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A B S T R A C T   

This study deals with the development of novel poly(lactic acid)-poly(ethylene glycol) nanoparticles (PLA-PEG 
NPs) for the efficient and prolonged delivery of Linezolid (LNZ), a synthetic antibacterial agent used against 
methicillin-resistant Staphylococcus aureus (MRSA). A two-step synthetic strategy based on carbodiimide coupling 
and copper-catalyzed azide-alkyne cycloaddition was first exploited for the conjugation of PLA with PEG. The 
encapsulation of LNZ into medium-molecular-weight PLA-PEG NPs was carried out by different methods 
including nanoprecipitation and dialysis. The optimal PLA-PEG@LNZ nanoformulation resulted in 3.5% LNZ 
payload (15% encapsulation efficiency, with a 10:3 polymer to drug mass ratio) and sustained release kinetics 
with 65% of entrapped antibiotic released within 80 h. Moreover, the zeta potential values (from − 31 to 
− 39 mV) indicated a good stability without agglomeration even after freeze-drying and lyophilization. The PLA- 
PEG@LNZ NPs exerted antimicrobial activity against a panel of Gram-positive bacteria responsible for human 
infections, such as Staphylococcus aureus including MRSA, Staphylococcus epidermidis, Staphylococcus lugdunensis 
and vancomycin-resistant Enterococcus faecium (VREfm). Moreover, PLA-PEG@LNZ NPs showed inhibitory ac-
tivity on both planktonic growth and preformed biofilm of MRSA. The antibacterial activity of LNZ incorporated 
in polymeric NPs was well preserved and the nanosystem served as an antibiotic enhancer with a potential role in 
MRSA-associated infections management.   

1. Introduction 

Linezolid (LNZ) is a synthetic antibacterial agent of the oxazolidi-
none class active against anaerobic and aerobic Gram-positive and 
moderately active against a few Gram-negative bacteria (Ager and 
Gould, 2012). The oxazolidinone mechanism of action differs from all 
the existing inhibitors of protein synthesis as the inhibition involves the 
binding of N-formylmethionyl-tRNA (tRNAfMet) to the ribosome, 
occurring at a very early stage. Specifically, oxazolidinones bind to the 
A-site pocket of the bacterial 50S ribosomal subunit (without interacting 
with the 30S subunit) at the peptidyl transferase center (PTC) with 
consequent inhibition of the initiation complex and translocation of 
peptidyl-tRNA from A site to P site, thereby halting the translation 
process (Foti et al., 2021). 

Although the leading position of oxazolidinone antibiotics in the 
current antimicrobial arsenal, only LNZ and Tedizolid (TZL) have been 

licensed for human use so far. Discovered in 1996 and approved in 2000 
for clinical use by the U.S. Food and Drug Administration (Zyvox, 
Pfizer), LNZ is currently employed for the treatment of surgical or 
multidrug-resistant (MDR) pulmonary infections caused by vancomycin- 
resistant Enterococcus faecium (VREfm), methicillin-resistant Staphylo-
coccus aureus (MRSA), penicillin-resistant pneumococci and also for 
treating MDR-Mycobacterium tuberculosis (Mtb) infections (Bozdogan 
and Appelbaum, 2004; Foti et al., 2021). 

LNZ is currently available in the oral and parenteral dosage forms 
with a protein-binding of approximately 30 %, a half-life of 5.4 h, and a 
Cmax value of about 21 μg/mL, one hour after oral administration (Estes 
and Derendorf, 2010). The use of 600 mg twice a day for oral Mtb 
treatment is associated with serious side effects (Choudhary et al., 2022) 
that are often correlated with prolonged administration. 

Based on these premises, there is an urgent need of suitable delivery 
systems to improve the safety profile of LNZ, to reduce the dose, the 
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frequency of dosage, the toxicity related to prolonged administration 
and to improve the dissolution rate that greatly influences the absorp-
tion, blood concentration and bioavailability. While nanomedicine tools 
are currently in use for the design of vaccine carriers (Piperno et al., 
2021), nanotechnological approaches to tackle drug-resistant infection 
diseases are still confined to the laboratory (Labruère et al., 2019). Up to 
date, only few classes of nanomaterials have been explored as carriers 
for oxazolidinones, including polymeric nanoparticles (NPs) (Shah et al., 
2022) or microspheres (Huang et al., 2017), lipid-polymer hybrid NPs 
(Guo et al., 2020), mannosylated gelatin NPs (Patil et al., 2020), poly-
meric nanofibers (Eren Boncu et al., 2020; Tammaro et al., 2015), bio- 
composite films (Ghataty et al., 2022), nanoemulsions (Choudhary 
et al., 2022) and cyclodextrin-based inclusion complexes (Hada et al., 
2022, Paczkowska-Walendowska et al., 2021). Among these materials, 
poly(lactic acid) (PLA), poly(lactic-co-glycolic acid) (PLGA) and their 
copolymers with polyethylene glycol (PLA-PEG and PLGA-PEG) 
emerged as powerful drug carriers for their high entrapment efficiency 
with sustainable and long-term release, bolstered by their properties of 
biocompatibility and biodegradability (Scaffaro et al. 2018). The PLA 
medical use was approved by the Food and Drug Administration for 
tissue engineering (e.g., design of sutures, bone implants, and screws) 
and drug/gene delivery purposes (Tyler et al., 2016). Interestingly, the 
suitable tailoring of PLA matrix by proper chemical functionalization 
allowed the modulation of the drug release kinetics thereby personal-
izing therapy for patients with consequent reduction of dosage fre-
quency and mitigation of side effects (Glinka et al., 2021). 

