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ARTICLE INFO ABSTRACT

Keywords: Polymeric nanoparticles bearing multifunctional features, including surface functionalization, hold great promise
Polyesters to address current limitations in antimicrobial drug delivery. Among bioactive ligands, N-acetylcysteine (NAC)
PLA-PEG and its derivatives have been investigated for their ability to interfere with biofilm formation and to disrupt
;ZQOA;amC les mature biofilms. Here we propose novel N-acetylcysteine-decorated Nanoantibiotics based on poly(lactic acid)-

Drug delivery poly(ethylene glycol) nanoparticles (PLA-PEG-NAC NPs) incorporating Linezolid (LNZ) and Pentamidine (Pent).

MRSA NAC was selected to target methicillin-resistant Staphylococcus aureus (MRSA) biofilm and Pent for broadening
the antimicrobial spectrum of LNZ. The PLA-PEG-NAC copolymer was synthesized through a multi-step pathway
involving carbonyldiimidazole-mediated amidation, Steglich esterification, and copper(I)-catalyzed azide-alkyne
cycloaddition (CuAAC). Successful NAC grafting was confirmed by thiol-ene Michael addition using a crotonyl-
substituted BODIPY dye. Nanoparticle’s formulation by dialysis achieved encapsulation efficiencies of 12% for
LNZ and 20% for Pent, with sustained drug release profiles (78% and 25% cumulative release within 24 h,
respectively). Despite the moderate encapsulation efficiency, the observed biological effects closely reflected the
drug release profile and the achieved drug loading proved suitable for the aims of the present work. Cytotoxicity
assays in Vero cells demonstrated no notable toxicity of PLA-PEG-NAC NPs, either in their drug-loaded or
unloaded forms. Encapsulated LNZ preserved its antimicrobial activity, displaying Minimal Inhibitory and
Bactericidal Concentrations (MIC and MBC) of 2 pg/mL and 16 pg/mL, respectively, against S. aureus, MRSA, S.
epidermidis and Enterococcus faecium. Notably, sub-MIC concentrations of PLA-PEG-NAC@LNZ NPs reduced
MRSA biofilm formation more effectively than free LNZ as demonstrated by biomass inhibition (62% vs 39%) and
fluorescence microscopy. At 8 x MIC, PLA-PEG-NAC@LNZ NPs demonstrated activity against preformed MRSA
biofilm either in the early (49% biofilm reduction) and late stages (30-41% biofilm reduction, depending on
exposure time). Furthermore, the combined use of PLA-PEG-NAC@LNZ NPs and PLA-PEG-NAC@Pent NPs
produced an additive antibacterial effect against Escherichia coli supporting the potential of Pent to sensitize
Gram-negative bacteria to Gram-positive-targeting antibiotics such as LNZ.

1. Introduction Although the synthesis of functional polymers with controlled ar-
chitecture, composition, and molecular weight remains challenging
(due to relative complexity and cost) and requires fine control over the

polymer-chemistry toolbox [2], a major boost to this research comes

Functional polymers emerged as key materials in modern nano-
medicine due to the presence of one or more specific chemical groups

that enable tailored properties, features, and applications [1]. These
materials are typically synthesized by the reaction of polymers with
biologically active ligands or moieties that confer responsiveness to
biological systems.

from the ability of functional polymers to self-assemble, enabling the
formation of supramolecular structures and multifunctional nano-
particles endowed with specific recognition chemical moieties.

Among the various functionalization strategies, the decoration of
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A) Chemical design of PLA-PEG-NAC
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Fig. 1. (A) Synthetic design of PLA-PEG-NAC. (B) Sketched view of Nanoantibiotics formulation. In the inset, the chemical structure of investigated drugs (LNZ and

Pent) is also reported.

polymers with cysteine and its derivatives, including N-acetylcysteine or
esters, has gained increasing attention since the thiol group plays a
crucial role in enhancing the adhesion of polymers to biological tissue,
that is critical for materials’ functionality, promoting both covalent and
non-covalent interactions (i.e., disulfide bonds with other thiol-
containing molecules and hydrogen bonds) [3]. Additionally, polymer-
cysteine conjugates typically undergo swelling into body fluids pro-
moting material spreading and increasing the availability of thiol groups
for disulfide bonding. This behaviour ultimately enhances muco- and
tissue-adhesive properties which are particularly advantageous in drug
delivery and tissue engineering applications where prolonged residence
time and stable anchoring are required.

