer’s instructions.
Briefly, MH-S were seeded at a concentration of 1 × 105 cells per well in 96-well tissue culture in a final
volume of 200 μl and incubated overnight. Empty PLGA nanoparticles, PLGA-cloxacillin nanoparticles and free
cloxacillin were diluted in 100 μl of RPMI supplemented with 10% FCS. Two concentrations of cloxacillin (free
and encapsulated, respectively) were tested: 70 and 100 μg/ml. These values are below the observed maximal
concentration (Cmax) in serum after intravenous/oral administration of conventional doses to humans [19]. The
monolayers were washed twice with PBS and then 100 μl of fresh medium and 10 μl of Presto Blue were added.
Plates were incubated for 1 h (37◦C in 5 % CO2 atmosphere) and after that, the fluorescence was recorded in a
microplate reader (Varioskan, Thermo Fisher Scientific) at 560 nm excitation and 590 nm emission. The viability
was calculated by linear interpolation of the fluorescence data from the cells treated with the different combinations
versus the nontreated ones.

Invasion protocol
Cells were seeded in 24-well tissue culture plates at 5.105 cells per well 24 h before the experiment. Newman
and USA300 S. aureus strains were grown in 5 ml of LB liquid media and harvested in the exponential phase
(2500×g, 20 min), washed once with PBS, and resuspended. A suspension containing approximately 5.108 cfu/ml
was prepared in PBS. Cells were infected with 25 μl of this suspension to get a multiplicity of infection (MOI)
of 25:1 in a final volume of 500 μl of RPMI 1640 tissue culture medium supplemented with 10% FCS and
Hepes 10 mM. To synchronize infection and thus facilitate the contact between adhered cells and bacteria, plates
were centrifuged at 200×g for 5 min. Plates were incubated at 37◦C, 5% CO2 for 30 min. This time is sufficient
to ensure that bacteria are taken up by cells, as shown in our previous paper [11]. After that, cells were washed
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five-times with PBS and incubated for 1 h with 500 μl RPMI 1640 containing 10% FCS, Hepes 10 mM,
gentamicin (200 mg/ml) to remove extracellular bacteria. After 1 h of contact with gentamicin, different treatment
combinations (free/encapsulated drug at selected concentrations) were added. Cells were washed twice and fresh
medium containing PLGA NP, PLGA-cloxacillin NP or free cloxacillin were added at a range of concentrations
including: MIC, 10× MIC respectively for each bacterial strain until the end of the experiment. To determine
intracellular bacterial load at selected time points (3.5 h and 24.5 h post infection), cells were then washed three-
times with PBS and lysed with 300 ml of 0.025 % saponin in PBS for 10 min at room temperature. Serial dilutions
were plated on LB agar to quantify the number of intracellular bacteria. Data are represented as log 10 cfu per well.
All experiments were done in triplicates on at least three independent occasions.

Immunofluorescence microscopy
GFP-Newman strain was grown in LB in the presence of erythromycin (10 μg/ml) and later prepared as in the
previous section (Invasion protocol). Cells were seeded on 12 mm circular coverslips in 24-well tissue culture plates.
Infections were performed as described before for performing intracellular bacterial counts. After 1 h of incubation
with gentamycin (200 μg/ml), RN-PLGA nanoparticles (1.25 μg/ml) were added to the cell culture wells. When
indicated, cells were washed three-times with PBS, and fixed with 3.7% paraformaldehyde in PBS (pH 7.4) for
15 min. Host cell nuclei were stained with Hoechst 33342 (2.5 μg/m; Invitrogen). Finally, coverslips were washed
twice in PBS and mounted on Aqua Poly/Mount (18606, Polysciences). Specimens were observed with an inverted
fluorescence microscope Zeiss AxioObserver Z1 coupled to a monochrome AxioCam MRc 5 camera with the
specific Zen Blue 2012, software for image acquisition and analysis.

