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A B S T R A C T   

Staphylococcus aureus possesses the ability to become pathogenic, leading to severe and life-threatening in
fections. Its methicillin-resistant variant MRSA has garnered high-priority status due to its increased morbidity 
and associated mortality. This emphasizes the urgency for novel anti-staphylococcal agents. The bacteriocin 
lysostaphin stands out for its remarkable bactericidal activity against S. aureus, including MRSA, outperforming 
conventional antibiotics. However, the clinical application of lysostaphin faces challenges, including enzymatic 
activity loss under physiological conditions and potential immunogenicity. This study introduces a novel 
approach by encapsulating lysostaphin within polylactic-co-glycolic acid (PLGA) nanoparticles, a biodegradable 
copolymer known for its biocompatibility and sustained drug release ability. The study assesses the antimicrobial 
activity of lysostaphin-loaded PLGA nanoparticles against different S. aureus strains, and we also used GFP- 
expressing S. aureus for facilitating its traceability in planktonic, biofilm, and intracellular infection models. 
The results showed the significant reduction in bacteria viability both in planktonic and biofilm states. The in 
vitro intracellular infection model demonstrated the significantly enhanced efficiency of the developed nano
particles compared to the treatment with the free bacteriocin. This research presents lysostaphin encapsulation 
within PLGA nanoparticles and offers promising avenues for enhancing lysostaphin’s therapeutic efficacy against 
S. aureus infections.   

1. Introduction 

Staphylococcus aureus, a Gram-positive bacterium, typically exists as 
a commensal organism on the human skin and mucous membranes. It is 
calculated that ~30 % of healthy people colonized by S. aureus do not 
exhibit any pathological symptoms [1]. However, it possesses the ca
pacity to become pathogenic under certain circumstances, giving rise to 
millions of severe and potentially life-threatening infections around the 
world [2]. According to a study conducted in 2019, S. aureus emerged as 
a primary contributor to bacterial-related deaths in 135 countries and 
was particularly notable for causing the highest number of infection- 
associated deaths among individuals aged 15 years and older world
wide [3]. S. aureus demonstrates a wide range of disease manifestations, 

including foodborne toxin infections, skin and soft tissue infections, 
urinary tract infections, pneumonia, endocarditis, and meningitis, 
among others [4–6]. 

Broad-spectrum antibiotics have played a crucial role in combating 
S. aureus infections over the years [7]. Nevertheless, the emergence of 
methicillin-resistant S. aureus (MRSA) has been alarming since it was 
first reported in the 1960s [8]. MRSA, among other antimicrobial- 
resistant microorganisms, is becoming increasingly ubiquitous in clin
ical settings becoming one of the most prevalent pathogens in 
healthcare-associated infections [9]. Currently, MRSA is classified as a 
high-priority pathogen in the World Health Organization’s (WHO) list of 
antimicrobial resistant bacteria [10]. Consequently, there is an urgent 
need for novel anti-staphylococcal agents to overcome this concern. 
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There is also a growing focus on selective treatments that exclusively 
target pathogenic bacterial species, minimizing collateral damage to 
commensal bacteria, promoting a healthy microbial balance in the host 
and boosting the immune system. 

Bacteriocins, lytic enzymes of bacterial origin, serve as natural 
antimicrobial agents that play a crucial role in microbial competition 
and shaping bacterial populations [11]. Produced by bacteria as a de
fense mechanism against competing microorganisms, they exhibit 
bactericidal activity comparable to antibiotics, but with a very narrow 
spectrum of activity. This, coupled with their reported rarity in resis
tance development, make them a favorable option for antimicrobial 
therapy [12]. Lysostaphin (LYS), a well-studied bacteriocin, is a natu
rally occurring endopeptidase derived from Staphylococcus simulans. It 
possesses exceptional enzymatic activity by cleaving polyglycine bridges 
that serve as cross-linkers in the cell wall structure of staphylococci 
[13,14]. In vitro investigations have demonstrated its potent bactericidal 
efficacy against S. aureus strains, even those exhibiting resistance to 
conventional antibiotics like MRSA [15,16]. LYS displays superior effi
cacy compared to native human response against infection and broad- 
spectrum antibiotics like penicillin and vancomycin [17–19]. Further
more, it exhibits a remarkable capability to effectively lyse both actively 
growing cells and cells in stationary growth phase, and shows enhanced 
efficacy against bacterial biofilms [15,20,21]. The effectiveness of LYS 
and its therapeutic potential have been examined across diverse con
texts, like animal models featuring systemic infections [22], wound in
fections [23], bone infections [24], endocarditis [25], mastitis [21], 
keratitis [26], and biofilm and implant-associated infections [27]. 
Additionally, clinical trials have been conducted to investigate the 
effectiveness of LYS in humans afflicted with persistent nasal coloniza
tion [28,29]. Overall, these studies reveal the potential of LYS as a 
therapeutic agent against staphylococcal infections in diverse clinical 
scenarios. 

Nevertheless, the clinical applicability of LYS encounters two pri
mary challenges. Firstly, the loss of enzymatic activity under physio
logical conditions [30]. Secondly, the potential immunogenicity of LYS 
raises concerns regarding the development of immune responses and 
associated adverse reactions [31]. To overcome these challenges, a 
range of strategies have been explored. These strategies include PEGy
lation [32–34], glycosylation [35], inclusion in hydrogels [34], poly
mers [36], fusion with other proteins (bovine serum albumin (BSA), cell 
penetrating peptides (CPPs)) [37–41] or its encapsulation in different 
nanocarriers such as liposomes [42]. 