N-acetylcysteine (NAC) is a thiol-containing mucolytic agent
commonly used for the treatment of respiratory infections with anti-
microbial properties against both Gram-positive and Gram-negative
bacteria (including clinically relevant methicillin-resistant Staphylo-
coccus aureus, MRSA) and effectiveness in both disrupting mature bio-
films as well as inhibiting biofilm formation (reduction of bacteria
adhesion and extracellular matrix production) [4,5].

Biofilms are recognized as a major contributor to chronic and

persistent infections as they endow bacteria with resistance to host im-
mune responses and conventional antimicrobial therapies, being usually
more virulent than their planktonic counterparts.

The ability of NAC to act as a co-adjuvant in the treatment of bac-
terial infections points out the importance of achieving a high long-
lasting local NAC concentration to maximize the antimicrobial efficacy
[6].

However, systemic administration typically results in NAC plasma
levels that are markedly lower (around 0.035 mg/mL) than the effective
concentrations observed in most antimicrobial studies (between 4 and
80 mg/mL) pointing out the need for alternative strategies for delivering
high local concentrations [6]. In this regard, nanotechnology offers
promising tools for the controlled and localized delivery of antimicro-
bials and anti-biofilm agents with the potential to overcome biofilm-
associated resistance [7,8]. In fact, engineered nanoparticles encapsu-
lating antibiotics (“Nanoantibiotics™) and functionalized with targeting
ligands such as NAC exhibit a superior ability compared to conventional
antibiotics to penetrate the extracellular matrix, to improve perme-
ability and to deliver antimicrobial agents directly to biofilm-embedded
bacteria. Moreover, NAC also exerts a beneficial modulatory effect when
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used in combination with some conventional antibiotics [9].

From a synthetic standpoint, several covalent strategies have been
described in recent years to synthesize cysteine-polymer conjugates [3]
including grafting to, grafting from, and grafting through approaches:
aminoacids can be conjugated to the polymer following its synthesis
(grafting to) or they can directly participate in the polymerization as the
initiator (grafting from) or macromonomer (grafting through).

Among these, the grafting to approach is the most commonly used
strategy for conjugating cysteine and its derivatives to polymers,
exploiting the thiol, amine, or carboxylic groups through thiol-ene,
amidation, imidation, and thio-Michael addition reactions. A broad
range of polymeric platforms, including hyaluronic acid, chitosan,
alginate, polycaprolactone, polyurethane, poly(acrylic acid), poly
(ethylene glycol), has been successfully thiolated for biological purposes
[3]. These materials, often referred to as thiomers [10], exhibit
distinctive mucoadhesive features as a result of intra- and interchain
disulfide bond formation within the polymer network and the cysteine
residues of mucosal glycoproteins. Such polymer-mucus interactions
prolong the residence time of drug delivery systems on mucosal surfaces,
thereby enhancing drug absorption and therapeutic effectiveness.

Our recent work investigated the ability of bare PLA-PEG NPs to
provide efficient and prolonged delivery of LNZ [11], a synthetic oxa-
zolidinone antibiotic active against Gram-positive bacteria currently
employed for the treatment of surgical or multidrug-resistant pulmonary
infections caused by vancomycin-resistant Enterococcus faecium
(VREfm), MRSA, penicillin-resistant pneumococci, and also for treating
MDR-Mycobacterium tuberculosis infections [12]. Interestingly, our PLA-
PEG NPs acted as “LNZ activity enhancer” endowed with inhibitory
activity on both planktonic growth and preformed biofilm of MRSA
[11]. These biological findings prompted us to design a tailored syn-
thetic strategy for a novel PLA-PEG copolymer featuring suitable end-
groups for the covalent attachment of NAC, with the aim of improving
antibiofilm performance and permeation.