Nowadays much attention is paid to amphiphilic copolymer-based 
nanoformulations for antimicrobial treatment with particular 
emphasis on nanoantibiotics, namely antibiotics delivered by nano-
particles able to improve physico-chemical properties and pharmaco-
kinetic profile of antimicrobial agents. In this respect, the present study 
reports, for the first time, the use of a newly synthetized PLA-PEG 
amphiphilic copolymer as nanocarrier for LNZ delivery with the aim 
to improve the drug solubility and the dissolution rate, resulting in a 
prolonged and sustained release of the antibiotic. The amphiphilic PLA- 
PEG copolymer was synthetized by a proper combination of carbodii-
mide coupling reaction and copper-catalyzed azide-alkyne cycloaddi-
tion (CuAAC) followed by nanoformulation and drug incorporation, 
leading to PLA-PEG@LNZ NPs. The physicochemical properties of drug- 
loaded NPs were evaluated in terms of size and zeta potential, pointing 
out a good colloidal stability without agglomeration even after freeze- 
drying and lyophilization. Furthermore, drug loading (DL), encapsula-
tion efficiency (EE) and release kinetic were evaluated. 

The susceptibility of Staphylococcus aureus (S. aureus) including 
MRSA, Staphylococcus epidermidis (S. epidermidis), Staphylococcus lugdu-
nensis (S. lugdunensis) and VREfm to PLA-PEG@LNZ NPs was assessed by 
minimal inhibitory concentration (MIC) and minimal bactericidal con-
centration (MBC) evaluation. Moreover, MRSA was chosen as the bio-
film model because of its clinical relevance as it is involved in various 
chronic and severe diseases like osteomyelitis, endocarditis, urinary 
tract infections, implant-associated infections or wound infections. In-
hibition of planktonic growth and biofilm of MRSA was estimated after 
treatment with PLA-PEG@LNZ NPs. 

2. Material and methods 

2.1. General 

Poly(lactic acid) (PLA, 10.000–17.000 Da), methoxypolyethylene 
glycol azide (mPEG-N3, 2.000 Da), N-(3-dimethylaminopropyl)-N′-eth-
ylcarbodiimide hydrochloride (EDCI), 1-hydroxybenzotriazole hydrate 
(HOBt), solvents and other reagents were purchased from Merck (Italy). 
1H NMR spectra were recorded on a Varian 500 MHz spectrometer at 
room temperature (r.t. 25 ◦C). UV/Vis spectra were registered on a 
Agilent model 8453 diode array spectrophotometer using 1 and 0.2 cm 
path length quartz cells, at 25 ◦C using a thermostatic bath. 

Hydrodynamic diameter (DH) or size and width of distribution (poly-
dispersity index, PDI) were determined in ultrapure water by photon 
correlation spectroscopy (PCS) by a Zetasizer Nano ZS (Malvern In-
strument, Malvern, U.K.) at 25 ◦C. The measurements were performed at 
173◦ angle vs. the incident beam at 25 ± 1 ◦C for each aqueous disper-
sion. The deconvolution of the correlation curve to an intensity size 
distribution was obtained using a non-negative least-squares algorithm. 
The ζ-potential values were measured using a Zetasizer Nano ZS Mal-
vern Instrument equipped with a He − Ne laser at a power P = 4.0 mW 
and λ = 633 nm. Results are reported as the mean of three separate 
measurements on three different batches ± the standard deviation (SD). 

2.2. Synthesis of PLA-PEG copolymer 

2.2.1. Synthesis of PLA-alkyne 
PLA (1) (0.2 g, 1.43 × 10− 5 mol) was dissolved in anhydrous 

dichloromethane (DCM, 10 mL) under nitrogen atmosphere, followed 
by the addition of EDCI (5 equiv) and HOBt (5 equiv). After 30 min, 
propargylamine (2) (5 equiv) was added and the reaction mixture was 
stirred under nitrogen atmosphere for 24 h at r.t. The organic solution 
was washed with distilled water three times, the organic phases were 
combined and then dried over anhydrous Na2SO4. The product PLA- 
alkyne (3) was isolated by evaporation of the solvent under vacuum as 
a white solid (0.17 g). 1H NMR (500 MHz, CDCl3, δ): 6.6–6.4 (br s, NH), 
5.3–5.1 (m, [CH]n), 4.9–5.0 (m, CH-COOHunreacted), 4.3 (q, CH-OH), 
4.0–4.1 (m, 2H, NHCH2), 2.2 (m, 1H, C≡CH), 1.6–1.4 (m, [CH3]n). Mn 
NMR 11.592 Da. 

2.2.2. Synthesis of PLA-PEG 
PLA-alkyne (3) (0.15 g, 1.04 × 10− 5 mol) was dissolved in anhydrous 

dimethylformamide (DMF, 3 mL). Then, mPEG-N3 (4) (1 equiv), CuSO4 
(2 equiv) and sodium ascorbate (4 equiv) were added under nitrogen 
atmosphere. The reaction mixture was stirred under inert atmosphere 
for 48 h at r.t. Water was added till the solution became opalescent. The 
suspension was centrifuged three times (13000 rpm, 20 min); the solid 
residue was lyophilized to obtain the final product PLA-PEG (5) as a 
white solid (0.11 g). 1H NMR (500 MHz, CDCl3, δ): selected peaks 7.3 (s, 
H-5triazole), 6.6–6.4 (br s, NH), 5.2–5.1 (m, [CH]n), 4.9–5.0 (m, CH- 
COOHunreacted), 4.35 (q, CH-OH), 3.8–3.6 (s, [CH2CH2O]), 3.3 (s, CH3O), 
1.6–1.4 (m, [CH3]n). Mn 

NMR 13.044 Da. From NMR analysis, the content 
of PEG grafted on PLA was estimated to be ≈ 11 w/w %. 