Encapsulation of enzymes within polymeric particles offers a prom
ising approach to preserve their stability and to ensure the sustained 
enzymatic activity required for effective therapeutic applications 
[43,44]. By providing a protective environment, this platform may 
preserve and maintain the enzymatic functionality over extended pe
riods of time [45,46]. In this study, we present a novel approach for 
enhancing the efficacy of LYS by encapsulating it within Polylactic-co- 
glycolic acid (PLGA) nanoparticles. This copolymer is present in several 
FDA and EMA-approved drug delivery systems and medical devices due 
to its remarkable biocompatibility and biodegradability, being exten
sively employed as a controlled drug-release polymer. Its utilization, 
particularly when formulated into micro or nano-sized particles, finds 
broad applications in vitro and in vivo for the delivery of antibiotics, 
proteins, nucleic acids and so on [47]. In this work, we have focused on 
the evaluation of the antimicrobial activity of LYS-loaded PLGA nano
particles against S. aureus in both planktonic and sessile states, as well as 
in an intracellular infection model in J774 murine macrophages. Intra
cellular bacterial persisters are responsible for episodes of infection 
relapse and their elimination is challenging. This research aims to shed 
light on the potential of this formulation in improving the therapeutic 
efficacy of LYS, thereby addressing the challenges associated with 
intracellular S. aureus infections. 

2. Materials and methods 

2.1. Materials 

Poly(lactic-co-glycolic acid) (PLGA) 50:50 Resomer RG 502H was 
purchased from Evonik Industries AG (Essen, Germany). Recombinant 
lysostaphin from Staphylococcus simulans (LYS; ≥90 %; 3,000 UN/mg), 
2,2,2-trifluoroethanol (TFE), dichloromethane (DCM), Mowiol® 4–88 
(PVA), BSA, acetic acid, Calcofluor White and Crystal Violet ACS reagent 
were supplied by Sigma Aldrich (Darmstadt, Germany). S. aureus ATCC 
25923 strain was obtained from Ielab (Alicante, Spain). S. aureus GFP 
was kindly donated by Dr. Iñigo Lasa and obtained using a pCN47 
plasmid carrying a Phyper constitutive promoter as reporter of the GFP 
and grown with 10 μg/mL erythromycin. Moreover, two clinical strains 
(methicillin-susceptible S. aureus (MSSA) Newman strain and 
methicillin-resistant S. aureus (MRSA) USA300 strain) were kindly 
donated by Dr. Cristina Prat (Institut d’Investigació en Ciències de la 
Salut Germans Trias i Pujol, Badalona, Spain). Paraformaldehyde (PFA) 
4 % in PBS and Phalloidin-546 were obtained from Fisher Scientific 
(Waltham, MA, USA). The Blue® Cell Viability Assay kit was purchased 
from Abnova (Taipei, Taiwan) while saponin from Quillaja Bark pure 
and SDS for molecular biology were obtained from AppliChem (Ger
many). Fetal bovine serum (FBS) was obtained from Gibco (Waltham, 
MA, USA) while high-glucose Dulbecco’s modified Eagle’s medium 
(DMEM w/stable glutamine), antibiotic-antimycotic solution (peni
cillin-streptomycin-amphotericin B; PSA) and DPBS 1× buffer were ac
quired from Biowest (Nuaillé, France). Tryptone soy broth (TSB) was 
obtained from Laboratorios Conda-Pronadisa SA (Madrid, Spain) and 
tryptone soy agar plates (TSA) were purchased from Avantor VWR 
(Radnor, PA, USA). 

2.2. Synthesis of PLGA@LYS nanoparticles 

To prepare the PLGA@LYS nanoparticles (NPs), a LYS aqueous so
lution (2 mg/mL, 0.5 mL) was combined with TFE:DCM (1:4, 4.5 mL) in 
which PLGA (100 mg) had been previously dissolved. The resulting 
solution was added dropwise into a 5 % (w/v) PVA aqueous solution. To 
form an emulsion, the mixture was sonicated using a probe with a 
diameter of 0.13 in. and an amplitude of 40 % (Digital Sonifier 450, 
Branson, MO, USA). The emulsion was allowed to stir at room temper
ature for 4 h to allow DCM and TFE evaporation and the subsequent 
precipitation of the NPs. To remove the excess of PVA and unincorpo
rated LYS, the resulting NPs were centrifuged at 13,000 rpm for 15 min 
and washed three times with ultrapure water. 

2.3. Characterization of PLGA@LYS NPs 

Particle size and size distribution of PLGA@LYS NPs were measured 
by dynamic light scattering (DLS) using a Brookhaven 90Plus particle 
size analyzer. For zeta potential measurements, the same equipment 
with ZetaPALS software was employed. The assays were conducted in a 
1 mM KCl aqueous solution at a pH of 6, maintaining a stable temper
ature of 25 ◦C. The zeta potential values were ascertained by examining 
the electrophoretic mobility of NPs and subsequently applying the 
Smoluchowski equation. The morphology of the NPs was visualized 
using a FEI inspect F50 scanning electron microscope (SEM; FEI com
pany, Hillsboro, OR, USA) after sputter coating the particles with Pd. To 
determine the concentration (μg/mL) of PLGA@LYS NPs in an aqueous 
suspension for further experiments, a defined volume of the suspension 
was weighed and then evaporated in a 60 ◦C oven before measuring the 
weight of the dried residue with a microbalance and its concentration 
calculated by mass balance. Encapsulation efficiency (EE) and drug 
loading (DL) of LYS into PLGA NPs were determined by using a modified 
BCA Protein Assay Kit (Thermo Fisher Scientific). Briefly, the NPs were 
dissolved in an aqueous solution containing 0.1 M NaOH 0.5 % (w/v) 
and stirred vigorously during 24 h at 37 ◦C to hydrolyze completely the 
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PLGA and release the LYS. Prior to the assay, the samples were sonicated 
for 15 min and then centrifuged 5 min at 13,000 rpm to collect the su
pernatants. LYS was quantified using a Varioskan LUX microplate reader 
(Thermo Fisher Scientific) at a wavelength of 595 nm. The EE and DL in 
the different formulations were calculated using Eqs. (1) and (2): 

EE (%) =
mass of encapsulated LYS (mg)

mass of added LYS (mg)
x100 (1)  

DL (%) =
mass of encapsulated LYS (mg)

total mass of PLGA@LYS NPs (mg)
x100 (2) 

To determine the drug release profile of LYS from the PLGA@LYS 
NPs, the samples were dispersed in a PBS buffer solution and incubated 
at 37 ◦C with constant agitation. At predefined time points, aliquots of 
the suspension were collected and centrifuged (5 min, 13,000 rpm) to 
obtain the supernatant. The amount of released LYS was quantified 
using the BCA assay. The percentage of released LYS was calculated with 
respect to the total amount of protein encapsulated in the NPs. The 
experiment was performed in triplicate. 