Moreover, recent literature reported that Pentamidine (Pent), a FDA-
approved antiparasitic drug with documented antimicrobial, anti-
inflammatory, and anti-cancer activity [13,14], strongly synergized
with LNZ against Gram-negative bacteria (Escherichia coli, Klebsiella
pneumoniae, Enterobacter cloacae, Acinetobacter baumannii) acting as a
membrane-targeting sensitizer by disordering (but not completely dis-
rupting) the lipopolysaccharide outer layer and, additionally, inacti-
vating the antibiotic efflux pump [15,16]. However, the clinical use of
Pent-based combinations has been limited, so far, by the high doses
required and associated toxicity concerns. Nevertheless, recent litera-
ture pointed out that specific Pent-LNZ combinations (8-128, 16-64,
32-64, 64-32, 128-32 mg/L) did not exhibit toxicity in mammalian cell
models (mouse RAW264.7) and caused less than 3% red blood cell
haemolysis at concentrations up to 512 mg/L. Additionally, Pent and
LNZ, whether used alone or in combination at 32-512 mg/L, showed no
toxicity in the Galleria mellonella larvae in vivo model, supporting their
potential safety and therapeutic relevance [16].

With this in mind, the present study aims to investigate novel
Nanoantibiotics, unprecedented in literature, based on a newly synthe-
sized amphiphilic poly(lactic acid)-poly(ethylene glycol)-N-acetylcys-
teine conjugate (PLA-PEG-NAC, Fig. 1A) able to self-assemble into
nanoparticles incorporating LNZ and Pent (PLA-PEG-NAC@LNZ NPs
and PLA-PEG-NAC@Pent NPs, respectively, Fig. 1B).

The amphiphilic PLA-PEG copolymer was synthesized by a proper
combination of copper-catalyzed azide-alkyne cycloaddition (CuAAC),
amide coupling, and Steglich esterification reactions. NAC was cova-
lently linked to the end-groups of PEG to be eventually exposed on the
nanocarrier surface. Therefore, the novel cysteine-copolymer conjugate
self-assembled in water and its nanoformulation guaranteed —SH group
exposure on the nanoparticle surface and the consequent steady adhe-
sion of the nanomaterial to the mucus layer, forming covalent S-S bonds
with the mucus cysteine. NAC was selected for destroying MRSA biofilm
and, also, for preventing its formation. Moreover, the incorporation of
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suitable drugs (ie, LNZ and Pent) was achieved during nano-
formulation, leading to PLA-PEG-NAC@LNZ and PLA-PEG-NAC@Pent
Nanoantibiotics, respectively. Pent was used for broadening the anti-
microbial spectrum of LNZ since it promoted the entry of LNZ
(increasing the outer membrane permeability) and its intracellular
accumulation (due to the simultaneous inhibition of the efflux pump) in
Gram-negative bacteria.

The physicochemical characterization of the newly synthesized PLA-
PEG-NAC copolymer and its molecular sub-units was carried out by
different techniques including NMR, FT-IR, mass spectrometry, and GPC
analyses. The Nanoantibiotics were fully characterized in terms of hy-
drodynamic diameter, zeta potential, drug loading, encapsulation effi-
ciency, and drug release. The biological profile of PLA-PEG-NAC@LNZ
NPs was investigated focusing on: a) the evaluation of MIC and MBC
against S. aureus, MRSA, S. epidermidis and E. faecium (VRE-fm) strains,
b) the effect on biofilm formation and on preformed MRSA biofilms at
early (8 h) and late (24 h) stages, and c) the efficacy in combination with
PLA-PEG-NAC@Pent NPs against E. coli.

2. Materials and methods
2.1. General

N-acetylcysteine (NAC), 11-azido-3,6,9-trioxaundecan-1-amine,
poly(D,L-lactide) (PLA, 10.000-17.000 Da), polyethylene glycol (PEG
2.000 Da), crotonyl chloride, solvents and other reagents were pur-
chased from Merck (Italy).