Statistical analysis
Statistical analyses were performed using the GraphPad PRISM 7.0 software package (CA, USA). Mean differences
between conditions were compared by the two-way ANOVA. A p-value ≤ 0.05 was considered statistically
significant.

Results
Nanoparticles characterization
Figure 1A depicts an SEM image of the resulting PLGA-cloxacillin NP, exhibiting a typical spherical shape. The
particle size distribution histogram shows that a narrow particle size distribution was achieved, resulting in a mean
diameter value of 106.5 nm ± 24 nm (Figure 1B). TEM images of negatively stained PLGA-cloxacillin NPs
also revealed the production of monodisperse particles, as well as the lack of nonencapsulated cloxacillin crystals
surrounding the PLGA spherical nanoparticles (Figure 1C & D). HPLC analysis revealed a drug loading and an
encapsulation efficiency of 20.5 ± 1.2% and 18.9 ± 2.7%, respectively. FTIR analysis (Figure 1E) revealed that
no chemical interaction between the drug and the PLGA carrier was found which indicates that the physiological
effect of the drug would not be impaired by its encapsulation within the polymeric PLGA-based matrix. As
colloidal water-based suspensions were used, the resulting PLGA-cloxacillin NP showed a hydrodynamic diameter
of 123 ± 13 nm (Figure 1F). The subpopulation on the left side of x-axis corresponds to broken nanoparticles
and polymer leftovers. These data are in agreement with the literature, where DLS particle size measurements are
usually larger than those obtained with electronic microscopy because DLS takes into account the interaction of
the nanoparticle with water (i.e., solvation layer) providing the hydrodynamic diameter and microscopy imaging
is carried out in a water free environment under vacuum [20]. The ζ potential of PLGA-cloxacillin nanoparticles at
pH of 7.4 was -12.5 ± 3 mV. Drug release data at 37◦C were fitted into three different kinetic models: zero order,
first order and Higuchi diffusion model. The correlation coefficients for the three models showed values of 0.815,
0.995 and 0.965, respectively. Hence, the release of cloxacillin fits a first-order (k = 0.488 h-1) cumulative drug
release of 79 wt. % in the first 24 h (Figure 1G).

MIC determination
To examine the antimicrobial effect of PLGA-cloxacillin in comparison with free cloxacillin, MIC values were
calculated against a methicillin-susceptible strain (Newman) and a methicillin-resistant strain (USA300) at three
different pHs (4.5, 5.5 and 7) (Figure 2A: MSSA; Figure 2B: MRSA). For both strains, MICs for PLGA-cloxacillin
were lower than those of free cloxacillin suggesting that drug encapsulation improves antimicrobial activity. The
reduction of MICs was observed at acid and neutral pH and it ranged from two- to fourfold. Interestingly for the
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Figure 1. Poly(D,L-lactide-co-glycolide)-cloxacillin nanoparticle characterization. (A) Scanning electron microscopy
image; (B) particle size distribution histogram obtained after the measurement of more than 200 NPs from scanning
electron microscopy images; (C) transmission electron microscopy image of negatively stained NP; (D) detailed
transmission electron microscopy image to show PLGA-cloxacillin NP with a high magnification; (E) Fourier-transform
infrared spectroscopy of cloxacillin loaded in PLGA NP and physically mixed with PLGA polymer; (F) particle size
distribution histogram obtained by dynamic light scattering measurement; (G) cumulative drug release kinetics of
cloxacillin loaded PLGA nanoparticles at 37◦C at pH 7.
NP: Nanoparticle; PLGA: Poly(D,L-lactide-co-glycolide).
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Figure 2. Minimum inhibitory concentration results. MIC values for free-cloxacillin and PLGA-cloxacillin according to strain (A) Newman;
(B) USA300 and pH tested (4.5, 5.5 and 7).
MIC: Minimum inhibitory concentration; MRSA: Methicillin-resistant Staphylococcus aureus; MSSA: Methicillin-susceptible Staphylococcus
aureus; PLGA: Poly(D,L-lactide-co-glycolide).