2.3. Preparation of PLA–PEG@LNZ NPs 

2.3.1. Nanoprecipitation with Acetone/H2O 
PLA-PEG@LNZ NPs were prepared by nanoprecipitation method 

(Fig. 1) using acetone as organic phase and a polymer:drug mass ratio of 
10:3. LNZ (9 mg) and PLA-PEG (30 mg) were dissolved in 6 mL of 
acetone. This solution was added dropwise to 12 mL of stirring ultrapure 
water. After 24 h, once acetone was evaporated, 300 μL of the resulting 
suspension of NPs were diluted to 1 mL with water and used for the 
revelation of hydrodynamic diameter and surface charge of the freshly 
formulated NPs. The suspension was centrifuged at 13000 rpm for 
10 min. The residue was freeze-dried yielding PLA-PEG@LNZ NPs as a 
white powder. 

2.3.2. Nanoprecipitation with THF/H2O 
PLA-PEG@LNZ NPs were prepared by nanoprecipitation method 

(Fig. 1) using THF as organic phase and a polymer:drug mass ratio of 
10:3. LNZ (9 mg) and PLA-PEG (30 mg) were dissolved in 3 mL of THF. 
The solution was added dropwise to 30 mL of stirring ultrapure water. 
After stirring for 4 h, THF was evaporated under vacuum and 450 μL of 
the obtained suspension were diluted up to 1.5 mL with water for 
measure the size and surface charge of the freshly formulated NPs. The 
suspension is centrifuged at 13000 rpm for 10 min and the residue was 
freeze-dried yielding PLA-PEG@LNZ NPs as a white powder. 
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2.3.3. Dialysis 
PLA-PEG@LNZ NPs were prepared by dialysis method (Fig. 1) at 

10:3 polymer:drug mass ratio. LNZ (9 mg) and PLA-PEG (30 mg) were 
dissolved in 1 mL of DMSO. After a brief sonication, the organic solution 
was added dropwise to 20 mL of stirring ultrapure water with the for-
mation of a suspension. After 4 h of stirring, the suspension was trans-
ferred into a dialysis membrane (3.5–5 kDa cut-off) previously 
conditioned in water for 10 min. The sealed dialysis tube was immersed 
in 500 mL of ultrapure water and kept under gentle stirring. The entire 
volume of water was replaced after 3 h, after 15 h and 30 min, after 19 h 
and 30 min. The final suspension was lyophilized, yielding PLA- 
PEG@LNZ NPs as a white powder. Similarly, “empty” PLA-PEG NPs 
were prepared with the same method, without adding the drug and used 
as controls. 

2.4. Characterization of PLA-PEG@LNZ NPs 

2.4.1. Drug loading 
The drug content in the NPs and the loading efficiency were deter-

mined by UV–Vis spectroscopy. Briefly, a weighted amount of PLA- 
PEG@LNZ NPs was solubilized in DMSO and the UV–Vis spectrum 
was recorded. The amount of encapsulated LNZ was calculated at the 
wavelength of 262 nm. A calibration curve for LNZ in DMSO was pre-
viously constructed in the concentration range 25–150 μg/mL. On the 
basis of optical absorbance data and molar extinction coefficient 
(ε ≅ 17758 M− 1 cm− 1), drug loading (DL) and encapsulation efficiency 
(EE) were calculated using the following equations:  

–DL (%) = (Drug weight in the NPs/Weight of the drug-loaded NPs) × 100     

–EE (%) = (Drug weight in the NPs/Weight of drug used in the 
formulation) × 100                                                                                  

2.4.2. Size and zeta potential (ζ) 
Measurements were carried out on both the freshly prepared NPs and 

the lyophilized NPs after reconstitution. The lyophilized white solid was 
resuspended in ultrapure water (1 mg/mL), sonicated for 15 min and 
then diluted (final concentration: 0.3 mg/mL) for DLS and ζ-potential 
measurements. 

2.4.3. Release studies 
To study the drug release, 0.91 mg of PLA-PEG@LNZ NPs (contain-

ing 32 μg LNZ) were dispersed in 1 mL of PBS (0.01 M, pH 7.4), soni-
cated for 15 min and transferred into a dialysis tube (MWCO 3.5–5 kDa, 
Spectra/Por®). Dialysis was performed against 5 mL PBS at 37 ◦C. At 
fixed times (4 h, 24 h, 32 h, 48 h, 56 h, 80 h), 1 mL of the release medium 
was withdrawn, replaced with an equal volume of fresh buffer, and 
analysed by UV–Vis spectroscopy to quantify the released LNZ. A cali-
bration curve of LNZ in PBS was previously constructed in the concen-
tration range 0.34–25 μg/mL (ε ≅ 18486 M− 1 cm− 1). Then, all the 

release medium solutions and the internal bag solution were lyophilized, 
re-disperded in DMSO and analysed by UV–Vis spectroscopy to confirm 
the data. Free LNZ in PBS was dialyzed at the same concentration as the 
drug-loaded NPs (i.e., 32 μg/mL) in similar experimental conditions as 
control. 

