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A B S T R A C T

Antimicrobial resistance is considered one of the biggest threats to public health worldwide. Methicillin-resistant 
S. aureus is the causative agent of a number of infections and lung colonization in people suffering from cystic 
fibrosis. Moreover, a growing body of evidence links the microbiome to the development of cancer, as well as to 
the success of the treatment. In this view, the development of novel antibiotics is of critical importance, and SV7, 
a novel antibiotic active against MRSA at low concentrations, represents a promising candidate. However, the 
low aqueous solubility of SV7 hampers its therapeutic translation. In this study, SV7 was encapsulated in poly 
(lactic-co-glycolic acid) (PLGA) nanoparticles (NPs) to improve the solubility profile, to ensure sustained release 
and eventually support deposition in the airways. Furthermore, PLGA NPs were formulated as dry powder to 
extend their shelf-life and were shown to efficiently target intracellular infections. After identifying a formulation 
with suitable physico-chemical characteristics, SV7-loaded NPs were investigated in vitro in terms of inhibitory 
activity against MRSA, and their safety profile in lung epithelial cells. Subsequently, the activity against MRSA 
intracellular infections was investigated in a co-culture model of MRSA and macrophages. To test the trans
latability of our findings, SV7-loaded NPs were tested in vivo in a Galleria mellonella infection model. In 
conclusion, SV7-loaded NPs showed a safe profile and efficient inhibitory activity against MRSA at low con
centrations. Furthermore, their activity against intracellular infections was confirmed, and was retained in vivo, 
rendering them a promising candidate for treatment of MRSA lung infections.

1. Introduction

Staphylococcus aureus and its methicillin-resistant phenotype (MRSA) 
are the causative agents of a wide variety of infections, including 
endocarditis, osteomyelitis, necrotizing pneumonia, and septic shock 
[1]. Notably, pulmonary infections triggered by S. aureus are associated 
with a very high case fatality rate and are a leading cause of nosocomial 
pneumonia and secondary bacterial pneumonia following influenza A 

virus infection. Moreover, in a period in which the Human Microbiome 
Project is gradually unveiling the importance played by the lung 
microbiome in the diagnosis, progression, and prognosis of other dis
ease, such as lung cancer and cystic fibrosis (CF), MRSA represents a 
very harmful pathogen in the broader sense [2]. In fact, it has been 
demonstrated that S. aureus is one of the first bacteria able to colonize 
the airways of CF patients. Here, S. aureus produces the conditions for 
additional infections for example by Pseudomonas aeruginosa, which 
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dramatically worsen the clinical outcome and result in an increased rate 
of lung function decline [3]. Likewise, recent research starting in 2022 
shows a link between the lung microbiome and cancer. The lung 
microbiome composition varies between stages and the presence of 
Staphylococci appears abundant in cancer patients, in contrast with 
noncancerous subjects. This has also been confirmed by the analysis of 
The Cancer Genome Atlas (TCGA) lung adenocarcinoma and lung 
squamous cell carcinoma databases [4–6]. Furthermore, it has been 
shown that defects in the tumor-associated barrier and obstruction of the 
airways results in impaired bacterial clearance and altered bacteria 
growth conditions, triggering a strong response of pro-inflammatory 
mediators and promoting neutrophil expansion. This leads to the 
establishment of a vicious cycle that exacerbates tumor growth [5]. 
Thus, even if the connection between the microbiome and the tumor 
growth is not fully understood yet, pulmonary microorganisms and their 
products affect clinical treatments, and further investigation is required 
to find out how to exploit the therapeutic potential behind the use of 
antibiotics in cancer therapy. Work lead by Prof. Leaf Huang has in fact 
shown how liposomes, designed to entrap an antibiotic (i.e. a sil
ver‑tinidazole complex), enabled >70% long-term survival in two 
F. nucleatum-infected colorectal in vivo cancer models, while at the same 
time eliciting anti-tumoral immunity [7].

The clinical management of S. aureus lung infections is complicated 
by the widespread antibiotic resistance present in this bacterium, and its 
ability to establish intracellular infection within a variety of cell types, 
including epithelial cells, macrophages, and neutrophils. Accordingly, 
MRSA escape the immune response, thus causing particular challenges 
in the treatment of the infection. Once internalized, the pathogen will be 
protected up to 4–7 days without affecting the host cell viability [8–10].

Currently, the sole treatment option is the use of antibiotics, but with 
the escalating antimicrobial resistance crisis, treatment failures are on 
the rise, with a mortality rate of 10–30% [11]. To bolster the fight 
against MRSA infections and achieve early eradication, prioritizing the 
development of new antibiotics capable of targeting the bacteria 
following intracellular infection is crucial. This urgency has been high
lighted by the World Health Organization, which has included MRSA in 
the global priority list of antibiotic-resistant bacteria due to the high 
mortality and morbidity linked to invasive infections (WHO/EMP/IAU/ 
2017.12).

In this work, we enable a novel active compound, namely SV7, to 
exert its antimicrobial activity against MRSA despite its strongly hy
drophobic nature, and further assessed its efficacy in vitro and in vivo 
against intracellular infection of MRSA. SV7 was discovered by Firestine 
and co-workers, and has shown very promising activity not only against 
methicillin-sensitive S. aureus (MSSA), but also against MRSA strains 
without inducing antimicrobial resistance (AMR) phenomena. [12,13]. 
This compound is a novel benzophenone-based membrane-targeting 
antibiotic that has similarities to the structure and function of antimi
crobial peptides (AMPs) and synthetic ion channels [12–14]. SV7 safety 
of use as well as the ability of curing mice of a lethal MRSA infection has 
been already shown [13]. However, from a technical standpoint, the 
major obstacles to SV7 translation into the clinics is its very low aqueous 
solubility, which can affect its dissolution in physiological fluids. 
Moreover, it is completely ineffective against intracellular infections 
since, similar to many other conventional antimicrobiotics, it shows 
restricted intracellular penetration and low retention.

In order to overcome these limitations, we propose PLGA-based 
nanoparticles as a delivery system that could serve the dual purpose of 
increasing SV7 bioavailability, and help the delivery of SV7 inside host 
cells to treat the intracellular infections [15–18]. The design and 
development of SV7-loaded PLGA NPs is presented. The NPs were pro
duced through a single evaporation emulsification method, and the 
composition was optimized based on size, polydispersity index, surface 
charge and especially optimum SV7 loading. Considering the major 
localization of MRSA in the respiratory tract, we have designed the 
nanoparticle platform towards a possible local application of the SV7- 