MRSA strain, the use of the encapsulated drug at neutral pH enabled the classification of the strain as methicillin-
susceptible in comparison to free cloxacillin, and at acidic pH, MICs for PLGA-cloxacillin and free cloxacillin were
lower than 3 μg/ml. Empty PLGA nanoparticles had no inhibitory activity on bacterial growth.

In Figure 3, SEM images obtained after overnight culture of both bacterial strains (Figure 3A: MSSA; Figure 3B:
MRSA) with free drug or with PLGA-cloxacillin loaded NPs at different concentrations (MIC and 0.5MIC) are
shown. For both strains, bacteria grown in MH have a similar shape and roughness. The treatment with cloxacillin,
either free or encapsulated, enhanced changes in cell morphology with the observation of shallow or even deep
grooves and the loss of the cell morphology (Figure 3B). Furthermore, these changes involved a size increase which
was dose dependent, which is a typical effect of cell wall damage [18].

PLGA cytotoxicity & invasion experiments
Cell viability on murine alveolar macrophages was not affected by the use of PLGA nanoparticles (empty or loaded)
at both concentrations tested (Figure 4). Free cloxacillin was also tested, and no cytotoxicity was reported at the
doses tested either.

MH-S cells were infected with the Newman strain and after 1-h incubation with gentamicin (200 μg/ml) to
eliminate non-phagocytozed bacteria three different concentrations of cloxacillin were tested: MIC (0.125 μg/ml),
10× MIC (1.25 μg/ml) and 8 μg/ml. Every concentration was prepared both as free drug and as drug loaded
PLGA NP. Intracellular bacterial load (log10 cfu/well) according to the concentration tested and time point
considered are shown in Figure 5A. There is a reduction of intracellular bacterial load with time for all conditions,
except for the lowest concentration tested. For free-cloxacillin (0.125 μg/ml), an increase in the bacterial load at
24 h post infection (p.i.) was observed, whereas for the same concentration when using PLGA-cloxacillin a slight
decrease was observed. There was almost an overlap between counts at 24.5 h p.i. for 1.25 and 8 μg/ml (free
and PLGA-cloxacillin), although the highest reduction was reported for the highest concentration (regardless of
whether encapsulated, or the free drug was used). Figure 6 shows that GFP-S. aureus has been internalized in
some cells during the invasion experiment, as well as RN-PLGA nanoparticles. In some cells, there is colocalization
between bacteria and nanoparticles whereas in other cells, nanoparticles are distributed in the cytoplasm, probably
in compartments of the endosomal-lysosomal route.

Similarly, MH-S cells were infected with USA300 using the same protocol as described above. Drug concentra-
tions tested were: 6 μg/ml (MIC), and 60 μg/ml (10× MIC) for free cloxacillin and PLGA-cloxacillin (Figure 5B).
For 6 μg/ml, the reduction of the intracellular bacterial load was higher when using PLGA-loaded nanoparticles in
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Figure 3. Scanning electron microscopy micrographs showing bacterial morphology. (A) Newman; (B) USA300 after
treatment with free-cloxacillin and PLGA-cloxacillin (MIC; 0.5 MIC). Scale bar in micrographs a = 500 nm; b = 1 μm.
MH: Mueller Hinton; MIC: Minimum inhibitory concentration; MRSA: Methicillin-resistant Staphylococcus aureus;
MSSA: Methicillin-susceptible Staphylococcus aureus; PLGA: Poly(D,L-lactide-co-glycolide).
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comparison to the use of the free-drug, suggesting that the encapsulated drug at the lowest concentration tested is
more effective at eliminating the intracellular bacterial burden. For the highest concentration (60 μg/ml), there was
an overlap of bacterial counts at 24.5 h post-infection, with no differences between concentrations or cloxacillin
presentation (free or encapsulated).