'HNMR spectra were recorded on a Varian 500 MHz spectrometer at
25°C. FT-IR spectra were registered on a Spectrum Two Perkin Elmer
spectrometer equipped with a Universal Attenuated Total Reflectance
Accessory (UATR). DLS measurements (size and {-potential) were per-
formed on a Malvern Zetasizer prored zsu 3205. Gel permeation chro-
matography (GPC) experiments were performed using a PL-GPC 110
(Polymer Laboratories), equipped with two Mixed-D and one Mixed-E
PL-gel 5 pm columns joined in series. As detectors, a differential
refractometer connected in parallel with a UV-Vis spectrophotometer
(Hewlett Packard series 1050) were used. The analysis was carried out at
35 4 0.1°C using THF as eluent (flow rate 1 mL/min). Data acquisition
was performed with ASTRA software (version 6.0.1.10, Wyatt Tech-
nology). Positive ESI mass spectra were acquired on an API 2000 mass
spectrometer (AB-Sciex, Milano, Italy) equipped with an API ion source.
The DMSO solutions of the investigated samples were introduced into
the source at a flow rate of 5 yL/min. The mass spectra were elaborated
with the Analyst software (from AB-Sciex).

2.2. Synthetic procedures

The reactions reported in this study were performed on a 0.5-0.8 g
scale; however, the synthetic protocol is expected to be readily scalable
due to the use of cost-effective and commercially available reagents.

2.2.1. Synthesis of NAC-azide (3)

NAC (1) (500 mg, 3.06 mmol) and CDI (497 mg, 3.06 mmol, 1 equiv)
were dissolved in 20 mL THF in a two-neck round-bottom flask under
inert atmosphere. The reaction mixture was heated to 75°C and refluxed
for 2 h, followed by the addition of 11-azido-3,6,9-trioxaundecan-1-
amine (2) (668 mg, 3.06 mmol, 1 equiv). The reaction was heated at
reflux for 24 h under constant stirring. After cooling to room tempera-
ture, the mixture was filtered to recover NAC-azide (3) as a brownish
solid (764 mg, 70%). 'H NMR (500 MHz, CD30D): 6 4.55-4.52 (m, 1H,
CH), 3.90-3.84 (m, 2H, CH,0), 3.73-3.61 (m, 4H, CH,0), 3.38-3.35 (m,
2H, CH3N3), 3.32-3.30 (m, 1H, CH,SH), 3.15-3.11 (m, 2H, CH;NH),
3.03-3.00 (m, 1H, CH,SH), 1.99 (s, 3H, CH3). 13C NMR (125 MHz,
CD30D) § 175.59, 171.57, 70.11, 70.00, 69.80, 66.69, 60.72, 60.16,
54.13, 50.40, 41.52, 39.16, 21.70. ESI-MS: m/z 364.5 [M]H", 402.7 [M]
K",
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2.2.2. Synthesis of PEG-monoAlkyne (6)

PEG2000 (4) (500 mg, 0.25 mmol) and pentynoic anhydride (5) (37
mg, 0.2 mmol, 1 equiv) were dissolved in 15 mL DCM in the presence of
triethylamine (33 mg, 0.32 mmol, 1.3 equiv) and DMAP (40 mg, 0.32
mmol, 1.3 equiv). The reaction mixture was stirred at rt for 24 h, fol-
lowed by extraction two times with ultrapure water. The organic phases
were combined, dried over anhydrous sodium sulfate and evaporated,
leading to PEG-monoAlkyne (6) as a white solid. Sample (6) was directly
used in the next synthetic step, without further purification. Peaks
integration pointed out that the sample is a mixture of PEG-monoAlkyne
(6) and unreacted PEG diol (4) (7:3 ratio, the latter removed in the next
synthetic step and related work up). 'H NMR (500 MHz, CDCl3) 6: 4.25
(t, J = 5.3 Hz, 2H, CHy), 3.60-3.72 (m, CH,CH>0), 2.57-2.60 (m, 2H,
CHy), 2.48-2.51 (m, 2H, CHy), 1.99 (s, 1H, CH).