loaded PLGA NPs via inhalation [19]. In fact, by targeting the lungs 
directly for therapeutic treatment by inhalation, the SV7-loaded parti
cles are able to largely avoid systemic circulation and consequently 
reduce the patients’ exposure to antibiotics, thereby delaying the 
eventual development of AMR [20]. Additionally, with a sustained 
release of the drug, a reduced number of administrations can be ex
pected, thus increasing patient adherence to complex therapeutic regi
mens required for the management of chronic lung diseases [21]. This 
aspect is particularly welcome for antibiotics therapy, considering the 
direct correlation between the onset of AMR phenomena and the drug 
dose [22]. Thus, only the formulation characterized by desirable phys
icochemical parameters for pulmonary administration were selected 
[19], and nanoparticles were characterized for morphology, residual 
content of organic solvents and stability over time. Formulations were 
further evaluated for the possibility to extend their shelf-life through 
freeze-drying. To evaluate how the manufacturing process could alter 
the SV7 release in a physiological environment, the antimicrobial ac
tivity and potential cytotoxic effects were tested in vitro in suitable 
models. Furthermore, the potential of the NPs for treating intracellular 
infections was evaluated in terms of both nanoparticle cellular uptake, 
as well as activity against MRSA intracellular infection in the J774A.1 
macrophage cell line in presence of fluorescently labeled NPs and SV7- 
loaded NPs, respectively. Finally, activity data on the in vivo perfor
mance were collected in a Galleria mellonella infection model, a valid 
tool for studying the antimicrobial activity of antibiotics encapsulated in 
polymeric nanoparticles [23,24], to better support further translation 
into the clinic. Overall, the preclinical evaluation conducted on the 
developed SV7-loaded PLGA demonstrate, first in vitro and then in vivo, 
the high potential of SV7 in the treatment of infections sustained by 
MSSA and MRSA strains, even when established intracellularly.

2. Experimental methods

2.1. Materials

SV7 was synthesized as described previously [12,13]. Resomer® RG 
502H, Poly(D,L-lactide-co-glycolide) (PLGA) 50:50 (molecular weight 
(Mw) 7 kDa) was purchased from Evonik Nutrition & Care GmbH (Essen, 
Germany). Polyvinyl alcohol (PVA) (Mw ~205 kDa), mannitol, treha
lose, 2-hydroxypropyl-β-cyclodextrin (HP-β-CD), acetone, and 
dichloromethane were purchased from Sigma-Aldrich (St Louis, MO, 
USA). All solvents used were ACS grade solvents.

Human lung adenocarcinoma epithelial cells (A549) and mouse 
BALB/c monocyte macrophages (J774A.1) were obtained from ATCC 
(LGC Standards GmbH, Wesel, Germany). The human bronchial 
epithelial cell line (16HBE14o-) was a kind gift from the Comprehensive 
Pneumology Center of Munich. Minimum Essential Medium (MEM), 
Roswell Park Memorial Institute (RPMI) 1640 Medium, Dulbecco’s 
Modified Eagle Medium (DMEM), fetal bovine serum (FBS), L-glutamine, 
MEM non-essential amino acid solution and penicillin-streptomycin (P/ 
S) for cell culture were purchased from Sigma-Aldrich (St Louis, MO, 
USA). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT), Lysotracker™ red and trypsin 0.25% (m/v), EDTA were pur
chased from Thermofisher Scientific (Waltham, MA, USA). All other 
chemicals were standard chemicals required for cell and bacterial 
culture.

Microscope slides were purchased from VWR (Radnor, PA, USA). 
FluorSave™ reagent was purchased form Merck Millipore (Burlingtone, 
MA, USA). 13 mm Karl Hecht™ Assistant™ Circular Cover Glasses for 
microscopy were purchased from Fischer Scientific (Hampton, NH, 
USA).

2.2. SV7 analytical quantification

The analytical determination of SV7 was carried out by reverse- 
phase High-Performance Liquid Chromatography (RP-HPLC) and UV 
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− vis spectrophotometry. For the determination through RP-HPLC an 
Agilent 1100/1200 series (Agilent Technologies, USA) equipped with a 
Synergi™ polar RP column (50 × 2.0 mm, 80 Å) (Phenomenex, USA) 
was employed. Separation required a gradient elution using 0.2% formic 
acid in water and 0.2% formic acid in acetonitrile. The gradient was 
applied as follows: t = 0 10% organic phase (B) ramp to 65% B over 2.5 
min. After run, ramp back to 10% B. The flow rate was 1 mL/min and the 
detection wavelength 265 nm. Under these conditions the retention time 
of SV7 was 3 min.

The determination through UVspectroscopy was carried out at 265 
nm using a microplate reader equipped with a 96 well plate (FLUOstar 
Omega, BMG Labtech, Ortenberg, Germany) as previously reported 
[25]. Briefly, a known amount of SV7 was placed into microcentrifuge 
tubes, then 500 μL of dichloromethane (DCM) and 1 mL 50 mmol HCl 
were added. The samples were vortexed, and the two phases were left to 
separate. Protonated SV7 is present in the aqueous phase. A calibration 
curve was obtained by plotting absorbance versus the concentration of 
SV7 standard solutions prepared in DCM. The linearity of the response 
was verified over a concentration range of 0.5–25 μg/mL (r2 = 0.999). 
The extinction coefficient determined from the standard curve was 
0.050.

2.3. Production of SV7-loaded PLGA nanoparticles

PLGA nanoparticles as well as SV7-loaded PLGA NPs (PLGA_SV7) 
were prepared through a single evaporation emulsification method, 
adapting a protocol previously published [25]. Briefly, the organic 
phase was prepared by dissolving PLGA in acetone. When needed, SV7 
was added to the organic phase. Subsequently, the organic solution was 
added dropwise to the aqueous phase of PVA (1.0, 1.5 and 2.0% w/v) 
under magnetic stirring (1200 rpm). The emulsion formed was treated 
for 10 min with an ultrasound probe sonicator (heat flux density 8.5 W/ 
cm2) and left stirring overnight to evaporate the organic solvent. 
Nanoparticles were recovered and washed with Milli-Q water by 
centrifugation at 16,900 ×g and 4 ◦C for 30 min, the supernatant was 
discarded, and the entire procedure was repeated twice. The NPs were 
then suspended in 10 mL of Milli-Q water.

Fluorescently labeled nanoparticles were prepared similarly, but in 
this case, 10 μL of coumarin-6 from a stock solution of 50 mg/mL were 
added to the organic phase containing SV7 and emulsified with 1.5% 
PVA.

2.4. Characterization of SV7-loaded PLGA nanoparticles

2.4.1. Nanoparticle size, polydispersity index, surface charge
The hydrodynamic diameter (DH), the polydispersity index (PDI), 

and zeta potential (ζ) of the freshly prepared nanoparticles were 
measured by dynamic light scattering using a Zetasizer (Nano ZS, Mal
vern Instruments, Grovewood, UK). In particular, the nanoparticle sus
pension was diluted 10-fold with Milli-Q water for size and 
polydispersity index determination, while it was diluted 100-fold for 
zeta potential determination. All the measurements were performed in 
triplicate and the results are expressed as mean value ± standard devi
ation (SD).

The particle size was confirmed using a qNano size analyzer (iZON 
Sciences, Christchurch, New Zealand) with a nanopore 200 (iZON NP 
200) and 200 nm calibration particles (CP 200). A buffer containing 
sodium chloride (NaCl), Tris (pH 8), EDTA, and Triton-X in deionized 
water was used as the electrolyte to suspend the NP samples and the 
calibration particles. Each recorded measurement was based on a min
imum particle count of 500 particles and analyzed using Izon Control 
Suite software 3.3 (Izon Science, Oxford, UK).