Discussion
Bacterial strategies such as intracellular survival within host cells and biofilm formation may hinder the access of
antimicrobials to the site of infection, reducing their activity and efficacy [21]. Indeed, S. aureus and P. aeruginosa [22]

are two examples of facultative intracellular pathogens that have developed diverse bacterial mechanisms of adap-
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tation during acute and chronic respiratory infections [23,24] including the alteration of virulence factor regulation,
metabolic pathways and phagocytosis capacity and including the ability to form subpopulations with different
phenotypes [25–27]. In addition, biofilms formed by these bacteria are associated with indwelling medical devices or
structural dilatation of the bronchi. Drug-delivery systems aimed specifically at infected lung cells would improve
local drug concentration and efficacy [28–30].

The continued evolution of antimicrobial resistance is a growing concern because of its potential to endanger the
future of antimicrobial drug therapy. Even the new generation of antibiotics is becoming virtually ineffective and
it is predicted that antimicrobial resistance will cause more deaths than cancer-associated diseases by the middle
of the century [31]. In recent decades, significant progress has been made in the development of nanotechnology-
based approaches to prevent, diagnose and treat human diseases. Their application is principally directed toward
drug-delivery systems in cancer treatment and only recently in antimicrobial therapy [14]. Antimicrobial loaded
NPs can offer some advantages over conventional antimicrobial treatments such as protection from clearance
and enzymatic/chemical/surfactant inactivation, improved muco-adhesion and the ability to penetrate cell mem-
branes [32,33] and biofilms [34], they present enhanced intracellular retention and improve the specific delivery to
the site of infection.
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Bright field Hoescht 33342

GFP-S. aureus RN-PLGA Merge

Figure 6. Representative immunofluorescence analysis. Image was taken at 1.5 h post infection and shows nuclei
stained with Hoeschst 33342 (blue) (B), GFP- S. aureus (green) (C), RN-PLGA nanoparticle (red) (D) and merge (E). An
image taken with bright field is also included (A).
PLGA: Poly(D,L-lactide-co-glycolide); RN: Red Nile.

In the current work, we have shown that by using a single emulsion solvent evaporation technique, cloxacillin
loaded PLGA NPs can be prepared with encapsulation efficiency (20.5 ± 1.2 % w/w), which is similar to what
we recently demonstrated for rifampicin [17]. Using other antimicrobials, it has been previously reported that both
single and double emulsion enable the preparation of drug loaded NP with high encapsulation efficiency but
reduced drug loadings (DL; usually <5-10 wt.%) [35]. For instance, Cheow et al. reported a 2.3 wt.% DL when
encapsulating highly water and solvent-soluble levofloxacin PLGA nanoparticles using double emulsion solvent
evaporation methods [36]. Amikacin loaded PLGA NPs with DLs of 2.5 wt.% were also prepared and successfully
tested against P. aeruginosa [37]. Optimized PLGA NPs containing tobramycin using different surfactants and
co-polymers (i.e., chitosan, alginate, PVA) rendered DLs, which varied between 0.08 and 2 wt.%. Therefore, our
results are in agreement with the literature and confirm that emulsion solvent evaporation methods are very simple
synthesis processes, which allow the successful encapsulation of both hydrophilic and hydrophobic drugs with
reasonably high drug loadings.