2.5. Microbiological studies 

2.5.1. Minimal inhibitory concentration and minimal bactericidal 
concentration 

The microorganisms used in this study were S. aureus ATCC 6538, 
MRSA ATCC 43300, S. epidermidis ATCC 35984, S. lugdunensis DSM 4804 
and VREfm DSM 17050. Minimal inhibitory concentration (MIC) and 
minimal bactericidal concentration (MBC) of the PLA-PEG@LNZ NPs 
(containing 32 µg LNZ in 914 μg of NPs, based on DL value), LNZ and 
empty PLA-PEG NPs were performed according to the guidelines of the 
Clinical and Laboratory Standards Institute (CLSI), CLSI (2018) with 
some modifications. The samples were twofold diluted in 96-well round- 
bottomed using cation-adjusted Muller-Hinton broth (CAMHB, Oxoid) 
and overnight bacterial cultures were inoculated to yield a final con-
centration of 5 × 105 CFU/mL. After incubation at 37 ◦C for 24 h, the 
MBC was determined by seeding 20 μL from all clear wells onto Muller- 
Hinton agar (MHA) and incubated at 37 ◦C for 24 to 48 h. The MBC was 
defined as the lowest concentration which killed 99.9% of the inoculum. 
The data from at least three replicates were evaluated and modal results 
were calculated. 

2.5.2. Effect of PLA-PEG@LNZ NPs on planktonic cells 
Overnight culture of MRSA ATCC 43300 grown in CAMHB was 

adjusted to a concentration of 1 × 106 CFU/mL, approximatively. The 
standardized inoculum was dispensed in tubes containing PLA- 
PEG@LNZ NPs at MIC, 2 ×MIC, 4 ×MIC [corresponding to a LNZ 
content of 8, 16 and 32 µg/mL, respectively, and a LNZ release of about 
25% in 24 h, 46% in 48 h, and 60% in 72 h (see release data)], free LNZ 
at MIC, 2 ×MIC, 4 ×MIC (corresponding to 2, 4 and 8 µg/mL, respec-
tively), or empty PLA-PEG NPs (the latter were tested at the same 
polymer concentration used for testing the drug-loaded NPs). The tubes 
were incubated at 37 ◦C with shaking (100 rev/min) and after 2, 4, 6, 24, 
48, 72 h the samples were serially diluted in PBS and were plated onto 
MHA to determine total cell number. The plates were then incubated at 
37 ◦C for 24 h up to 48 h, CFU were counted and time kill plots were 
constructed. All determinations were performed in triplicate including 
the growth control. 

2.5.3. Effect of PLA-PEG@LNZ NPs on preformed biofilm 
Effect of PLA-PEG@LNZ NPs on preformed biofilm was estimated as 

previously reported (Nostro et al. 2007 and 2009). Overnight cultures of 
MRSA ATCC 43300 in Tryptic Soy Broth (TSB) + 1% glucose (TSBG) 
were adjusted to 1 × 106 CFU/mL and 100 µL were added individually to 
each well of a polystyrene flat bottomed 96-microtitre plate. The plates 
were incubated at 37 ◦C for 24 h. After incubation, the supernatant was 

Fig. 1. Schematic illustration of the PLA-PEG@LNZ NPs preparation by nanoprecipitation and dialysis methods.  
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removed and biofilms were carefully washed twice with sterile PBS. 
Biofilms were treated with 100 µL of PLA-PEG@LNZ NPs at 2 ×MIC, 
4 ×MIC, free LNZ at 2 ×MIC, 4 ×MIC, empty PLA-PEG NPs or CAMHB 
(control) for 24 h at 37 ◦C. 

To determine whether the PLA-PEG@LNZ NPs treatment inhibited 
the growth in biofilm supernatant, the optical density (OD492) was 
measured at time 0 (T0) and after incubation for 24 h. The growth in-
hibition in biofilm supernatant was detected when there was no 
observable bacterial growth in the wells, confirmed by no increase in 
optical density compared with the initial reading. To verify the activity 
on biofilm biomass and cell viability, the supernatant was removed and 
biofilms were washed twice with PBS before being:  

i) dried, stained for 1 min with 0.1% safranin and resuspended in 30% 
(v/v) acetic acid for OD492 evaluation;  

ii) resuspended in 100 µL of PBS and scraped with sterile pipette tips for 
evaluation of the bacterial load (CFU) by plating serial dilutions onto 
MHA. 

2.5.4. Effect of PLA-PEG@LNZ NPs on biofilm re-growth 
Effect of PLA-PEG@LNZ NPs on biofilm re-growth was estimated as 

previously reported (Nostro et al. 2009) with some modifications. The 
experiment was designed in two steps. First, the influence of a treatment 
with PLA-PEG@LNZ NPs 4 ×MIC (corresponding to a LNZ content of 
32 µg/mL and a LNZ release < 25 % in 12 h) or free LNZ at 4 ×MIC 
(corresponding to 8 µg/mL) for 12 h on growth of biofilm supernatant 
and viable cells of MRSA ATCC 43300 was evaluated. Subsequently, to 
determine whether PLA-PEG@LNZ NPs and free LNZ treatment pre-
vented the re-growth of bacteria embedded in the biofilm, the medium 
was removed, the biofilm was washed with PBS and fresh CAMHB was 
added. Plates were re-incubated at 37 ◦C overnight and the biofilm su-
pernatant and viable cells were evaluated as described above. 