2.4.2. Nanoparticle surface morphology
Surface morphology of the nanoparticles was evaluated using scan

ning electron microscope (SEM) (FEI, Helios G3 UC Dual beam 

Thermofisher scientific, Waltham, MA, USA). For sample preparation, 
10 μL of nanoparticles in suspension were deposited on a metal stub and, 
after drying, the sample was coated with gold under vacuum for 120 s. 
The SEM images were analyzed using the free software ImageJ to 
determine the particles size.

2.4.3. Drug loading and entrapment efficiency
The drug loading of SV7 in the NPs was assayed by dissolving 100 μL 

of SV7-loaded PLGA nanoparticles in 500 μL of DCM and then following 
the RP-HPLC analytical procedure described above. The drug loading is 
reported as the percent of the amount of SV7 in relation to 10 mL of NP 
suspension ± SD of the values collected from three different batches. 
The entrapment efficiency (EE) is reported as percentage of the ratio 
between the experimentally determined drug loading and the theoretic 
loading ± SD of the values collected from three different batches.

2.4.4. Residual organic solvent after nanoparticles production
At the end of the NPs preparation, the residual content of organic 

solvents in the formulation was evaluated through static headspace gas 
chromatography–mass spectrometry (HS-GC–MS) (Müller et al. 2019). 
An Agilent Technologies 7890B gas chromatograph (Waldbronn, Ger
many) with an autosampler, PAL RSI 85 (CTC Analytics, Zwingen, 
Switzerland) was coupled with an Agilent Technologies 7010B triple 
quadrupole detector. The MS was operated in scan mode (m/z 50 -150; 
EI 70 eV). An Agilent J&W GC column DB-624 Ultra Inert (6% cyano
propyl phenyl and 94% polydimethylsiloxane) 30 m × 0.25 mm × 1.4 
μm from Agilent Technologies (Waldbronn, Germany) was used as sta
tionary phase. The carrier gas used was helium 99.999% from Air Liq
uide (Düsseldorf, Germany). The conditions of the headspace sampler 
and the GC–MS system are summarized in Supplementary Table 1. Of 
each sample, 100 mg were weighted into a 20 mL headspace vial, 5 mL 
deionized water, 2 g NaCl and 10 μL of stable isotope–labeled internal 
standard solution (100 μg/mL acetone‑d6, SIL-IS) was added, and the 
vial was closed tightly. After sealing, the sample was analyzed by static 
HS-GC–MS. The molecule peaks of acetone and acetone‑d6 (SIL-IS) (m/z 
58.1 and 64.2) were used as qualifier ions and the base peaks m/z 43.2 
and 46.2 as quantifier ions.

2.4.5. Nano-embedded dry powder production through freeze-drying
Nano-embedded dry powders were produced through freeze-drying. 

The optimized SV7-loaded PLGA nanoparticles were shock frozen in 
liquid nitrogen and lyophilized overnight using a VirTis BenchTop Pro 
freeze dryer (SP Scientific, Warminster, PA, USA). To improve the dry 
powder properties after freeze-drying, different cryoprotectants, such as 
mannitol, trehalose and 2-hydroxypropyl-β-cyclodextrin (HP-β-CD), in 
different concentrations were tested. The dry powders were then stored 
in closed vials at room temperature in a desiccator. To evaluate the 
redispersibility of the freeze-dried powder, particle size analysis of the 
reconstituted liquid dispersion was performed through dynamic light 
scattering using a Zetasizer (Nano ZS, Malvern Instruments, Grovewood, 
UK), and the results are expressed as mean value ± SD of value collected 
from three different batches.

2.4.6. In vitro release profile
The in vitro drug release behavior of SV7 from SV7-loaded PLGA 

nanoparticles, before and after freeze drying, was determined. 
Phosphate-buffered saline (PBS) (120 mM NaCl, 2.7 mM KCl, 10 mM 
Na2HPO4) at pH 7.2 with 0.2% Tween 80 was used as dissolution me
dium [26]. During the study, the samples were incubated at 37 ◦C with 
shaking. At scheduled time intervals, samples were centrifuged at 
15,700 g for 10 min at 4 ◦C to isolate the NPs while the release medium 
was withdrawn and analyzed by UV spectroscopy for SV7 content as 
described above. The medium was replaced by the same amount of fresh 
PBS at pH 7.2. Experiments were carried out in triplicate and results 
expressed as cumulative release of SV7 from NPs ± SD.
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2.5. In vitro antimicrobial activity

The minimum inhibitory concentration (MIC) of SV7 as free com
pound and after encapsulation in PLGA NPs was determined by the broth 
microdilution method in 96-well microplates. Both gram-positive and 
gram-negative strains were used for the experiments: Methicillin sensi
tive Staphylococcus aureus (ATCC 29213), Methicillin resistant Staphy
lococcus aureus (ATCC 43300), Pseudomonas aeruginosa (ATCC 10145), 
Escherichia coli (ATCC 25922), Klebsiella pneumoniae (ATCC 700603) as 
well as Pseudomonas aeruginosa, Enterobacter cloacae, Serratia marcescens, 
Klebsiella oxytoca, Citrobacter freundii, and Proteus vulgaris from clinical 
isolates. Briefly, every strain was grown in Luria Bertani (LB) broth at 
37 ◦C. The bacterial suspension to be used as the inoculum was diluted to 
yield an optical density (OD) around 0.5 at 600 nm (corresponding to 
about 1 × 109 CFU/mL). Afterwards, the bacterial cell suspension was 
further diluted 100-fold to produce a bacterial cell suspension of 10 ×
104 CFU/mL. SV7 encapsulating PLGA nanoparticles were serially 
diluted 2-fold in Brain Heart Infusion (BHI) broth to achieve final con
centrations ranging from 50 μg/mL to 0.1 μg/mL in a final volume of 
200 μL (including 100 μL of bacterial suspension). Free SV7, ciproflox
acin, tobramycin and erythromycin (Amdipharm) were used as controls 
in the same concentration range used for SV7 encapsulating PLGA NPs. 
The bacterial suspension alone was used as the positive control, while 
the negative controls were the antibiotics at the highest concentrations 
and BHI broth alone. After 24 h of incubation, the plates were visually 
inspected. The MIC is defined as the lowest concentration of the tested 
antibiotic at which no growth of the inoculum was observed.

2.6. In vitro cytotoxicity on lung cells

2.6.1. Cell culture
Human adenocarcinoma alveolar based lung cancer cells (A549) 

were cultured in RPMI 1640 cell culture medium and supplemented 
with 1% penicillin/streptomycin and 10% fetal bovine serum (FBS). 
Human epithelial bronchial cells (16HBE14o-) were cultured in EMEM 
cell culture medium supplemented with 1% L-glutamine, 1% penicillin/ 
streptomycin and 10% FBS. Cells were grown in 75 cm2 cell culture 
flasks and passaged every 3 days with 0.05% and 0.25% trypsin, 
respectively. Cells were maintained in a humidified atmosphere at 37 ◦C 
and 5% CO2.