2.2.3. Synthesis of PLA-PEG-alkyne (8)

The mixture obtained in the previous step ( containing 75 mg of PEG-
monoAlkyne, 0.036 mmol) was dissolved in 20 mL of DCM together with
EDCI (10 mg, 0.054 mmol, 1.5 equiv), DMAP (2.4 mg, 0.02 mmol, 0.5
equiv) under inert atmosphere; commercial PLA (7) (565 mg, 0.054
mmol; 1.5 equiv) was added dropwise and the reaction mixture was
stirred for 48 h at room temperature. The solution was washed with
small volumes of ultrapure water three times, the organic phases were
combined, dried over anhydrous sodium sulfate and concentrated under
vacuum. PLA-PEG-alkyne (8) was washed with DCM/cold methanol and
recovered after centrifugation as a white solid (232 mg, 55%). TH NMR
(500 MHz, CDCl3) selected peaks 6: 5.19 (m, [CH], PLA), 4.30 (m, 2H,
CHy), 4.25 (m, 2H, CHy), 3.63-3.65 (m, CH,CH;0), 2.58-2.60 (m, 2H,
CHy), 2.49-2.51 (m, 2H, CHy), 1.98 (s, 1H, CH), 1.56 (m, [CHs], PLA).

2.2.4. Synthesis of PLA-PEG-NAC (9)

PLA-PEG-monoalkyne (8) (800 mg, 0.06 mmol) and NAC-azide (3)
(65 mg, 0.18 mmol, 3 equiv) were dissolved in 5 mL of anhydrous DMF;
CuSO4 (29 mg, 0.16 mmol, 3 equiv) and sodium ascorbate (76.5 mg,
0.36 mmol, 6 equiv) were added and the reaction mixture was stirred for
72 h at rt. After removal of the organic solvent, the residue was washed
three times with ultrapure water (3 x 40 mL) and the suspension was
centrifuged (20 min, 13000 rpm). The residue was freeze-dried yielding
PLA-PEG-NAC (9) (490 mg, 62%) as a white solid. H NMR (500 MHz,
CDCly) selected peaks 6: 7.34 (s, 1H, H5-triazole), 5.19 (m, [CH], PLA),
4.51-4.48 (m, 2H, CH,), 4.31-4.27 (m, 2H, CH,), 4.27-4.25 (m, 2H,
CHy), 3.68-3.58 (m, CH,CH>0), 3.03 (m, 2H, CHj), 2.49-2.51 (m, 2H,
CHy), 1.99 (s, 3H, CH3), 1.56 (m, [CH3], PLA).

2.2.5. Synthesis of crotonyl-amide-BODIPY (12)

In a two-neck flask, amino-BODIPY (11) (50 mg, 0.15 mmol) was
dissolved in 5 mL of anhydrous DCM in an inert atmosphere; triethyl-
amine (17 mg, 0.17 mmol, 1.1 equiv) and crotonyl chloride (10) (18 mg,
0.17 mmol, 1.1 equiv) were added, protected from light using aluminum
foil. The reaction mixture was stirred for 72 h at rt, followed by
extraction with saturated sodium bicarbonate solution (2 x 5 mL); the
organic phase was dried over anhydrous sodium sulfate and evaporated
under reduced pressure. The crude was purified by column chroma-
tography using silica as the stationary phase and a gradient mixture of
hexane/EtOAc (80:20, then 70:30) as the eluent to obtain crotonyl-
amide-BODIPY (12) (36 mg, 58%). 'H NMR (500 MHz, CDCl3) &: 7.72
(d, J = 8.3 Hz, 2H(z)), 7.68 (d, J = 8.5 Hz, 2H(x)), 7.41 (sb, NH), 7.23 (d,
J = 8.4 Hz, 4H(g. 7)), 7.06-7.02 (m, 1H(z)), 6.09-5.97 (m, 1Hgy), 5.97 (s,
4H(g, 7)), 5.40-5.36 (m, 2H,7)), 3.22 (d, J = 7.2 Hz, 3Hg), 2.55 (s,
12H. 7)), 1.94 (dd, J = 6.9, 1.7 Hz, 3H(z)), 1.42 (s, 12Hg 7). ESI-MS:
m/z 388.3 [M—Fluorine]* and 408.4 [M]H".