2.5.5. Statistical analysis 
Results were expressed as the mean ± standard deviation from three 

experiments. Student’s t-test and ANOVA test were used to determine 
significant differences between the treated samples compared with T0 
and between the samples treated with PLA-PEG@LNZ NPs and free LNZ. 
The results with a p-value < 0.05 were considered statistically 
significant. 

3. Results and discussion 

3.1. Chemistry 

The conjugation of PLA with PEG was achieved using a suitable 
combination of two typical coupling reactions such as the carbodiimide- 

mediated coupling and the copper-catalyzed azide-alkyne cycloaddition 
(CuAAC). They are powerful tools in polymer organic chemistry due to 
their high conversion efficiency, mild reaction conditions, biocompati-
bility, with no side-products (Scala et al., 2018a and 2018b; Liénard 
et al., 2020; Torcasio et al., 2022). Specifically, the carboxylic group of 
PLA (1) was activated by EDCI/HOBt for the subsequent reaction with 
propargylamine (2) leading to PLA-alkyne (3). The latter was coupled 
with methoxypolyethylene glycol azide (4) by CuAAC to obtain the final 
PLA-PEG copolymer (5) (Scheme 1). 

The structure of both the intermediate (3) and the final product (5) 
was confirmed by 1H NMR analysis (Fig. S1). The characteristic signals 
of lactoyl repeating units were clearly visible at 1.5 ppm (CH3) and 
5.2 ppm (CH) in both 1H NMR spectra, together with the resonances at 
4.1 ppm (CH2 protons of propargylamide moiety, shifted from 3.5 ppm 
of starting propargylamine) and the amidic NH signals (6.6–6.4 ppm). 
The typical triazole H-5 proton resonance at 7.3 ppm and the signal at 
3.7 ppm (–CH2CH2O- units of PEG) attested for the conversion of (3) to 
(5), confirming the successful connection of the hydrophilic PEG with 
the hydrophobic PLA. 

3.2. Nanoformulation 

The nanoformulation of PLA-PEG and the drug encapsulation were 
carried out using two different methods, i.e. nanoprecipitation (both in 
THF and in acetone) and dialysis, at 10:3 polymer to drug mass ratio, 
with the aim to explore different techniques for PLA-PEG@LNZ NPs 
preparation. 

The nanoantibiotic prepared by dialysis was selected for the bio-
logical investigation based on the highest drug loading (DL) value ob-
tained. Specifically, DL measured by UV–Vis spectrophotometry 
resulted 0.6 % and 0.9 % for the nanoprecipitation in acetone and in 
THF, respectively, and 3.5 % for the dialysis formulation; the encapsu-
lation efficiency (EE) was estimated to be 2.6, 4.1 and 15 %, respectively 
(Table 1). All the samples owned a monomodal particle size distribution, 
either before (“freshly prepared”) and after centrifugation and freeze- 
drying, suggesting that the DH value was slightly influenced by lyophi-
lization and reconstitution (Table 1). The ζ-potential attested for nega-
tively charged NPs, as typically found for aliphatic polyester NPs, with a 
net negative charge ranging from − 31 to − 39 mV (Table 1), indicating a 
good colloidal stability. 

1H NMR measurements were further employed to investigate the 
structure of PLA-PEG@LNZ NPs and to confirm the drug incorporation 
(Fig. 2). It’s well known that amphiphilic PLA-PEG copolymers are able 
to self-assemble in water exposing the hydrophilic portion toward the 
aqueous solution whereas the hydrophobic moiety constitutes the core 
incorporating hydrophobic drugs. As expected (Fazio et al., 2015), the 
characteristic peak of PEG at 3.7 ppm was the only one detected in D2O 

Scheme 1. Two-step synthesis of the copolymer PLA-PEG (5).  
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(Fig. 2, blue line) indicating that the water-soluble PEG backbone con-
stitutes the outer shell of the polymeric NPs, while PLA and LNZ peaks 
disappeared in D2O, confirming that the PLA-based hydrophobic core is 
responsible for drug incorporation. However, all the peaks of PEG, PLA 
and LNZ are visible in DMSO‑d6 (Fig. 2, red line), the solvent in which 
the system is typically disassembled, according to literature (Fazio et al., 
2015). 

3.3. Release studies 

The drug release kinetics of PLA-PEG@LNZ NPs and free LNZ were 
studied in PBS using the dialysis bag method. The cumulative percent-
age release and release rate of LNZ were plotted in Fig. 3. Free LNZ had a 
very quick release up to 56% within the initial 4 h, as expected, due to 

the fast diffusion of the drug across the dialysis membrane and a com-
plete drug release (97%) was observed within 72 h. In contrast, the drug 
release from PLA-PEG@LNZ NPs was sustained and controlled and 
approximately 65% of drug release was observed within 80 h; overall 
the release rate of incorporated LNZ was lower than that of free drug 
under the same concentration and experimental conditions. From our 
experimental results, we assumed that about 50% of drug was released 
from PLA-PEG@LNZ NPs within 48–56 h. Specifically, about 25% of 
LNZ was released in the first 24 h, reaching 39% in 32 h, 46% in 48 h, 
57% in 56 h and about 65% of the payload was released by the end of the 
experiment (i.e., 80 h). During the burst release phase, about 13% of LNZ 
was released in the first 4 h, whereas a gradual and sustained release of 
the drug was observed over 80 h. The most rapid drug release in the first 
hours was mainly associated with the diffusion of drug from the surface 
of the NPs in the release medium, prior to the onset of polymer erosion- 
mediated drug release. Since LNZ has a certain solubility in water, it 

Table 1 
Overall properties of NPs: mean Hydrodynamic Diameter (DH), Polydispersity 
Index (PDI) and ζ-potential (ζ) in ultrapure water; Drug Loading (DL) and 
Encapsulation Efficiency (EE). Size distributions and ζ-potential are reported in 
Fig. S2, Supporting Information.  