2.6.2. Cell viability and lactate dehydrogenase (LDH) release
When confluent, A549 and 16HBE14o- cells were trypsinized and 

seeded at a density of 10,000 cells per well in 100 μL of medium in 96- 
well plates. Twenty-four hours after seeding, the medium was removed, 
and 100 μL of fresh medium containing different amounts of PLGA 
nanoparticles prepared with 2.5 mg SV7 (PLGA_2.5SV7) corresponding 
to a certain amount of SV7 entrapped (1.6, 8, 16, 40, 80 and 160 μg/mL 
of SV7), or their corresponding controls were added to each well. After 
the NP addition, the plates were incubated for 24 h, 48 h and 72 h 
respectively at 37 ◦C and 5% CO2. At each time point, the medium from 
the wells was collected to assess the LDH release, after which 100 μL of a 
0.5 mg/mL MTT sterile solution were added to each well. After 3 h of 
incubation, each well was washed with PBS and then 200 μL of a mixture 
of isopropanol and hydrochloric acid (0.04 M HCl in absolute iso
propanol) were added and incubated on an orbital shaker for 15 min. 
The absorbance was read at 570 nm using a microplate reader (FLUOstar 
Omega, BMG Labtech). Control groups included cells treated with blank 
nanoparticles and free SV7 dissolved in DMSO. The percentage of viable 
cells was calculated by the ratio of absorbance of treated cells compared 
with untreated cells. Results are given as mean values of triplicates ±
SEM.

CytoTox 96® non-Radioactive Cytotoxicity Assay (Promega, Madi
son, WI, USA) according to the manufacturer’s guidelines was used to 
quantify the LDH release. The absorbance was read at 490 nm using a 
microplate reader (FLUOstar Omega, BMG Labtech). Control groups 

included cells treated with blank nanoparticles. The percentage of 
cytotoxicity was calculated by the ratio of absorbance of treated cells 
compared with fully lysed cells (maximum LDH release control). Results 
are given as mean values of triplicates ± SEM.

2.7. In vitro cellular uptake

2.7.1. Cell culture
Mouse BALB/c monocyte macrophages (J774A.1) were cultured in 

DMEM cell culture medium supplemented with 1% glutamine, 1% 
penicillin/streptomycin and 10% FBS. Cells were grown in 75 cm2 cell 
culture flasks at 37 ◦C and 5% CO2.

2.7.2. Cellular uptake by flow cytometry
To evaluate the cellular uptake of nanoparticles by macrophages, the 

fluorescent dye coumarin-6 was incorporated in the SV7-PLGA formu
lation. J774A.1 macrophages were seeded at a density of 50,000 cells/ 
well in a 24-well-plate and incubated for 24 h at 37 ◦C and 5% CO2. Cells 
were then transfected with 100 μL of coumarin-6-loaded PLGA 
(PLGA_C6) nanoparticles suspension for 2, 4, 24 and 48 h. At different 
time points, cells were harvested and washed two times at 400 g for 5 
min and resuspended in PBS/2 mM EDTA. Cells were analyzed using an 
Attune NxT flow cytometer (Thermofisher Scientific, MA, USA) with 
488 nm excitation and 530 nm emission filter. Cells were gated based on 
morphology resulting from forward/sideward scattering and 10,000 
events were analyzed per sample. Results are given as mean values of 
triplicates ± SEM.

2.7.3. Confocal microscopy
J774A.1 macrophages were seeded in a 24-well-plate containing a 

cover glass at a density of 50,000 cells/well in 500 μL of medium and 
incubated for 24 h at 37 ◦C and 5% CO2. The day after, cells were 
transfected with 100 μL of coumarin-6 loaded nanoparticles and incu
bated for 2, 4, 24 and 48 h. One hour before the incubation time was 
completed, cells were washed with PBS twice and incubated with 300 μL 
of a 75 nM LysoTracker® red (Thermofisher Scientific, MA, USA) solu
tion, an organelle-specific labeling dye. Cells were then washed twice 
with PBS and fixed with 4% paraformaldehyde for 15 min. After three 
washing steps, cells were finally incubated with DAPI (4’,6-diamidino-2- 
phenylindole) at a final concentration of 1 μg/mL for 20 min. Cells were 
then washed twice again and mounted using FluorSave™ (Merck Mil
lipore, Billerica, MA, USA) reagent for fluorescence microscopy. Fluo
rescent images were acquired using a SP8 inverted scanning confocal 
microscope (Leica Camera, Wetzlar, Germany).

2.8. SV7-loaded nanoparticles against MRSA intracellular infection

To evaluate the activity of SV7-loaded NPs against intracellular in
fections, J774A.1 macrophages were seeded in a 24-well-plate at a 
density of 50,000 cells/well in 500 μL of medium and incubated for 24 h 
at 37 ◦C and 5% CO2. Afterwards, MRSA was added to the cells at a 
concentration of 2.5 × 105 CFU/well and co-cultivated for 1 h. Cells 
were then washed with PBS, and the medium was replaced with fresh 
medium containing 1 μg/mL gentamicin to remove extracellular MRSA. 
After 30 min, plates were washed with PBS and fresh medium containing 
free SV7 in DMSO, SV7-loaded NPs and empty NPs was added at final 
SV7 concentrations of 8.5, 17, 42.5 and 85 μg/mL. After 24 h, cells were 
lysed with ice-cold 0.1% Triton-X for 15 min and collected in micro
centrifuge tubes. The lysates were serially diluted in PBS for colony 
count in blood agar plates. Bacterial colonies were counted after over
night incubation at 37 ◦C. The results are expressed as x-fold reduction 
in comparison to the cells that received only MRSA infection and no 
treatment.

G. Costabile et al.                                                                                                                                                                                                                               



Journal of Controlled Release 374 (2024) 454–465

458

2.9. In vivo antimicrobial activity

2.9.1. In vivo toxicity and survival of Galleria mellonella larvae
The antimicrobial activity of SV7-loaded nanoparticles was tested in 

vivo in the TruLarv™ Galleria mellonella (Biosystems Technology, Exeter, 
UK) model. The safety of the formulation was evaluated by injecting 
larvae with 10 μL of the different samples (8.5 μg/mL), and the survival 
percentage was observed for the following 96 h.

In a pre-treatment study, larvae received a 10 μL injection of SV7- 

loaded NPs or the respective unloaded control (8.5 μg PLGA/mL), 24 
h before the infection with LD50 S. aureus methicillin-sensitive (2.5 ×
105 CFU/mL) or S. aureus methicillin-resistant (7.5 × 105 CFU/mL). The 
LD50 bacterial dose was experimentally determined for each strain in the 
Galleria mellonella model (Supplementary Fig. 1). Larvae were incubated 
in the dark at 37 ◦C and the survival percentage was monitored 24, 48 
and 72 h post-infection. Each experiment consisted of 10 larvae per 
group. Control groups consisted of untreated larvae, PBS-only injected 
larvae, DMSO-only larvae, DMSO-SV7 larvae and infected-only larvae.