Regarding the antimicrobial activity of cloxacillin loaded NPs, MICs were determined at pH 7, 5.5 and 4.5
as these nanoparticles are designed to release their content under intracellular acidic conditions. The different
pHs studied were chosen to give an idea of the antimicrobial efficiency under extracellular conditions (pH 7) and
intracellular conditions: late endosomes (pH ∼5.5) and lysosomes (pH ∼4.5). Considering both strains (MRSA
and MSSA), MICs obtained for PLGA-cloxacillin loaded NPs were lower than those obtained for the free drug at all
pHs tested, indicating a higher bactericidal activity. Particularly for β-lactams (such as cloxacillin), this improvement
in activity when the drug is encapsulated could be relevant from a clinical perspective. The intracellular activity
of cloxacillin is low, so developing a system that would deliver the antimicrobial protected within a nanoparticle
into a tissue with evidence of S. aureus persistence represents an interesting approach. It is widely known that
β-lactams are time-dependent antibiotics, and thus more effective if their concentration is above MIC values for
longer times, in comparison to other antibiotics that require a maximum concentration (concentration-dependent
antibiotic) such as aminoglycosides. According to the release kinetics assay (Figure 1G) the drug release from the
nanoparticles was sustained for long periods of time, which could contribute to the efficient bacterial eradication
observed. Sustained drug release into the media would protect, preserve and promote antimicrobial activity as the
NPs are degraded. Interestingly, USA300 was categorized as methicillin-susceptible in the presence of acidic and
neutral pH when treated with cloxacillin-PLGA NP. A similar observation was also reported by Lemaire et al. [38],
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who found that MRSA are as susceptible as MSSA in broth at acidic pH. As previously mentioned, S. aureus is able
to reside intracellularly in different cell types using multiple strategies [9,39]. Indeed it is known to adapt to different
anatomical niches, with a high level of tolerance to habitats with pH changes, such as the nares and the lungs [24].
Particularly within murine alveolar macrophages, S. aureus replicates and remains viable in an acidic subcellular
compartment, which colocalizes with late endosome markers [11]. It is known that the pH of phagolysosomes in
macrophages is about 5 [40]. Interestingly, at acidic conditions S. aureus PBP2a suffers conformational changes that
renders it more susceptible to β-lactams [41]. Thus, we evaluated the antimicrobial activity of cloxacillin loaded
NPs in MH-S infected with two strains (Newman and USA300). Three different concentrations of drug loaded
NPs and free drug (corresponding to MIC, 10× MIC, respectively for each strain and human serum Cmax) were
tested. When considering the Newman strain, the highest reduction of intracellular bacterial load was observed for
the highest concentration of drug tested (8 μg/ml), although no differences between encapsulated/free cloxacillin
were found. In contrast, for the lowest concentration tested (0.125 μg/ml), differences between the encapsulated
and non-encapsulated drug were reported. When considering USA300, the highest reduction of bacterial burden
was also reported for the lowest concentration of PLGA loaded cloxacillin NPs (6 μg/ml) that corresponded
to MIC, suggesting that the nanoencapsulated antibiotic was more bactericidal and effective than the free drug.
Lemaire et al. [42] used human macrophages infected with different MRSA isolates and showed that restoration
of susceptibility to β-lactams after phagocytosis was independent of the MRSA strain (phenotype and SCC mec
group), or of the cell type considered but varied according to the drug (imipenem, meropenem, oxacillin and
cloxacillin), confirming their previous findings.

Empty PLGA nanoparticles had no inhibitory activity on bacterial growth in the MIC assay. However, in
our previous work [17], empty PLGA-NPs showed intrinsic antituberculosis activity. This effect was attributed to
the potential accelerated hydrolysis of the ester bonds of the PLGA, hence producing lactic and glycolic acids
that would further acidify the media being this process autocatalytic [43]. As a consequence, increases in media
acidification would in turn result in an enhanced bactericidal action against M. tuberculosis. In the current work, the
increased efficacy of the nanoparticle loaded antibiotic compared with the free drug might be based on the increased
nanoparticle uptake inside the infected cells. A potential co-localization between the intracellular pathogen and the
drug loaded nanoparticle could also be responsible for that increased efficacy. This effect has also been previously
reported. For instance Kalluru et al. [44] demonstrated that even though rifampicin-loaded PLGA-NPs were able
clear macrophages infected with Mycobacterium bovis more efficiently compared with the administration of the free
drug, the drug-containing NPs remained inside phagolysosomes that were separated from the BCG-containing
phagosomes. The authors postulated that the loaded hydrophobic drugs easily crossed by diffusion, both the
phagolysosome membrane enclosing the NP (phagosome to cytoplasm) and the membrane of the phagosome
enclosing the BCG.