Sample DH 

(nm ± SD) 
(%)a 

PDI ζ 
(mV ± SD) 

DL 
(%) 

EE 
(%) 

PLA-PEG@LNZ NPs 
(nanoprecipitation 
acetone) 

263 ± 98b  

[489 ± 86 
(92) 
131 ± 16 
(8)]c 

0.15  

0.05 
0.05 

− 31 ± 4b  

[-39.5 ± 5.4]c  

0.6% 2.6% 

PLA-PEG@LNZ NPs 
(nanoprecipitation 
THF) 

206 ± 72b  

[264 ± 96]c 

0.1  

0.15 

− 34 ± 6b  

[-38 ± 6]c 

0.9% 4.1% 

PLA-PEG@LNZ NPs 
(dialysis) 

332 ± 132b  

[295 ± 48]c 

0.2  

n.d. 

− 34.6 ± 6.4b  

[-37.3 ± 6.6]c 

3.5% 15% 

Empty PLA-PEG NPs 180 ± 53b 0.1 − 38 ± 8.5b – –  

a Mean size with corresponding intensity % distribution. bEach DLS and 
ζ-potential measurement was carried out on “freshly prepared” NPs in triplicate 
at 25 ◦C (SD was calculated on the three different batches). cThe values in 
bracket referred to lyophilized and reconstituted NPs. 

Fig. 2. 1H NMR of PLA-PEG@LNZ NPs in D2O (blue) and in DMSO‑d6 (red). The 1H NMR of free LNZ in DMSO‑d6 (green) is also reported for comparison.  

Fig. 3. Cumulative percentage release of LNZ as free drug (●) and from PLA- 
PEG@LNZ NPs (■) as a function of time, assessed by dialysis in PBS (pH 7.4) 
at 37 ◦C. Data are reported as the mean ± SD (n = 3). 
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tends to diffuse into the outer aqueous phase during the NPs prepara-
tion, resulting in its encapsulation in the outer layer or attachment to the 
surface of the NPs (Huang et al., 2017), in well agreement with other 
antibiotics delivered by polymeric NPs (i.e., Amikacin) (Glinka et al., 
2021). Thus, the most rapid release of LNZ in the first hours was asso-
ciated with the presence of molecules on or trapped near the surface of 
the PLA-PEG NPs, whereas the slower drug release in subsequent hours 
was due to the presence of drug molecules in the deeper layers of the 
NPs, together with polymer erosion and hydrolytic bulk degradation 
and/or swelling. Overall, we would like to point out that a rapid drug 
release followed by a prolonged and sustained trend is highly desider-
able for nanomaterials with antimicrobial applications. 

3.4. Microbiological studies 

The MIC values of LNZ were between 1 and 2 µg/mL for the studied 
microorganisms with greater activity (1 µg/mL) toward S. epidermidis 
and S. lugdunensis compared with S. aureus (Table 2). According with 
literature data, MIC values of LNZ is similar for methicillin-susceptible 
S. aureus (MSSA) and MRSA strains (Karlowsky et al., 2017). Although 
the MIC values of PLA-PEG@LNZ NPs seemed increased compared to 
free LNZ (i.e., 4–8 vs 1–2 μg / mL), they should be evaluated taking in 
account the release profile (Fig. 3) and specifically considering that only 
about 25% of LNZ was released from NPs in the first 24 h. Therefore, the 
activity of LNZ embedded in NPs was preserved. 

The results were confirmed by the effect on planktonic growth of 
MRSA ATCC 43300 registered till 72 h (Fig. 4). Free LNZ was bacterio-
static at 2 µg/mL (i.e., the MIC for this strain) only up to 24 h with a 
horizontal time-kill plot (orange line) after which it did not prevent 
bacterial growth but a regrowth started, likely due to the fast release of 
free drug at 24 h (see Fig. 3). 

A reduction of bacterial load was detected at higher concentrations 
of free LNZ (i.e., 4 and 8 µg/mL, namely LNZ 2 ×MIC and LNZ 4 ×MIC, 
respectively). In fact, at concentration of LNZ 4 ×MIC (violet line), 
bacterial count declined up to 24 h from baseline 1.2 × 106 CFU/mL to 
4.8 × 103 CFU/mL (2.4 Log decrease). At the end of this phase, bacterial 
cells entered in a persisting phase with a small proportion of viable 
bacteria survived beyond 48 h (2 × 103 CFU/mL; 2.78 Log decrease) that 
further reduced to 4.5 × 102 CFU/mL (3.43 Log decrease) at 72 h. A 
similar trend was observed for LNZ 2 ×MIC (light blue line). The growth 
control reached a maximum of ~1010 CFU/mL (Fig. 4). 