2.4. Antimicrobial activity of free LYS and PLGA@LYS NPs 

Different strains of S. aureus (ATCC 25923, GFP-expressing S. aureus, 
Newman (MSSA) and USA300 (MRSA)) were inoculated in 5 mL of TSB 
and incubated overnight at 37 ◦C with shaking. The culture was then 
diluted in fresh TSB to achieve a constant OD600 (≈107 colony forming 
units (CFU)/mL)) and transferred to a 96-well plate. Bacterial suspen
sions were then treated with increasing concentrations of free LYS 
(0.25–3 μg/mL) or PLGA@LYS NPs (10–100 μg/mL, to reach equivalent 
concentrations of the free antimicrobial peptide) in TSB and incubated 
at 37 ◦C for 24 h with shaking. The antibacterial activity was evaluated 
by the serial dilution method followed by plating the treated samples on 
TSA plates. The experiments were carried out three times in triplicate 
comparing the results obtained against those yielded from control 
samples (not treated samples and non-loaded PLGA NPs). 

2.5. Biofilm inhibition and disruption assays 

S. aureus expressing GFP was inoculated in 5 mL of TSB and incu
bated at 37 ◦C with vigorous shaking overnight. The resulting culture 
was diluted in fresh TSB to attain a constant OD600 (≈107 CFU/mL) and 
then transferred to 96-well plates. For the biofilm inhibition studies, 
cultures were treated at this point with increasing concentrations of free 
LYS (0.1–64 μg/mL) or PLGA@LYS NPs (5–2000 μg/mL, to reach 
equivalent concentrations of the free antimicrobial peptide) in TSB and 
incubated at 37 ◦C for 24 h without shaking. For the biofilm disruption 
studies, cultures were not treated and incubated at 37 ◦C for 24 h with 
shaking to promote biofilm formation. Then, planktonic cells were 
removed by washing twice with PBS and the already formed mature 
biofilms were treated at the same conditions as the ones used in the 
inhibition studies. In both methodologies, after incubation, samples 
were washed twice with PBS prior quantifying the biofilm biomass by 
the Crystal Violet assay, to count bacterial colonies, and to study the 
biofilm morphology by confocal microscopy. 

As mentioned, the evaluation of the biofilm biomass obtained was 
carried out by the Crystal Violet assay. First, cultures were fixed with 
200 μL of 4 % PFA in PBS for 15 min and then stained with 200 μL of 0.1 
% Crystal Violet in Milli Q water for another 15 min. After staining, the 
Crystal Violet in excess was removed by washing the wells with water up 
to 5 times. The fixed stained samples were solubilized with 200 μL of 33 
% acetic acid for 15 min. Lastly, the absorbance was measured at 570 nm 
using a Varioskan LUX microplate reader (Thermo Fisher Scientific). 
Five replicas of each experimental group were tested. 

To count the bacterial colonies obtained, the biofilms were disrupted 
by sonication in a water bath for 5 min and collected. Finally, the 
dispersed biofilms were serially diluted in sterile PBS before plating 

them in TSA for CFU counting. The experiments were carried out three 
times in triplicate. 

To observe the morphology of the biofilms, S. aureus GFP cultures 
were established using the same procedure described above, with the 
exception that bacteria were seeded onto microscope 8-cell culture 
chamber slides (Thermo Fisher Scientific). Then, the biofilms were 
stained with Calcofluor White at a concentration of 40 μg/mL for 20 min 
at room temperature. The stain in excess was removed by washing it 
three times with sterile PBS. Samples were then covered with coverslips 
and with a drop of mounting medium (Fluoromount-G™, Thermo Fisher 
Scientific). The biofilms were observed using a confocal laser scanning 
microscope (Zeiss LSM 880; Zeiss, Germany) equipped with a 63× oil 
immersion objective. Z-stack images were acquired with a step size of 
0.5 μm, and the images were analyzed using the ZEN 3.3 software (Zeiss, 
Germany). 

In all these assays, control samples (not treated samples and non- 
loaded PLGA NPs) were also evaluated. 

2.6. Cell cytotoxicity assays 

The cytotoxic effects of LYS and PLGA@LYS NPs were evaluated 
using J774 murine macrophages. The macrophages were grown in 
DMEM High-Glucose supplemented with 10 % FBS and 1 % PSA, and 
were incubated in a humidified atmosphere at 37 ◦C and 5 % CO2. The 
medium was replaced every 2–3 days and cells were passaged when they 
reached confluence. For the cytotoxicity assays, the cells were seeded in 
96-well plates at a density of 18,000 cells/cm2 and incubated overnight. 
Then, the culture medium was replaced with fresh DMEM containing 
varying concentrations of LYS (0.1–16 μg/mL) and PLGA@LYS NPs 
(60–1000 μg/mL) and incubated for 24 h. After the incubation, cell 
viability was assessed using the Blue Cell Viability Assay (Abnova, 
Taipei, Taiwan). Briefly, the medium was replaced with 100 μL of fresh 
supplemented DMEM containing 10 % of the reagent and incubated for 
2 h at 37 ◦C. The fluorescence was measured at excitation/emission 
wavelengths of 570/590 nm using a Varioskan LUX microplate reader 
(Thermo Fisher Scientific). Control samples (non-treated samples and 
samples treated with non-loaded PLGA NPs) were also analyzed 
(assigned with 100 % viability). The experiments were performed in 
triplicate. 

2.7. In vitro model of cell infection and treatment 

The in vitro infection model was developed as we previously reported 
[48]. In brief, J774 macrophages were seeded in 6-well plates at a 
density of 18,000 cells/cm2. Before the infection assay, cells were 
washed twice with PBS and DMEM was renewed without PSA to avoid 
any interference with the infection. 