In recent years, different nano-based strategies for treating S. aureus infections have been designed [15,45].
Immunofluorescence analysis has shown that RN-PLGA NPs are internalized within infected cells, and that they
can co-localize with bacteria. Thus, drug loaded PLGA nanoparticles that have the same characteristics might also
be internalized and so that the drug would be released inside the cell. It is reasonable to speculate that although not
all NPs internalized by infected MH-S will co-localize within the same vesicle where S. aureus resides, drug diffusion
into the cytosol can also facilitate the clearing of the infection. Indeed according to the cellular infection model
and isolate considered, bacteria are also able to escape from phagosome compartments and survive in the cytosol of
infected cells [46]. Accordingly, intracellular accumulation and slow antibiotic release could also potentially improve
bacterial eradication. A similar approach to our proposal against MRSA infected macrophages was reported when
using particles engineered with vancomycin that showed better antimicrobial activity for the loaded NPs than for
the free drug in cell culture invasion and animal models [47]. One promising example developed by Abed et al. [48] is
aimed at intracellular bacteria by means of a nanosystem coupled to gentamicin, which acted as a prodrug, with a
high drug payload and specific antibiotic delivery in infected intracellular compartments. Lehar et al. [49] designed
and evaluated, a novel anti-S. aureus antibody–vancomycin conjugate that was able to eliminate intracellular S.
aureus in a mouse model. Specifically, the drug was released in the presence of acidic pH, once inside the S. aureus
containing phagolysosome. Another option is the use of mesoporous silica gentamicin loaded nanoparticles within
a lipidic bilayer shell [50] that provided an effective inhibition in vitro and in vivo of planktonic and intracellular S.
aureus bacterial growth. Interestingly, drug loaded NPs also down regulated inflammation-related gene expression
in infected cells.
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Conclusion
MICs for PLGA-cloxacillin NPs are lower than those obtained with free-cloxacillin both for MSSA and MRSA
isolates. Cloxacillin loaded NPs show antimicrobial activity at acidic and neutral pH and a sustained and controlled
antibiotic release could be expected when using the drug-loaded encapsulated NP. In cell infection models, the
use of drug loaded NPs enabled a bigger reduction of intracellular bacterial load. Thus, this novel delivery system
shows a great potential for the successful targeted treatment of staphylococcal infections due to its capacity for drug
intracellular delivery and release, coupled with its high cytocompatibility.

Future perspective
The increase of antibiotic resistant bacteria is a rising concern worldwide. The use of nanotechnological approaches
can improve current antimicrobial treatments by providing a rational usage of antibiotics. Targeted therapies
based on drug-loaded NPs with demonstrated benefits over the administration of the free drug will direct future
research lines. Interestingly, Staphylococcus aureus is mostly localized in the extracellular milieu but has also been
found intracellularly in different cell types. The delivery of antimicrobials into infected cells using drug-loaded
nanoparticles thus represents a novel strategy. Future research following the study reported here will be directed
toward the in vivo evaluation of the effect of the antibiotic-loaded NPs compared with the administration of the
free drug in mice infected with methicillin-susceptible and resistant S. aureus strains.

Summary points

• The encapsulation procedure did not hinder the antimicrobial action of the encapsulated antibiotic cloxacillin.
• Drug encapsulation improves antimicrobial activity of cloxacillin against S. aureus isolates.
• Sustained antibiotic release is reported when using drug-loaded nanoparticles.
• The nanoparticles eliminated both methicillin-resistant and -susceptible strains.
• Cloxacillin loaded nanoparticles have antimicrobial activity intra- and extracellularly.
• The use of drug loaded NPs enabled a greater reduction of intracellular bacterial load.
• The potential colocalization of the drug-loaded NPs with the intracellular pathogen in the same intracellular

vesicle represents a promising approach to improve antibiotic therapeutic efficacy in the treatment of the disease.
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