Fig. 1. SV7-loaded PLGA nanoparticles composition (A) and hydrodynamic diameter (DH) (B) and polydispersity index (PDI) characterized by dynamic light 
scattering. (C) Overall characterization of PLGA_2.5SV7 and PLGA_5SV7. SEM images of (D) PLGA_5SV7 and PLGA_2.5SV7 (E); Scale bars represent 4 μm and 500 nm 
for low magnification and high magnification images, respectively. (F) Release profile of PLGA_2.5SV7 NPs and PLGA_2.5SV7_ HPβCD NPs. (G) Hydrodynamic 
diameter and polydispersity index of PLGA_2.5SV7 and PLGA_5SV7 NPs reconstituted in water after lyophilization.
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2.9.2. Galleria mellonella bleeding for residual bacterial load
In a following study, the residual bacterial load from larvae was 

evaluated by harvesting the haemolymph of 3 larvae per group (un
treated, infected-only, PLGA NPs and SV7-PLGA NPs) 72 h post- 
infection. The haemolymph was serially diluted in PBS, and 15 μL of 
each sample were plated on blood agar. Bacterial colonies were counted 
after overnight incubation at 37 ◦C.

2.9.3. 2.9.3 Statistical analysis
Percent survival of G. mellonella in vivo study was shown as Kaplan- 

Meier plots and statistical significance was determined using the log- 
rank (Mantel-Cox) test (GraphPad Prism 5.0). Statistical significance 
of the residual bacterial load in G. mellonella was analyzed by One-way 
ANOVA with Turkey post-test (GraphPad Prism 5.0). Statistical signifi
cance values were indicated as *P < 0.05, **P < 0.01, ***P < 0.005.

3. Results and discussion

3.1. Production and characterization of SV7-loaded PLGA nanoparticles

SV7 is a novel benzophenone-based membrane-targeting antibiotic 
which is able to release potassium ions resulting in the disruption of the 
bacterial membrane. The major obstacle for its clinical application is its 
low aqueous solubility that can affect its dissolution in physiological 
fluid such as the lung lining fluid where bacteria causing pulmonary 
infections are located. Thus, SV7-loaded PLGA nanoparticles were pre
pared through a single evaporation emulsification method in order to 
encapsulate and deliver SV7, an approach previously exploited for 
controlled release purposes [25,27]. With special regard to SV7, in order 
to increase the reported encapsulation efficiency (EE) of 33.3 ± 5.1%, 
an in depth formulation study was carried out [25]. At first the best ratio 
between PLGA and a fixed amount of PVA was evaluated; Smaller NPs 
than previously reported were fabricated using a PLGA:PVA ratio equal 
to 0.1% w/v. (Supplementary Fig. 2). Then SV7 was added to the 
formulation varying parameters such as the surfactant concentration or 
the amount of payload added to the formulation (Fig. 1A). Through this 
approach, we determined that at the PLGA:SV7 ratio of 4:1 
(PLGA_2.5SV7) and 2:1 (PLGA_5SV7), in presence of 1.5% w/v of PVA, 
NPs with a hydrodynamic diameter around 250 nm are obtained, which 
are suitable for lung administration (Ungaro et al. 2012; Sanders et al. 
2000; Lim et al. 2016) (Fig. 1B).

In particular, the NP suspensions analyzed through Dynamic Light 
Scattering (DLS) showed dimensions of 277.2 ± 37.1 and 253.7 ± 16.8 
nm, respectively, for PLGA_2.5SV7 and PLGA_5SV7 (Fig. 1C). The NP 
suspensions are of very homogenous nature with a polydispersity index 
(PDI) of 0.100 ± 0.050 and 0.090 ± 0.040 (Table 1C). Both formula
tions presented a negative ζ-potential around -17 mV (Table 1C).

A further in-depth particle diameter measurement was performed by 
tunable resistive pulse sensing (TRPS) (Kozak et al. 2012; Kozak et al. 
2011; Hartl et al. 2019). In this case, the collected data displayed an 

even smaller mean diameter of 188 ± 65 nm supported by a nano
particle size distribution that shows how the majority of the particles 
population has a size lower than 250 nm (Supplementary Fig. 3). This 
difference can be attributed to the difference in the working principle 
between DLS and TRPS techniques, measuring hydrodynamic diameters 
and particles sizes, respectively. In fact, TRPS performing a particle-by 
particle-measurement, can provide a high-resolution measurement 
which was confirmed through SEM observation. SEM images show 
particles with spherical shape and a size of 142.06 ± 7.93 (Fig. 1D, 
Fig. 1E) as verified with manual size counting through image J [28].

Considering the major localization of MRSA in the respiratory tract, 
the ability of the SV7-loaded PLGA NPs to penetrate through the mucus 
barrier and reach the target is a key requirement. However, the mucus 
meshes operate through a “size-filtering” mechanism to stop diffusion of 
particles, and to successfully penetrate it a specific geometrical size is 
required (i.e. ̴ 200 nm) [19]. Overall, both formulations show promising 
features for penetrating the mucus barrier and reaching the bacteria. 
However, the particle geometry alone is not able to guarantee that 
ability of the formulation to deposit in the airways. The particle mass 
median aerodynamic diameter (MMAD), resulting from size, density and 
shape of the particle, critically influences the mechanism and the site of 
NPs deposition when delivered via the inhalation route. Thus, initial 
studies were carried out and confirmed the potential of the developed 
formulation to be used for local pulmonary administration through 
evaluation of the particle mass median aerodynamic diameter (MMAD) 
and in term of stability during the nebulization (Supplementary Fig. 4).

Finally, the freshly prepared SV7-loaded PLGA nanoparticles pro
duced with 2.5 and 5 mg of SV7, respectively, were characterized also 
for their encapsulation efficiency (EE) (Fig. 1C).

EE is calculated as the ratio between the actual and the theoretical 
loading × 100% and resulted in 59.4 ± 2.4% and 42.8 ± 22.8%, 
respectively, corresponding to a bulk loading of 1.48 ± 0.060 and 2.14 
± 1.14 mg of SV7 for batch. These results are considerably improved 
compared with the first report in which the EE was 33.3 ± 5.13% [25]. 
Based on the higher entrapment efficiency, the formulation 
PLGA_2.5SV7 was selected for further characterization.

Considering that the production of PLGA_2.5SV7 nanoparticles 
involved a single evaporation emulsification method, a residual content 
of organic solvents could be found in the final NP suspensions. Because 
of the potential risk for the human health, the acceptable amount of 
residual solvent is strictly regulated by the authorities. Acetone is clas
sified in class 3 which includes solvents considered less toxic and of 
lower risk. Nevertheless, the European medicines agency accepts, 
without further justification, residual solvents amount of 50 mg per day 
or less (corresponding to 5000 ppm or 0.5%) (Ph.Eur. 11th Ed.). To 
evaluate if the formulation responds to this required standard, the re
sidual acetone was quantified through gas chromatography–mass spec
trometry after nanoparticle production. The mean residual content of 
acetone was 0.45 μg per 100 mg sample (w/w) corresponding to 
0.0005% ± 0.0001% (± SD, n = 3) assuring the tolerability of the 
formulation.