It is noteworthy that the drug incorporated into the NPs ×MIC 
(green line) was significantly effective in reducing the bacterial load 
from baseline 1.2 × 106 to 2.3–1 × 104 CFU/mL (1.72–2.08 Log 
decrease) over 24–48 h, followed by a reduction to 3 × 103 CFU/mL 
(2.61 Log decrease) at 72 h, differently from free LNZ at the MIC (orange 
line). PLA-PEG@LNZ NPs 4 ×MIC (blue line) determined the reduction 
of bacterial cells to 1.6 × 104 CFU/mL (1.88 Log decrease) at 24 h fol-
lowed by a decrease to 8 × 102 CFU/mL (3.18 Log decrease) at 48 h and 
4.8 × 102 CFU/mL (3.39 Log decrease) at 72 h, compared to control 
untreated. A similar trend was also observed for PLA-PEG@LNZ NPs 
2 ×MIC (red line). 

Altogether these results confirmed that the native antimicrobial ef-
fect of the drug was preserved even after incorporation and pointed out 
that the main advantage of our nanosystem is the prolonged activity of 

LNZ loaded into PLA-PEG@LNZ NPs ×MIC till 72 h, compared to free 
LNZ ×MIC that is active only till 24 h. Although the antimicrobial ac-
tivity of free drug (2 ×MIC and 4 ×MIC) and drug-loaded NPs appeared 
to be similar in the time kill plots (Fig. 4), only PLA-PEG@LNZ NPs 
4 ×MIC determined a reduction of bacterial load of 3 Log in CFU/mL as 
early as 48 h. 

MRSA is a major public health problem all over the world and rep-
resents a therapeutic problem for both antibiotic resistance and ability 
to adhere to different surfaces and form thick multilayered biofilm. Once 
firmly established, a biofilm is very difficult to eradicate because the 
bacteria embedded in a self-produced matrix exhibit poor susceptibility 
to conventional antimicrobial treatment. The relatively poor efficacy of 
LNZ in eradicating established S. aureus biofilm is well demonstrated in 
literature (Cafiso et al., 2010; Sivori et al., 2022). Abad et al. reported 
the inefficiency of LZN against biofilm-embedded S. aureus with mini-
mum biofilm eradication concentrations (MBECs) values > 2000 mg/L 
for three different strains, including one reference strain (6850) and two 
clinical isolates implicated in chronic bone and joint infections (BJIs) 
(Abad et al., 2019) and Curtin et al. reported that more than 72 h is 
required for LNZ (2000 mg/L) to achieve eradication of S. epidermidis 
biofilms (Curtin et al., 2003). With that in mind, the aim of our study 
was also to improve the activity of LNZ against MRSA biofilm. The effect 
of PLA-PEG@LNZ NP and free LNZ on 24 h biofilm was determined as 
biofilm retention both in terms of biomass (optical density) and cells 
viability (CFU/mL). The results reported in Fig. 5 demonstrated that 
PLA-PEG@LNZ NPs 4 ×MIC and 2 ×MIC reduced the biomass of 38% 
and 27%, respectively, compared to the control (biofilm at T0). 
Conversely, a negligible biomass reduction (~2%) was observed after 
24 h treatment with free LNZ at two concentrations (i.e., 4 ×MIC and 
2 ×MIC). 

Regarding biofilm viability, PLA-PEG@LNZ NPs 4 ×MIC determined 
the reduction of CFU/mL by 64%, from baseline 1.6 × 107 to 5.8 × 106 

CFU/mL after 24 h treatment (Fig. 6); halving the dose (PLA-PEG@LNZ 
NPs 2 ×MIC) the effect was bacteriostatic, whereas free LNZ, empty NPs 

Table 2 
Antibacterial activity of free LNZ, PLA-PEG@LNZ NPs expressed as LNZ concentration (μg/mL) and empty PLA-PEG NPs.  

Samples S. aureus  
ATCC 6538 

MRSA ATCC 43300 S. epidermidis ATCC 35984  S. lugdunensis DSM 4804 VREfm DSM 17050 

MIC MBC MIC MBC MIC MBC  MIC MBC MIC MBC 

LNZ 2 16 2 16 1 16  1 16 2 16 
PLA-PEG@LNZ NPs 8 >16 8 >16 4 >16  4 >16 >16 >16 
PLA-PEG NPs -a - - - - -  - - - - 

aNo activity was detected for empty PLA-PEG NPs at the highest tested concentration. 

Fig. 4. Effects of PLA-PEG@LNZ NPs, free LNZ and empty PLA-PEG NPs on 
planktonic growth of MRSA ATCC 43300. All data are presented as mean ± SD. 
Free LNZ at MIC, 2 × MIC, and 4 × MIC correspond to 2, 4, 8 µg/mL, respec-
tively. PLA-PEG@LNZ NPs at MIC, 2 ×MIC, 4 × MIC correspond to a LNZ 
content of 8, 16, 32 µg/mL. About 25% of drug was released in 24 h, 46% in 
48 h and 60 % in 72 h (see release data). Significant difference (p < 0.01, 
confidence interval: 99%) was detected between PLA-PEG@LNZ NPs and free 
LNZ at the MIC (green and orange lines, respectively). No significant difference 
(p > 0.05) was found between PLA-PEG@LNZ NPs and free LNZ at concentra-
tions 4 ×MIC and 2 × MIC. 
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and control revealed an increase of CFU/mL (Fig. 6). These data were 
consistent with the activity reported in Table S1 (Supporting Informa-
tion) documenting the ability of PLA-PEG@LNZ NPs to inhibit the 
growth in biofilm supernatant compared to free LNZ. 