To prepare S. aureus GFP, 5 mL of TSB was inoculated and incubated 
overnight at 37 ◦C with shaking. The bacteria were then cultured by 
centrifugation at 4000 rpm for 5 min, washed with PBS, and resus
pended in the same buffer to achieve a constant OD600 (~107 CFU/mL). 
To establish the co-culture of macrophages and S. aureus GFP, the bac
terial cells were added to the macrophage culture at a multiplicity of 
infection (MOI) of 10:1. The co-culture was then centrifuged at 200 g for 
5 min and incubated for 1 h at 37 ◦C. Subsequently, the medium was 
discarded, and the cells were washed with PBS to remove non- 
phagocytized bacteria. To eliminate any remaining extracellular bacte
ria, the cells were then treated with 100 ppm gentamicin in DMEM for 
an additional hour. 

Two different approaches were used for the treatment of the intra
cellular infection. In the first approach, macrophages were pre-treated 
with various concentrations of either LYS (1 and 5 μg/mL) or PLGA@
LYS NPs (50–500 μg/mL) in supplemented DMEM for 4 h prior to the 
infection. In the second approach, already infected macrophages were 
treated with the same concentrations of LYS and PLGA@LYS NPs for 1 h, 
replacing gentamicin. In both cases, non-infected and non-treated cells 
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were used as controls. The schematic diagram of the two experimental 
processes is shown in Fig. 1. The rationale behind was to know if LYS in 
its free and encapsulated forms was able to prevent eukaryotic cells for 
being infected (pre-treatment approach) and to know if LYS in its free 
and encapsulated forms was able to eliminate intracellular infective 
persisters (post-treatment approach). 

To perform a quantitative analysis of the infection status in the co- 
culture, the cells underwent flow cytometry (FACS) analysis. To do 
this, the co-cultures were fixed with 4 % PFA for 30 min at room tem
perature. Afterwards, cells were washed and collected to be analyzed by 
FACS (Gallios flow cytometer, Beckman Coulter, USA). The cells within 
the co-culture were sorted based on their size and the level of GFP signal. 
The GFP signal was observed using an excitation wavelength of 488 nm 
and an emission wavelength of 525 nm. Resulting data were analyzed 
using the Flowing 2 software. 

Additionally, confocal microscopy was used to observe the effects of 
LYS and PLGA@LYS NPs treatments against the intracellular S. aureus 
GFP infection in macrophages. For these experiments, the methodology 
followed was the same as described above though in order to facilitate 
microscopy analysis, a glass coverslip (Ø13 mm) was initially placed on 
the bottom of the multi-well plates before macrophages seeding. After 
cell fixation, the coverslips with the cells were incubated in the dark 
with Phalloidin 546 (1:200 in PBS-BSA-saponin solution) for 1 h at room 
temperature. Then, cells were rinsed with 1 % PBS-BSA and distilled 
water. Afterwards, cells were washed with PBS 1× BSA 1 %, and sub
sequently with a solution of saponin 0.1 % in PBS 1× BSA 1 %. The 
samples were then mounted on glass slides using DAPI-Fluoromount G™ 
(Thermo Fisher Scientific) and analyzed using confocal microscopy 
(Zeiss LSM 880; Zeiss, Germany) with a 63× oil immersion objective. In 
the case of GFP, Phalloidin 546, and DAPI, the maximum excitation and 
emission wavelengths were 489/508 nm, 556/570 nm, and 358/461 
nm, respectively. The laser wavelengths for excitation were dynamically 
adjusted in real-time to prevent interference or overlaps and ensure the 

detection of each fluorescent label separately. Z-stack images were ac
quired with a step size of 0.5 μm, and z-stack orthogonal projections 
were utilized to visualize the presence of bacteria inside the macro
phages. The images were analyzed using the ZEN 3.3 software (Zeiss, 
Germany). 

In these experiments, control samples (not treated samples and non- 
loaded PLGA NPs) were also evaluated. 

2.8. Statistical analyses 

In every bar graph, values are displayed as the mean ± SD. The 
statistical analysis of experimental data was performed using Prism 8 
software (GraphPad Software Inc., San Diego, CA, US). Three replicas 
were carried out for each experiment, and all experimental conditions 
were tested in triplicate unless otherwise specified. The statistical 
analysis in the antimicrobial activity experiments was performed using 
the Kruskal-Wallis test. For the intracellular infection assay, a one-way 
analysis of variance (ANOVA) was employed for conducting multiple 
comparisons along with a Dunnett’s post-test. Statistically significant 
differences were identified when p ≤ 0.05. 

3. Results and discussion 

3.1. Physico-chemical characterization of PLGA@LYS NPs 

Fig. 2a displays the SEM micrographs obtained for the PLGA@LYS 
NPs. All the images obtained showed a relatively homogeneous diameter 
in the particles and a spherical shape. PLGA@LYS NPs exhibited mean 
diameters of 153.76 ± 45.8 nm. Fig. 2b shows the unequivocal absor
bance signal in the UV region (max 280 nm attributed to its proteina
ceous nature) of the LYS when loaded within the PLGA@LYS NPs. The 
synthesis method was adapted from Lin et al. [46], who synthesized 
PLGA microparticles encapsulating LYS using the same polymer. The 

Fig. 1. Experimental methodologies following pre-treatment and post-treatment strategies.  
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synthesis method optimization was initially performed in the absence of 
LYS, using BSA (a cost-effective model protein) instead of LYS. The 
differences in morphology between the PLGA@LYS NPs and the empty/ 
BSA-loaded particles were not significant (results not shown). The 
encapsulation efficiency and drug loading were 47.38 ± 2.4 wt% and 
2.88 ± 0.7 wt%, respectively. The release kinetics of LYS from the 
PLGA@LYS NPs were evaluated in saline buffer. The release profile 
(Fig. 2c) demonstrated a two-phase pattern: an initial burst release 
during the first 24 h, followed by a prolonged and sustained release over 
a period of 7 days. At this point, 37.5 wt% of the LYS content was 
released. Data was reasonably well fitted to the Peppas-Sahlin model 
indicating that LYS release was attributed to both Fickian diffusion and 
case II relaxations. The rapid protein release during the initial burst is 
advantageous as it makes LYS rapidly bioavailable to eradicate bacteria. 
Meanwhile, the sustained release maintains persistent concentration 
levels that last for days, preventing further bacterial growth and the 
possibility of re-infection. This profile would be attributed to an initial 
release of the LYS present in the outmost part of the PLGA nanoparticles 
and a subsequent release of the LYS present in the solid matrix structure 
after hydrolysis and matrix erosion. Lin et al. reported the formulation of 
PLGA microparticles encapsulating LYS for pulmonary delivery [46]. 
Contrary to our work, those authors showed a burst release extended 
between 24 and 72 h, eventually reaching almost 100 % release rate 
after 7 days. However, our PLGA system still maintained 65 % LYS non 
released after 7 days, indicating a more prolonged release to inhibit 

potential infections mediated by persisters. According to those authors 
and the previous literature [49], this delayed burst release is attributed 
to an empty microspherical structure present in their capsules, which is 
something not existent in the solid matrix nanoparticles synthesized in 
the current study. 