After production, the NP suspension was stored at 4 ◦C to test the 
stability over time (Supplementary Fig. 5). After 60 days of storage, 
almost a 0.5-fold increase in the particle hydrodynamic diameter was 
observed compared to the original value, while in the same time frame, 
the PDI showed a 4-fold increase. This instability is not surprising and is 
caused by hydrolytic degradation of PLGA in the aqueous environment, 
as well as the aggregation phenomena arising from its storage (De Jae
ghere et al. 1999). However, in a translational perspective the need to 
extend the storage stability was highlighted. Thus, in order to enhance 
the shelf-life of the formulation and avoid the loss of native nanocarrier 
characteristics, a strategy commonly used by pharmaceutical industries 
with an easy industrial scale-up, namely lyophilization was used 
[29,30]. The optimized formulation PLGA_2.5SV7 was further processed 
to achieve a solid long-term stable lyophilized powder which can be 
reconstituted in saline solution. In order to prevent particles from 

Table 1 
Minimum inhibitory concentration of SV7, SV7-loaded NPs, ciprofloxacin, 
tobramycin and erythromycin against MSSA, MRSA and P. aeruginosa.

MINIMUM INHIBITORY CONCENTRATION (MIC) (mg/L)

MSSA MRSA P. aeruginosa

Ciprofloxacin (Break point)* 0.7 (S ≤ 1) 1.7 (S ≤ 1) 0.2 (S ≤ 0.5)
Tobramycin (Break point)* n.d.** n.d.** 0.4 (S ≤ 4)
Erythromycin (Break point)* n.d.** n.d.** (-)
SV7 1.7 1.8 n.d.**
PLGA_2.5SV7 9.4 12.5 n.d.**

* Break point reported by the “The European Committee on Antimicrobial 
Susceptibility Testing”. Breakpoint tables for interpretation of MICs and zone 
diameters. Version 8.1, 2018. http://www.eucast.org

** n.d: no effect detected in the concentration range tested (100 and 0.05 mg/ 
L).
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degrading and aggregating during freeze-drying, cryoprotectants were 
added to the NPs suspension. Excipients were preferred, which were 
already used for lung administration or that could add a functionality to 
the NPs suspension as airways rehydrating agents (i.e. mannitol, treha
lose and 2-hydroxypropyl-β-cyclodextrin) [31].

The selected cryoprotectants were then added to the nanoparticle 
suspensions at different concentrations. After the solidification process, 
the hydrodynamic diameter and the polydispersity index of SV7-loaded 
PLGA NPs reconstituted through water addition after lyophilization was 
performed by dynamic light scattering analysis, and the results are re
ported in Fig. 1F.

The redispersibility index (RDI), defined as: 

RDI = D/D0 

where D0 represents the size of the nanoparticles prior to drying, and D 
represents the corresponding value post rehydration of the dried sample 
in water was calculated. A redispersibility index, whose value is as close 
as possible to 1 indicates that the powders obtained by lyophilization 
can be completely reconstituted in the initial formulation regarding size 
and PDI [32].

The best performance was obtained in presence of 100 mg/mL of 
HPβCD, which showed for PLGA_5SV7 a RDI of 1.15 and for 
PLGA_2.5SV7 a RDI of 1.10. Overall, considering the better performance 
of PLGA_2.5SV7, this formulation was selected for further experiments.

The ability of PLGA_2.5SV7 to release SV7 in physiological condition 
was evaluated showing a typical two-stage release profile (Fig. 1G). In 
particular, the freshly prepared PLGA_2.5SV7 NPs, after a burst effect in 
the first 6 h during which 11.3 ± 2.6% of the encapsulated SV7 was 
released, display a sustained release of the payload, lasting about 50 
days and reach a final release of 42.7 ± 6.0% of the loaded drug. The 
release of SV7 was also evaluated after converting the NP suspensions 
into nano-embedded dry powders using HPβCD as cryoprotectant. The 
presence of HPβCD increased the rate and amount of SV7 released and 
causes a release of 22.1 ± 1.1% and 52.0 ± 3.6% respectively after 6 h 
and 50 days. This effect could be explained considering that CD offers 
many benefits, not only as cryoprotectant but also to improve the drug 
solubility of low-water soluble compounds such as SV7 [33–35]. The 
effect of HPβCD on the release was further highlighted by the fitting the 
release with the zero-order model equation, the first-order release model 
equation (Data not shown), the Higuchi model equation and the 
Korsmeyer-Peppas model equation (Supplementary Fig. 6) [36]. In fact, 
when HPβCD is not present in the formulation the release fit the Higuchi 
model (R2: 0.988), thus describing a diffusion process based on the 
Fick’s law and dependent on the square root of time. When HPβCD is 
present in the formulation, the best correlation is seen with the 
Korsmeyer-Peppas model (R2: 0.891, R2: 0.984), highlighting the 2- 
stage release process and a release performance strongly affected by 
the presence of HPβCD (Supplementary Fig. 6).

3.2. In vitro antimicrobial activity

In order to evaluate if the encapsulation process caused a loss in 
efficacy of SV7, the inhibitory activity of SV7 after encapsulation in 
PLGA NPs was determined on methicillin-sensitive Staphylococcus aureus 
(MSSA), methicillin-resistant Staphylococcus aureus (MRSA), Pseudo
monas aeruginosa, Escherichia coli, Klebsiella pneumoniae, as well as 
Pseudomonas aeruginosa, Enterobacter cloacae, Serratia marcescens, Kleb
siella oxytoca, Citrobacter freundii and Proteus vulgaris from clinical iso
lates. Only the MIC collected on MSSA, MRSA and P. aeruginosa are 
reported in Table 1 while results are not shown for the other gram 
negative strains since, in the range of concentration tested, SV7 did not 
show any observable effect on the inoculum growth. For comparison, 
the MIC observed for conventional antibiotics (i.e. ciprofloxacin, 
tobramycin and erythromycin) and their break point from the “The 
European Committee on Antimicrobial Susceptibility Testing” are 

reported (Breakpoint tables for interpretation of MICs and zone di
ameters. Version 8.1, 2018. http://www.eucast.org).

SV7 as free compound showed a MIC of 1.7 mg/L and 1.8 mg/L, 
respectively, against MSSA and MRSA. After encapsulation in the PLGA 
NPs, SV7 was able to exert its antimicrobial effect but with an increase in 
the MIC, specifically 9.4 mg/L for MSSA and 12.5 mg/L for MRSA. This 
indicated that the potency of SV7 had been adversely affected by the 
formulation process or could also be related to the slow release of SV7 
from the NPs. At equivalent NP polymer concentrations examined, blank 
NPs had no discernible effects on the visible growth of the bacteria.

3.3. In vitro cytotoxicity on lung cells

3.3.1.1. Cell viability and LDH release. The effect of SV7-loaded PLGA 
NPs on cell viability was evaluated through the 3-(4,5-dimethylthiazol- 
2-yl)-2,5-diphenyltetrazolium bromide (MTT) and LDH release assays.