The current results documented that PLA-PEG@LNZ NPs showed 
inhibitory activity on biofilm-embedded MRSA in terms of biomass and 
cell viability; conversely, a negligible effect on optical density reduction 
and even a revival of bacterial biofilm growth was observed with free 
LNZ. Moreover, we would like to point out that the effect of LNZ-loaded 
NPs 4 ×MIC should be considered taking in account that NPs released 
only about 25% of the loaded drug during 24 h which is the experi-
mental time of biofilm evaluation. 

The anti-biofilm activity of PLA-PEG@LNZ NPs could be attributed 
to the ability of the NPs to diffuse through the water channels (pores) of 
the biofilm (Kalishwaralal et al., 2010) and to improve the physical 
contact between antibiotic and bacterial cells. Indeed, literature data 
reported that anionic NPs are able to rapidly reach deepest bacteria in 
biofilms and sustainably deliver the incorporated antibiotic during the 
time (Da Costa et al., 2021). 

However, the washing of biofilm after 12 h-treatment caused loss of 
activity with bacterial re-growth, as demonstrated after re-incubation in 
broth at 37 ◦C for 24 h (Figure S3 and Table S2 Supporting Information). 
These findings can be supported by a previous investigation (Da Costa 
et al. 2021) correlating the surface charge of PLA NPs with their 
retention capacity in biofilms and related efficacy. Specifically, nega-
tively charged NPs homogeneously migrated through the whole 
S. aureus biofilms and sustainably deliver antibiotic but they were easily 
washed out; conversely positively charged NPs were shown to adhere 
and were greatly retained in the biofilm, limiting their washout and 
maintaining efficacy. 

4. Conclusions 

In summary, we demonstrated that nanotechnology might provide 
novel opportunities to re-explore the antimicrobial efficacy of known 
antibiotics such as LNZ, overcoming the limits of the standard admin-
istration. We have designed and produced novel PLA-PEG NPs incor-
porating LNZ that preserved the antimicrobial activity of the drug 
providing a gradual and sustained release over the time. The amphi-
philic copolymer was synthetized by a proper combination of coupling 
reactions, such as the carbodiimide-mediated coupling and the copper- 
catalyzed azide–alkyne cycloaddition, followed by nanoformulation 
and drug incorporation. LNZ-loaded PLA-PEG NPs turned out to serve as 
antibiotic enhancer with a potential role in MRSA-associated infections. 
Interestingly, the gradual and sustained release of LNZ from our poly-
meric NPs provided a long-lasting supplier of drug that might keep 
concentrations above MICs allowing the maximal effect of time- 
dependent antibiotics. Harnessing the power of PLA-PEG NPs for LNZ 
delivery turned out to be a strategic tool for treating bacterial infections 
in a biofilm context (i.e., for MRSA infections management) considering 
the recalcitrance of biofilms toward conventional antibiotic therapies. In 
perspective, our findings open the way for further investigations on LNZ- 
loaded PLA-PEG NPs including the binding with proteins, the drug half- 
life, the charge-reversed PLA NPs for biofilm-associated treatment (i.e., 
poly-L-lysine surface-decorated PLA NPs), the dual antimicrobial drug- 
loaded nanoformulations able to synergistically enhances the efficacy 
of LNZ. 

CRediT authorship contribution statement 

Roberto Oliva: Investigation, Writing – review & editing. Giovanna 
Ginestra: Investigation, Writing – review & editing. Anna Piperno: 
Investigation, Writing – review & editing. Antonino Mazzaglia: 
Investigation, Writing – review & editing. Antonia Nostro: Validation, 
Writing – original draft, Visualization, Supervision, Writing – review & 
editing. Angela Scala: Conceptualization, Methodology, Validation, 
Writing – original draft, Visualization, Supervision, Project administra-
tion, Funding acquisition, Writing – review & editing. 

Fig. 5. Efficacy of free LNZ, PLA-PEG@LNZ NPs and empty PLA-PEG NPs at 
different concentrations on biofilm biomass of MRSA ATCC 43300. (A) 
Representative photographs of biofilm biomass. (B) Quantitative analysis of 
biofilm biomass. Black histogram: biofilm at time = 0 (T0) without treatment. 
Grey histograms: biofilm after treatment with free LNZ, PLA-PEG@LNZ NPs, 
empty PLA-PEG NPs and CAMHB (control) for 24 h. The results are shown as 
the mean ± standard deviation of the values obtained from three independent 
experiments. Statistical significance of comparison between each treatment and 
T0 and between PLA-PEG@LNZ NPs and free LNZ was calculated. ** p- 
value < 0.01 (confidence interval: 99%); n.s., not significant p-value > 0.05. 

Fig. 6. Effect of free LNZ, PLA-PEG@LNZ NPs and empty PLA-PEG NPs at 
different concentrations on the biofilm viable cells of MRSA ATCC 43300 after 
24 h-treatment (A) Representative photographs of biofilm viable cells. (B) 
Quantitative analysis of biofilm viable cells. Black histogram: biofilm at 
time = 0 (T0) without treatment. Grey histograms: biofilm after treatment with 
free LNZ, PLA-PEG@LNZ NPs, empty PLA-PEG NPs and CAMHB (control) for 
24 h. The results are shown as the mean ± standard deviation of the values 
obtained from three independent experiments. Statistical significance of com-
parison between each treatment and T0 and between PLA-PEG@LNZ NPs and 
free LNZ was calculated. * p-value < 0.05 (confidence interval: 95%); ** p- 
value < 0.01 (confidence interval: 99%); n.s., not significant p-value > 0.05. 
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Glinka, M., Filatova, K., Kucińska-Lipka, J., Bergerova, E.D., Wasik, A., Sedlařík, V., 
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