3.2. Antimicrobial activity 

Free LYS showed a concentration-dependent antimicrobial activity 
against all tested S. aureus planktonic strains (Fig. 3a). LYS minimum 
bactericidal concentration (MBC) varied among the different strains, 
MRSA being the most susceptible (1 μg/mL), which is a positive 
outcome. However, these differences in susceptibility between strains 
are not considered significant according to previous reports [50]. The 
LYS MIC and MBC against S. aureus GFP were determined to be 0.5 and 
3 μg/mL, respectively. Given that MIC values for S. aureus GFP were in 
the same order as those observed for S. aureus wild type (WT) and for 
MRSA, the former strain was used for the subsequent assays in order to 
take advantage of its easy visualization by confocal microscopy. The 
PLGA@LYS NPs also exhibited significant antimicrobial activity against 
planktonic S. aureus GFP strain, showing MIC and MBC values of 60 and 
80 μg/mL. Considering the DL data (Fig. 2c), these values would 
correspond to approximately 1.73 and 2.3 μg/mL of encapsulated LYS. 
These values, while not identical to those observed for free LYS, indicate 
that LYS retained its bactericidal activity after the encapsulation 

Fig. 2. Synthesis and characterization of PLGA@LYS NPs: a) SEM images of PLGA@LYS NPs and the frequency distribution of their particle diameters. The table 
displays the results of DLS analysis and z-potential measurements at a pH of 6; b) UV-VIS identification of LYS in PLGA@LYS NPs; c) Drug release profile of LYS from 
PLGA@LYS NPs and its corresponding numerical fitting using the Peppas-Sahlin model. The inset table shows the percentages of drug loading and encapsulation 
efficiency data. 
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process. 
On the other hand, neither free LYS nor PLGA@LYS NPs were able to 

completely eliminate the bacterial population in preformed mature 
biofilms (Fig. 3c and d, eradication assays, respectively), though a sig
nificant reduction in the bacterial load was attained at the highest 
concentrations assayed. On mature biofilms, the MIC was reached for 
the free LYS at 16 μg/mL while for the PLGA@LYS NPs was 2000 μg/mL, 
which corresponds to a concentration of 57.6 μg/mL of encapsulated 
LYS. Conversely, the inhibition of biofilm formation was fully achieved, 
showing a significant reduction in the bacterial load (MIC) at concen
trations of 1 μg/mL of free LYS (Fig. 3c) and at 50 μg/mL for PLGA@LYS 
NPs (1.44 μg/mL of encapsulated LYS; Fig. 3d), whereas biofilm for
mation was completely hampered at 4 μg/mL of free LYS (Fig. 3c) and at 
200 μg/mL for PLGA@LYS NPs (5.76 μg/mL of encapsulated LYS; 
Fig. 3d). It should be noted that control samples (not treated or treated 
with PLGA@NPs not loaded with LYS) yielded the same results, thus 
PLGA did not exert any effect in bacteria nor biofilm. 

The higher concentration needed to eliminate bacteria in a mature 
biofilm when using PLGA@LYS NPs compared to the use of the free 
enzyme could be attributed to the difficulty for the NPs to diffuse and 
permeate through the exopolysaccharide-composed biofilm during the 
time of our experiments (24 h). In agreement with the previous litera
ture, the doses of antimicrobial needed to completely eradicate bacteria 

in mature biofilms are orders of magnitude superior to the ones needed 
when bacteria remain in their planktonic state [51]. 

In the analysis of biofilm biomass formation using the Crystal Violet 
assay (Fig. 3e and f), it was shown that the lowest concentration of LYS 
(0.1 μg/mL) was capable of inhibiting biofilm formation, while the 
PLGA@LYS NPs formulation required 500 μg/mL (14.4 μg/mL of 
encapsulated LYS) for a similar outcome. Nevertheless, considering the 
results of colony counting in these assays (Fig. 3c and d, inhibition as
says), it should be noted that the absence of biomass due to the inhibi
tion of biofilm formation does not always imply the complete 
elimination of the bacteria. For instance, even though 0.1 μg/mL of LYS 
was effective in preventing biofilm formation, there were still bacteria 
present in the cultures, even in those treated with 1 μg/mL. In contrast, 
for the case of PLGA@LYS NPs, the bacteria were eliminated with 200 
μg/mL (5.76 μg/mL of encapsulated LYS), even though the presence of 
reduced biomass was still observed. 

Additionally, it was observed (Fig. 3e and f) that 8 μg/mL of LYS and 
500 μg/mL of PLGA@LYS NPs (14.4 μg/mL of encapsulated LYS) were 
needed to significantly disperse and nearly eradicate an already estab
lished mature biofilm. However, as pointed out above, neither free LYS 
nor PLGA@LYS NPs could completely eliminate the bacteria present in 
the culture, as attested in the eradication data (Fig. 3c and d). Again, 
control samples (not treated or treated with PLGA@NPs not loaded with 