MTT assay is one of the common assays used to study cell viability 
and proliferation [37,38]. With this experiment, we aimed at evaluating 
the safety of our formulation at increasing concentrations of SV7 and 
over an extended time period. We tested the effect of PLGA_2.5SV7 NPs, 
the respective unloaded control and free SV7 dissolved in DMSO at 
different concentrations (1.6, 8, 16, 40, 80 and 160 μg SV7/mL) on two 
different lung epithelial cell lines: A549 (Fig. 2A) and 16HBE14o- 
(Fig. 2B). All concentrations tested are higher than the SV7 active con
centration. Cell viability was monitored up to 72 h. As shown in Fig. 2, 
PLGA_2.5SV7 NPs showed a safe profile up to the highest concentrations 
tested, decreasing viability only at a concentration 100-fold higher than 
the MIC value at the longest exposure time. Moreover, this experiment 
confirms that encapsulation in PLGA NPs represents a valid strategy to 
improve biocompatibility and bioavailability [39]. In fact, the viability 
of cells treated with free SV7 dissolved in DMSO is much lower than SV7 
encapsulated in PLGA NPs due to the toxic effect of the solvent on cells. 
This finding reinforces the value of PLGA-based nanoformulation as a 
tool for increasing biocompatibility and bioavailability of small mole
cules, in our case of a newly developed antibacterial agent.

The effect of different nanoparticle concentrations in terms of 
disruption of the cellular membrane was determined through the release 
of lactate dehydrogenase (LDH) in the cell supernatants [40]. The LDH 
release was tested in 16HBE14o- cells after incubation with different 
NPs concentrations, corresponding to the MIC value, 10-fold and 100- 
fold MIC. In agreement to what was previously observed in the MTT 
assay, SV7-loaded NPs retained a safe profile at all concentrations and 
time points tested (Supplementary Fig. 6). Moreover, higher cytotoxicity 
was observed for free SV7 dissolved in DMSO, confirming the role of 
PLGA NPs as a safe and biocompatible delivery system.

3.4. In vitro cellular uptake

3.4.1. Cellular uptake by flow cytometry
Notably, there is a growing body of evidence demonstrating that 

S. aureus survives inside macrophages in vitro and in vivo [41], making it 
essential to target this intracellular population to clear infection. To 
evaluate if and for how long the NPs are internalized in J774A.1 murine 
macrophages were selected as common existing model for studying 
intracellular bacterial infection as a respiratory infection model 
[42–44]. The cellular uptake was determined by flow cytometry. Hence, 
PLGA NPs were loaded with Coumarin-6 (PLGA_C6), a fluorescent dye 
soluble in organic solvents and commonly used to evaluate cellular 
uptake of nanoparticles [27,45]. PLGA_C6 NPs retained the same 
properties of PLGA_SV7 NPs in terms of size and ζ-potential (Supple
mentary Table 2). Considering the extended-release profile of SV7_PLGA 
NPs, we investigated the uptake of Coumarin-6 loaded NPs at different 
time points (2, 4, 24 and 48 h). The median fluorescence intensity values 
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resulting from the flow cytometry analysis are presented in Fig. 3A. The 
results indicate that at each time point tested a significant uptake was 
observed in comparison to the respective untreated control group. 
Moreover, the uptake proved to be sustained over time, since the median 
fluorescence intensity values were comparable at all time points or 
slightly increased at longer time intervals. Additionally, this analysis 
also confirmed that the cellular uptake was homogenous in the cell 
population under investigation, since most of the cells were positively 
stained by coumarin-6 (data not shown). Our formulation retains 
optimal parameters for macrophage targeting. Nanoparticles in the size 
range of 200–500 nm, which are generally considered too big to be taken 
up by most cellular types, are indeed optimal to be recognized and 
phagocytosed by macrophages [46]. Our NPs, which have a hydrody
namic diameter of about 250 nm, well fit this observation and can be 
easily internalized by macrophages.

3.4.2. Confocal microscopy
To confirm the cellular internalization of PLGA_C6 NPs in J774A.1 

macrophages, fluorescence images were acquired using an inverted 
scanning confocal microscope and the results are presented in Fig. 3B. In 
this experiment, nuclei were stained with DAPI (blue); lysosomes with 
LysoTracker® Red (red) and coumarin-6 is shown in green. At each time 
point tested, co-localization between the green fluorescence of 
coumarin-6 and the red fluorescence corresponding to the lysosomal 
staining can be observed. The overlap of the two fluorescence channels 
results in a yellowish color, confirming that the PLGA_C6 NPs were 
efficiently internalized by the macrophages and therefore represent a 
promising approach for the treatment of intracellular infections.

3.5. Inhibition of MRSA intracellular infection

After confirming the internalization of NPs by macrophages, the 
activity of the formulation against intracellular MRSA was investigated 
in a co-culture of J774A.1 macrophages and MRSA. After establishing 

the co-culture, cells were treated with different concentrations of SV7- 
loaded NPs as well as empty NPs and free SV7 as controls. As shown 
in Fig. 4, SV7-loaded NPs retained about 50% of their activity against 
intracellular MRSA at the MIC for extracellular MRSA. This is not sur
prising as higher concentrations of antibiotics are generally required to 
eradicate intracellular infections [47]. Indeed, at a concentration 5 
times the extracellular MIC, SV7-loaded NPs inhibited bacterial growth 
almost completely, therefore confirming the potential of the formulation 
as a valid ally against intracellular MRSA infections. Free SV7 showed 
higher activity against intracellular MRSA at a lower concentration than 
SV7-loaded NPs, in line with the results from the MIC study. This can be 
explained by the encapsulation of the antibiotic in the PLGA matrix, 
leading to longer times or higher concentrations required to achieve 
comparable concentration and activity as the free drug. Nonetheless, the 
encapsulation in PLGA NPs assures an improved safety profile of the 
formulation and a sustained release over time, which could be particu
larly important to prevent the establishment of intracellular infections in 
macrophages as well as decrease the risk of recurrent infection, while 
reducing the frequency of administration that could favor the develop
ment of antimicrobial resistance [48].

3.6. In vivo antimicrobial activity

The ability of free SV7 in DMSO to cure mice from lethal MRSA 
infection without inducing toxic effect has already been demonstrated 
[13]. However, SV7 as free compound, without a delivery system has 
little translational potential because of its low bioavailability. Therefore, 
after encapsulation of SV7, the efficacy of SV7-loaded NPs against 
S. aureus infections was examined in vivo in G. mellonella wax moth 
larvae, an established animal model used to provide an ethical and cost- 
effective proof of principle for novel antimicrobial agents 
[18,23,49–52]. Additionally, it also presents an innate response with 
many similarities to the human one as well as being able to survive at 
37 ◦C. These properties make G. mellonella an ideal model for high 

Fig. 2. Evaluation of cellular viability in A549 (A) and 16HBE14o- (B) cells after incubation with increasing amounts of PLGA_SV7 NPs and respective controls for 
24, 48 and 72 h.
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antimicrobial screenings, allowing a more accurate candidate selection 
for further studies [49].