Fig. 3. Antimicrobial and antibiofilm activity of free LYS and PLGA@LYS NPs: a) Antimicrobial activity of free LYS against various strains of S. aureus in planktonic 
state; b) Antimicrobial activity of PLGA@LYS NPs against S. aureus GFP in planktonic state; c) Colony counting (CFU/mL) of S. aureus GFP obtained from biofilm 
inhibition and eradication studies using free LYS; d) Colony counting (CFU/mL) of S. aureus GFP obtained from biofilm inhibition and eradication studies using 
PLGA@LYS NPs; e) Biofilm biomass obtained after inhibition and eradication activity of free LYS using the crystal violet staining assay; f) Biofilm biomass obtained 
after inhibition and eradication activity of PLGA@LYS NPs using the crystal violet staining assay. All the experiments were performed at least three times in triplicate 
(N ≥ 9). The statistics analyses compare each experimental group to the control one (*p < 0.05; **p < 0.01; ***p < 0.001). Ctrl displays the results obtained in both 
control samples evaluated (not treated and not loaded PLGA NPs) as no differences were observed. 
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LYS) displayed the same results. 
It has been reported that LYS can inhibit and eradicate S. aureus 

biofilms on artificial surfaces [52], a characteristic that has led to its 
recognition as a potential antimicrobial coating on clinical materials 
[53,54]. Moreover, the encapsulation of LYS has shown the potential to 
enhance the anti-biofilm capacities of the molecule when compared to 
its free form [34]. This is likely attributed to the protective effect against 
trapping and inactivation of the molecule in the biofilm microenviron
ment, and its sustained release from the carrier. In our case, we do not 
see an enhancement in the antimicrobial action when using the encap
sulated LYS in the short term, which is attributed to the prolonged 
sustained release of the antimicrobial compound. We postulate that the 
use of a sustained release system would aid in any prolonged duration of 
the antimicrobial action and successive applications of the free LYS 
would not be necessary when having the nanoparticulated system here 
described. 

Fig. 3e and f also revealed that there was an effect in which the 
biofilm mass increased in the presence of certain treatment concentra
tions, as antimicrobial exposure can promote biofilm formation [55]. 
This phenomenon can occur when sublethal concentrations of antimi
crobial agents are used, which can stimulate bacteria to form biofilms as 
a protective response against the selective pressure of antimicrobials. 

Biofilm formation of S. aureus GFP was monitored using confocal 
microscopy and the Calcofluor White stain (Fig. 4). Similar to previous 
assays, the capacity of free and encapsulated LYS to both inhibit and 
disperse the biofilm was evaluated. Cultures treated with PLGA NPs 

without LYS did not show changes compared to the control. 
The concentrations utilized for these assays were selected taking into 

consideration the PLGA@LYS NPs drug loading and the results depicted 
in Fig. 3. In consonance with those results, both LYS and PLGA@LYS NPs 
formulations were more effective inhibiting the formation of biofilm 
rather than eradicating it. This situation was foreseeable since bacteria 
in inhibition assays started in a planktonic state and were in contact with 
the treatment since the beginning of the experiments hindering biofilm 
formation. Likewise, it was noticeable that a dose-dependent concen
tration in proposed treatments (free LYS or encapsulated one) led to a 
reduction in GFP expression and extracellular matrix labelling. More
over, PLGA@LYS NP treatments appeared to be more effective in 
reducing the GFP signal, both in the inhibition and eradication assays, in 
comparison with those using free LYS. These results obtained in confocal 
microscopy support those obtained in the previous assays (Fig. 3). 

3.3. Intracellular infection 

To study the effects of the treatment of free LYS and PLGA@LYS NPs 
on a cell line infected with S. aureus, an intracellular infection model was 
developed using J774 macrophages infected with GFP-expressing 
S. aureus. As detailed above and taking into account that MIC values 
for S. aureus GFP were similar to those observed in the other strains used, 
S. aureus GFP was the strain chosen for further studies to take advantage 
of its visualization under confocal microscopy. Intracellular infection 
represents one of the most challenging scenarios where persister 

Fig. 4. Confocal laser scanning microscopy of S. aureus GFP biofilm cultures: a) Biofilm inhibition activity of LYS and PLGA@LYS NPs; b) Biofilm eradication activity 
of LYS and PLGA@LYS NPs. Control samples (biofilm not treated and treated with non-loaded PLGA NPs) were also assayed. 
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bacteria, named small colony variants, live intracellularly exhibiting 
phenotypic resistance against the action of antimicrobials and being 
responsible for chronic recurrent infections. 

The cytotoxicity of LYS and PLGA@LYS NPs for J774 macrophages 
was previously assessed using the Blue Cell Viability Assay (Fig. 5). No 
concentration that previously demonstrated bactericidal activity caused 
a reduction below 80 % viability at 24 h, indicating that neither treat
ments could be classified as cytotoxic (according to ISO 10993-5) [56]. 

Fig. 6 depicts the results of employing free LYS and PLGA@LYS NPs 
to eradicate intracellular S. aureus GFP infection. Fig. 6a and b present 
the quantitative analysis conducted through FACS for the two strategies 
outlined in the methods section: pre-treatment (incubation with LYS and 
PLGA@LYS NPs prior to infection) and post-treatment (incubation after 
infection), respectively. The graphs illustrate that in both cases, around 
40 to 50 % of macrophages exhibited GFP+ fluorescence, indicating 
their uptake of a substantial bacterial load. With the addition of LYS and 
PLGA@LYS NPs, the percentage of GFP+ macrophages noticeably 
diminished. It should be taken into account that control samples (not 
treated or treated with PLGA@NPs not loaded with LYS) displayed the 
same results, pointing to the cytocompatible character of PLGA. 

In the case of the pretreatment strategy (Fig. 6a), the incubation of 
cells with free LYS resulted in the reduction of GFP+ macrophages to 31 
%, regardless of the concentration used. However, when treated with 50 
μg/mL PLGA@LYS NPs (1.44 μg/mL of LYS), GFP+ macrophages 
decreased to 18 %, and the addition of 100 and 500 μg/mL PLGA@LYS 
NPs (2.88 and 14.4 μg/mL of LYS), further lowered the count to 9 %. 
These results highlight how LYS encapsulation significantly enhances its 
antimicrobial capacity in the setting of an intracellular infection. The 
colocalization within the same intracellular compartment might be 
responsible for this high antimicrobial action observed in agreement 
with previous reports [57,58]. These persisters have been reported to be 
localized in the late endosomal/lysosomal system in macrophages [58], 
having the ability to resist hydrolytic enzymes, bactericidal peptides and 
the acidic pH [59]. Likewise, PLGA NPs are internalized by professional 
phagocytic cells such as macrophages and up-taken by receptor- 
mediated phagocytosis within the endosomal/lysosomal system [60]. 
Therefore, a co-localization of the nanoparticles in the same intracel
lular vesicle as the infective small colony variants could be responsible 
for the enhanced antimicrobial action observed which is of paramount 
relevance for their potential biomedical application. In the post- 
treatment strategy (Fig. 6b), it was observed how the use of 1 and 5 
μg/mL of LYS decreased the amount of GFP+ infected macrophages 
from 48 % to 40 and 34 %, respectively. Yet, the best outcome in this 
context was achieved with 500 μg/mL PLGA@LYS NPs (14.4 μg/mL of 
LYS), resulting in a 50 % reduction of infected macrophages, and reaf
firming how PLGA@LYS NPs is significantly superior to free LYS. 
However, it should be noted that between the two strategies, the pre
treatment approach (Fig. 6a) reduced the proportion of infected 