3.6.1. Safety study
To investigate any potential toxic effect of the formulation, a safety 

study was conducted by injecting SV7-loaded NPs and the respective 
unloaded control in G. mellonella at the working concentration of 8.5 μg/ 
mL. The percentage of survived animals was observed over the following 
96 h. The formulation underlined a safe profile, resulting in the survival 
of all the treated animals, showing the same profile as the control group 
treated with PBS (Fig. 5A).

3.6.2. Pre-treatment study
Based on the controlled release nature of the formulation, a pro

phylactic treatment protocol was established to test the ability of SV7- 
loaded NPs to prevent the bacterial infection in G. mellonella and to 
extend the protection over time. In a preliminary experiment, in fact, it 
was observed that higher survival rates were achieved in the groups 
where NPs were administered before the bacterial infection in com
parison to the groups receiving both injections at the same time (data 
not shown). Consequently, larvae were injected with LD50 MSSA (2.5 ×
105 CFU/mL), which was determined in a preliminary experiment 
(Supplementary Fig. 1), 24 h after the treatment with 8.5 μg/mL SV7- 
loaded NPs, the respective unloaded NPs as control. The active con
centration of SV7 in DMSO was determined in a preliminary experiment 
in which larvae were treated with increasing concentrations of SV7 in 
DMSO (Supplementary Fig. 1C). As it can be observed in Fig. 5B, SV7- 
loaded NPs mediated a significant improvement in the percentage of 
survived animals, with an increase of almost 40% in comparison to both 
the group, which received only the infection and the one treated with 
the unloaded NPs. Similar results were observed also for MRSA-infected 
larvae (Fig. 5C). In this case, SV7-loaded NPs allowed for the survival of 
70% of the animals while without treatment the survival was only 30%.

3.6.3. G. mellonella bleeding for residual bacterial load
To confirm the results observed in the in vivo pre-treatment study, 

three larvae from each group were further analyzed for the residual 
bacterial load after 72 h from the infection as shown in Fig. 5 D, E. The 
results confirmed that the number of colonies detected for the group 
treated with SV7-loaded NPs was significantly decreased in comparison 
to both control groups that received only the infection with S. aureus or 
were treated with unloaded NPs.

Fig. 3. (A) Cellular uptake of Coumarin-6 loaded NPs in J774A.1 murine macrophages measured by flow cytometry and presented as median fluorescence intensity 
± SD. Cells were analyzed after incubation with PLGA_C6 NPs for 2, 4, 24 and 48 h. Cellular uptake significance was measured using one-way ANOVA analysis in 
comparison to the untreated group. (B) Fluorescence microscopy of J774A.1 macrophages after transfection with PLGA_C6 NPs and staining with DAPI and Lyso
Tracker® Red at different time points with respective untreated controls. White arrows indicate co-localization between lysosome and PLGA_C6 NPs. (For inter
pretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Activity of SV7-loaded NPs against intracellular MRSA infection in 
J774A.1 macrophages. Statistical significance was calculated using One- 
Way ANOVA.
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Similar observations were made also from the bleeding of MRSA- 
infected larvae. In this case, a consistent reduction of the residual bac
terial load could be observed for the animals treated with SV7-loaded 
NPs in comparison to both control groups. Interestingly, both MSSA 
and MRSA-treated groups showed an increased bacterial load after the 
injection of unloaded PLGA NPs in comparison to the group that 
received only the infection. This might be explained due to the acidifi
cation of the environment following the degradation of PLGA NPs, 
which might have favored bacterial growth [53]. S. aureus, in fact, has 
an optimal growth at slightly acidic pH. However, animals treated with 
SV7-loaded NPs showed a marked reduction of bacterial load in com
parison to both control groups. This experiment confirmed that 
PLGA_SV7 NPs prevent the establishment of S. aureus methicillin sen
sitive as well as S. aureus methicillin resistant infection in G. mellonella, 
supporting the observations suggesting that the antimicrobial agent 
retains its activity after the encapsulation in PLGA nanoparticles. 
Moreover, thanks to the sustained release profile of the formulation, the 
protection against infection could be retained over time.

4. Conclusion

In this study, we demonstrate the design and the development of a 
formulation approach that can enable the therapeutic activity of SV7, a 
novel benzophenone antibiotic, that otherwise cannot feasibly be used in 
vivo due to its poor water solubility. Therefore, we have focused on the 
production of PLGA_SV7 NPs which has been fully characterized for 
dimension, morphology, ability to mediate the sustained release of the 
payload and deposit in the deep airways for potential administration via 
inhalation. The safety of the formulation was demonstrated in vitro in 
lung cell lines and in vivo in the G. mellonella model. The efficacy against 
methicillin sensitive S. aureus (MSSA) and methicillin resistant S. aureus 
(MRSA) strains was demonstrated respectively in vitro in several bacteria 
strains and in vivo in the G. mellonella model. We further showed the 
ability of the NPs to be efficiently internalized by macrophages to target 
intracellular MRSA infection, which represents one of the biggest hur
dles in the fight against being limited by the bacterial resistance process. 
Finally, to confirm the translatability of the findings, an in vivo G. mel
lonella infection model was established. Here, the safety of the 

Fig. 5. Antibacterial activity and safety of SV7-loaded NPs in G. mellonella infection model. (A) PBS, PLGA NPs and PLGA_SV7 NPs were administered to uninfected 
larvae, and the survival was followed for the following 96 h. G. mellonella larvae were infected with MSSA (B) and MRSA (C) after 24 h pre-treatment with PLGA_SV7 
NPs and the respective unloaded control. Percentage survival was monitored for the following 72 h. Statistical significance of survival was determined using the log- 
rank (Mantel-Cox) test. Residual bacterial load in G. mellonella was determined 72 h after the infection with MSSA (D) and MRSA (E). Bacterial load reduction was 
measured using One-Way ANOVA analysis of significance.
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formulation as well as the activity of SV7-loaded NPs against MRSA in a 
prophylactic setup were confirmed. The pre-treatment with NPs in fact 
prevented the establishment of the infection and assured higher survival 
rates than control groups.

Overall, the results support the use of nanoformulation systems for 
the clearance of intracellular pulmonary infection that through local 
administration could avoid triggering of antimicrobial resistance. To 
exploit the advantageous findings of the NPs developed here, further 
studies are needed. For instance, optimization of the developed dry 
powder for delivery with a dry powder inhaler is very desirable and 
deserves further attention to enhance the patients’ compliance to the 
therapy. Further in vivo studies in a more complex animal model (e.g. 
mice) will focus on the optimization of post-infection regimes, as well as 
in more complex environment such the effect on the tumor associated 
microbiome [7].

CRediT authorship contribution statement

Gabriella Costabile: Writing – original draft, Visualization, Meth
odology, Investigation, Funding acquisition, Formal analysis, Data 
curation, Conceptualization. Domizia Baldassi: Writing – original 
draft, Methodology, Investigation, Formal analysis, Data curation. 
Christoph Müller: Formal analysis. Birgit Groß: Methodology. Fran
cesca Ungaro: Writing – review & editing, Funding acquisition, 
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