macrophages in the coculture in a more significant and prominent way. 
Taking this final consideration into account, the pre-treatment 

strategy was chosen for a qualitative study using confocal microscopy. 
Fig. 6c portrays J774 macrophages infected with S. aureus GFP. These 
images utilize an orthogonal projection via maximum intensity projec
tion to showcase bacteria both inside and outside cells on the same 
plane. S. aureus GFP are shown in green, while cell nuclei are stained in 
blue with DAPI, and the cytoskeleton is highlighted in red using phal
loidin 546. The control image (infected cells with no treatment) displays 
the macrophages filled with green spots, suggesting a substantial load of 
metabolically active bacteria in the cytoplasm. The following images 
corroborate the outcomes from the quantitative analysis shown in 
Fig. 6a, highlighting how the amount of intracellular bacteria decreases 
more significantly and in a dose-dependent manner using PLGA@LYS 
NPs compared to the use of equivalent doses of the free bacteriocin. 

It is reported that the bactericidal activity of LYS cannot effectively 
target intracellular bacteria within the host [61,62]. This is attributed to 
both its molecular size (~25 kDa) and by the impairment of its enzy
matic activity caused by lysosomal arrest. It has been previously re
ported that LYS, having an optimum working pH of 7.5 shows only 
marginal activity at pH 6 [63]. To address this issue, Yang et al. [64] 
used mannose-modified exosomes as a drug delivery vehicle to deliver a 
combination of LYS and vancomycin, which effectively eradicated 
intracellular MRSA. The authors highlighted how the encapsulated 
formulation outperformed the free form both in vitro and in vivo. 
Conversely, LYS immunogenicity has been reported in human patients 
owing to its bacterial origin [29,65]. In this regard, previous authors 
have shown the increase in LYS stability when PEGylated or encapsu
lated into hydrogels [32–34], which may be attributed to LYS protection 
against host immune system hindering its recognition and internaliza
tion mediated by antigen-presenting cells. Along the same lines, Ali et al. 
[45] reported the development of PLGA nanoparticles incorporating the 
antimicrobial peptide SAAP-148, for the management of skin infection 
models. These particles exhibited the ability to permeate and eliminate 
intracellular S. aureus within 3D human skin models. Lastly, Dimer et al. 
[66] encapsulated the antibiotic clarithromycin in PLGA nanocapsules 
for targeting intracellular S. aureus. This approach significantly reduced 
intracellular S. aureus by 1000 times compared to the effect of the free 
drug. In RAW cells, treated bacteria shifted to non-acidic compartments. 
The nanocapsules demonstrated potential in vivo in wound models and 
zebrafish, indicating improved delivery to sub-epithelial tissues. 

Based on the results obtained in the last part of our study, it can be 
concluded that the PLGA nanoencapsulation of LYS was very effective in 
enhancing the therapeutic efficacy of the bacteriocin to eradicate 
intracellular pathogens. This improvement was particularly evident 
with the pre-treatment strategy. Considering the background, this could 
be attributed to the promotion of phagocytosis, its safeguarding against 
lysosomal arrest, and its facilitation of accumulation within the cell 

Fig. 5. J774 macrophages viability after 24 h of incubation with rising concentrations of free LYS (a) and PLGA@LYS NPs (b) following the Blue Cell Viability Assay. 
Experimental conditions were tested in triplicate. Ctrl displays the results obtained in both control samples evaluated (not treated and not loaded PLGA NPs) as no 
differences were observed. 
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cytoplasm. 

4. Conclusion 

This study achieved the successful encapsulation of LYS, an anti- 
Staphylococcus aureus bacteriocin, within stable and monodisperse PLGA 
nanoparticles. The obtained PLGA@LYS NPs demonstrated a rapid LYS 
release during an initial burst followed by a sustained release. This 
release kinetics is beneficial for biomedical purposes, providing a fast 
initial availability of LYS to eliminate bacteria while the subsequent 
sustained release maintains persistent concentration levels, hampering 
the possible further bacterial growth and re-infection. When tested 
against S. aureus cultures, the formulation retained LYS antimicrobial 
properties and also against biofilm cultures reducing the number of 
colonies and the pathogenic biomass or even completely eliminating 
biofilm in the inhibition assays. These results, while not identical to 
those obtained when bacteria were treated with free LYS, indicate that 
LYS retained its bactericidal activity after the encapsulation process. 
Moreover, it demonstrated an enhanced antimicrobial activity in an 
intracellular infection model of murine macrophages, both in pre- 
treatment and post-treatment strategies, pointing to their potential in 

the treatment of infections mediated by S. aureus. On the other hand, this 
study shows some limitations as the in vitro colocalization of PLGA@LYS 
NPs into the endosomal/lysosomal system has not been accurately 
determined and preclinical studies would elucidate the efficiency of the 
synthesized NPs. Therefore, further studies should be conducted to 
deepen into PLGA@LYS NPs bactericidal effects. 

The in vivo limitations of the application of free LYS can be overcome 
by its encapsulation within PLGA-based nanoparticles to provide with a 
sustained release over time, a reduction in the bacterial biomass and the 
elimination of intracellular small colony variants responsible for epi
sodes of infection relapse. Therefore, the developed NPs may be a 
promising novel strategy against biofilm and intracellular infections 
mediated by S. aureus. 
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[59] A. Schröder, R. Kland, A. Peschel, C. von Eiff, M. Aepfelbacher, Live cell imaging of 
phagosome maturation in Staphylococcus aureus infected human endothelial cells: 
small colony variants are able to survive in lysosomes, Med. Microbiol. Immunol. 
195 (2006) 185–194, https://doi.org/10.1007/s00430-006-0015-0. 

[60] S. Behzadi, V. Serpooshan, W. Tao, M.A. Hamaly, M.Y. Alkawareek, E.C. Dreaden, 
D. Brown, A.M. Alkilany, O.C. Farokhzad, M. Mahmoudi, Cellular uptake of 
nanoparticles: journey inside the cell, Chem. Soc. Rev. 46 (2017) 4218–4244, 
https://doi.org/10.1039/C6CS00636A. 

[61] H.W. Barkema, Y.H. Schukken, R.N. Zadoks, Invited review: the role of cow, 
pathogen, and treatment regimen in the therapeutic success of bovine 
Staphylococcus aureus mastitis, J. Dairy Sci. 89 (2006) 1877–1895, https://doi.org/ 
10.3168/jds.S0022-0302(06)72256-1. 

[62] E.R. Oldham, M.J. Daley, Lysostaphin: use of a recombinant bactericidal enzyme as 
a mastitis therapeutic, J. Dairy Sci. 74 (1991) 4175–4182, https://doi.org/ 
10.3168/jds.S0022-0302(91)78612-8. 

[63] I. Sabala, I.-M. Jonsson, A. Tarkowski, M. Bochtler, Anti-staphylococcal activities 
of lysostaphin and LytM catalytic domain, BMC Microbiol. 12 (2012) 97, https:// 
doi.org/10.1186/1471-2180-12-97. 

[64] X. Yang, B. Xie, H. Peng, G. Shi, B. Sreenivas, J. Guo, C. Wang, Y. He, Eradicating 
intracellular MRSA via targeted delivery of lysostaphin and vancomycin with 
mannose-modified exosomes, J. Control. Release 329 (2021) 454–467, https://doi. 
org/10.1016/j.jconrel.2020.11.045. 

[65] J.F. Kokai-Kun, Lysostaphin: A silver bullet for staph, in: Antimicrobial Drug 
Discovery: Emerging Strategies, CABI, Wallingford, 2012, pp. 147–165, https:// 
doi.org/10.1079/9781845939434.0147. 

[66] F. Anversa Dimer, C. de Souza Carvalho-Wodarz, A. Goes, K. Cirnski, J. Herrmann, 
V. Schmitt, L. Pätzold, N. Abed, C. De Rossi, M. Bischoff, P. Couvreur, R. Müller, C.- 
M. Lehr, PLGA nanocapsules improve the delivery of clarithromycin to kill 
intracellular Staphylococcus aureus and mycobacterium abscessus, Nanomedicine 24 
(2020) 102125, https://doi.org/10.1016/j.nano.2019.102125. 

G. Landa et al.                                                                                                                                                                                                                                  

https://doi.org/10.1038/srep25063
https://doi.org/10.1128/AEM.00380-18
https://doi.org/10.1128/AEM.00380-18
https://doi.org/10.1128/mBio.00209-20
https://doi.org/10.1128/mBio.00209-20
https://doi.org/10.2147/IJN.S214521
https://doi.org/10.2147/IJN.S214521
https://doi.org/10.1080/13102818.2015.1008192
https://doi.org/10.1080/13102818.2015.1008192
https://doi.org/10.1016/S0939-6411(98)00011-3
https://doi.org/10.3390/ijms24032867
https://doi.org/10.1021/acsnano.1c06460
https://doi.org/10.1021/acsnano.1c06460
https://doi.org/10.3389/fbioe.2020.00048
https://doi.org/10.1021/acsami.0c17043
https://doi.org/10.1016/j.cclet.2013.05.011
https://doi.org/10.1016/j.cclet.2013.05.011
https://doi.org/10.1128/jcm.27.5.1122-1124.1989
https://doi.org/10.1128/jcm.27.5.1122-1124.1989
https://doi.org/10.1128/AAC.00311-13
https://doi.org/10.1128/AAC.47.11.3407-3414.2003
https://doi.org/10.1128/AAC.47.11.3407-3414.2003
https://doi.org/10.1128/AAC.48.7.2704-2707.2004
https://doi.org/10.1021/acsapm.2c00254
https://doi.org/10.1021/acsapm.2c00254
https://doi.org/10.5301/ijao.5000027
http://refhub.elsevier.com/S0141-8130(24)03368-3/rf0280
http://refhub.elsevier.com/S0141-8130(24)03368-3/rf0280
https://doi.org/10.2217/nnm-2018-0258
https://doi.org/10.2217/nnm-2019-0371
https://doi.org/10.2217/nnm-2019-0371
https://doi.org/10.1007/s00430-006-0015-0
https://doi.org/10.1039/C6CS00636A
https://doi.org/10.3168/jds.S0022-0302(06)72256-1
https://doi.org/10.3168/jds.S0022-0302(06)72256-1
https://doi.org/10.3168/jds.S0022-0302(91)78612-8
https://doi.org/10.3168/jds.S0022-0302(91)78612-8
https://doi.org/10.1186/1471-2180-12-97
https://doi.org/10.1186/1471-2180-12-97
https://doi.org/10.1016/j.jconrel.2020.11.045
https://doi.org/10.1016/j.jconrel.2020.11.045
https://doi.org/10.1079/9781845939434.0147
https://doi.org/10.1079/9781845939434.0147
https://doi.org/10.1016/j.nano.2019.102125

	PLGA nanoparticle-encapsulated lysostaphin for the treatment of Staphylococcus aureus infections
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Synthesis of PLGA@LYS nanoparticles
	2.3 Characterization of PLGA@LYS NPs
	2.4 Antimicrobial activity of free LYS and PLGA@LYS NPs
	2.5 Biofilm inhibition and disruption assays
	2.6 Cell cytotoxicity assays
	2.7 In vitro model of cell infection and treatment
	2.8 Statistical analyses

	3 Results and discussion
	3.1 Physico-chemical characterization of PLGA@LYS NPs
	3.2 Antimicrobial activity
	3.3 Intracellular infection

	4 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	References