2.2.6. Labelling reaction of PLA-PEG-NAC (9) with crotonyl-amide-
BODIPY (12)

To confirm the presence of sulfhydryl-reactive chemical groups on
PLA-PEG-NAC (9), a typical thiol-ene coupling reaction was performed
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with crotonyl-amide-BODIPY (12) in DMF. Briefly, 2.1 mg (1.18 *107
mmol) of PLA-PEG-NAC (9) was added to a DMF solution (0.6 mL) of 2.2
mg (4.9 *10® mmol) of crotonyl-amide-BODIPY (12) and stirred at 50°C
for 14 h. The solution was poured in 20 mL of diethylether. The pre-
cipitate was washed several times with diethylether in an ultrasonic bath
(the solution was tested by UV-vis to verify the absence of BODIPY
derivative). The solid fraction was collected and dried in vacuum for 24
h at 50°C to obtain PLA-PEG-NAC-BODIPY (13).

2.3. Nanoformulation of PLA-PEG-NAC and characterization

2.3.1. Preparation of PLA-PEG-NAC@LNZ NPs

PLA-PEG-NAC@LNZ NPs were prepared at 10:5 polymer:drug ratio.
LNZ (15 mg) and PLA-PEG-NAC (30 mg) were dissolved in 1.5 ml of
DMSO. After a brief sonication, the organic solution was added dropwise
into 23 mL of ultrapure water under stirring, leading to the formation of
a suspension. After 4 h of stirring, the suspension was transferred into a
dialysis membrane (3.5-5 KDa) previously conditioned in water for 10
min. The sealed dialysis tube was plunged in 500 ml of ultrapure water
and kept under gentle stirring. The entire volume of water was replaced
after 3 h, after 15 h 30 min, after 19 h 30 min. The final suspension was
lyophilized, yielding PLA-PEG-NAC@LNZ NPs as a white powder (22
mg). Similarly, “empty” PLA-PEG-NAC NPs were prepared using the
same method without the drug and used as controls.

2.3.2. Preparation of PLA-PEG-NAC@Pent NPs

Pent free base, used for drug encapsulation, was obtained from Pent
isethionate salt as follows: 100 mg of pentamidine isethionate was dis-
solved in 3 mL of ultrapure water under stirring. A cold solution of NaOH
was gradually added until the pH of the solution was adjusted to 12. The
solution was then refrigerated overnight, centrifuged at 10000 rpm for 5
min and washed twice with ultrapure water to obtain Pent free base as a
white powder. The product was freeze-dried and stored in the fridge.
PLA-PEG-NAC@Pent NPs were prepared at 10:3 polymer:drug ratio.
Pent free base (9 mg) and PLA-PEG-NAC (30 mg) were dissolved in 3 ml
of DMSO. After a brief sonication, the organic solution was added
dropwise into 20 mL of stirring ultrapure water with the formation of a
suspension. After 4 h of stirring, the suspension was transferred into a
dialysis membrane (3.5-5 KDa) previously conditioned in water for 10
min. The sealed dialysis tube was plunged in 500 ml of ultrapure water
and kept under gentle stirring. The entire volume of water was replaced
after 3 h and after 19 h. The final suspension was lyophilized, yielding
PLA-PEG-NAC@Pent NPs (18 mg) as a white powder.

2.3.3. Size and ¢ potential

DLS and {-potential measurements were carried out on lyophilized
PLA-PEG-NAC@LNZ NPs, PLA-PEG-NAC@Pent NPs and empty PLA-
PEG-NAC NPs after resuspension in ultrapure water (concentration
0.05 mg/mL) and sonication (15 min).

2.3.4. Determination of drug loading and encapsulation efficiency

The drug content in the NPs and the loading efficiency were deter-
mined by UV-Vis spectroscopy by dissolving a weighted amount of NPs
in 2 mL of methanol. The amount of encapsulated drug was calculated at
the wavelength of 257 nm for LNZ or 265 nm for Pent. A calibration
curve for LNZ and for Pent free base in methanol was previously con-
structed using the concentration range 3.4-34 pg/mL (10.2 uM —102.0
uM) for LNZ and 0.6-22.0 pg/mL (1.8 uM-65 uM) for Pent free base. A
molar extinction coefficient of £ 2219407 M~! em™! for LNZ and ¢
28794 M~ cm™! for Pent free base in methanol was calculated. Drug
incorporation was expressed in terms of drug loading (DL) and encap-
sulation efficiency (EE) as follows:

— DL (%) = [Mass of drug (mg) incorporated in the NPs/Mass of drug
— loaded NPs (mg)] x 100
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— EE (%) = [Mass of drug (mg) incorporated in the NPs
/Total mass of drug (mg) used in the formulation] x 100

2.3.5. Drug release studies

Drug release from PLA-PEG-NAC NPs was studied using a dialysis
method. PLA-PEG-NAC@LNZ NPs (0.42 mg/mL, containing 16 pg LNZ
based on the DL value) or PLA-PEG-NAC@Pent NPs (0.71 mg/mlL,
containing 32 pg Pent based on the DL value) were dispersed in PBS
(0.01 M, pH 7.4), sonicated for 15 min and transferred into the dialysis
membrane (MWCO 3.5-5 kDa, Spectra/Por®) that was then immersed
in a beaker containing 5 mL PBS. The temperature was set at 37°C and
the release experiment was continued for 72 h. Aliquots of the release
medium (1 mL) were withdrawn for analysis at different time intervals
(1 h,2h,4h,6h,8h, 24 h, 48 h, 72 h) and replaced with an equal
volume of fresh buffer. The absorbance of collected samples was
analyzed at Apax 251 nm and 261 nm for LNZ and Pent, respectively, to
quantify the released drug. A calibration curve in PBS was previously
constructed for LNZ, Pent free base, and Pent isethionate in the con-
centration range 0.34-25 pg/mlL, 2.2-28 pg/mL and 1.25-30 pg/mL,
respectively. The following molar extinction coefficient values for LNZ,
Pent free base, and Pent isethionate in PBS were obtained: € 551qm =
18486 M~ cm ™), € a610m = 23547 M~ ! em™?, ex60nm = 25070 M
cm L. The release profile of free LNZ and free Pent in PBS was also
investigated at the same concentration and experimental conditions as
the drug-loaded NPs.

2.4. Cell cytotoxicity

2.4.1. Cell culture

Vero cells (African green monkey kidney epithelial cells) were
maintained in Dulbecco’s Modified Eagle Medium (DMEM) supple-
mented with 10% heat-inactivated fetal bovine serum (FBS), 1% L-
glutamine, and 1% penicillin-streptomycin. Cells were cultured at 37 °C
in a humidified incubator with 5% CO, and routinely passaged at
70-80% confluence using trypsin-EDTA.

2.4.2. MTT assay

Cell metabolic activity was evaluated by MTT assay which is based
on the reduction of a tetrazolium salt to a coloured formazan product by
metabolically active cells. The assay was performed using a commer-
cially available kit, following the manufacturer’s instructions. Briefly,
Vero cells were seeded in 96-well plates at a density of 5 x 10* cells per
well in 180 pL of complete medium and allowed to adhere overnight.
After incubation, cells were treated with PLA-PEG-NAC@LNZ NPs, PLA-
PEG-NAC@Pent NPs (drug concentration 1-16 pg/mL), empty PLA-
PEG-NAC NPs (at the same polymer concentration used for testing
drug-loaded NPs) and further incubated for 24 h. At the end of the
treatment, MTT reagent solution was added to each well, and the plates
were incubated for 3 h at 37°C. Following incubation, MTT solvent was
added to dissolve the formazan crystals. Absorbance was then measured
at 590 nm using a microplate reader. After subtraction of the back-
ground signal attributable to the culture medium, the data were
normalized to the untreated control to assess the cytotoxic effect of the
treatment according to the following relationship:

[100 x (control — sample)]/control
The percentage of viable cells was then determined as the comple-

ment of cytotoxicity.

2.5. Microbiology

2.5.1. Minimal inhibitory concentration and minimal bactericidal
concentration

The bacteria used in this study were Staphylococcus aureus ATCC
6538, methicillin-resistant S. aureus (MRSA) ATCC 43300, S. epidermidis
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ATCC 35984 and Enterococcus faecium (VREfm) DSM 17050. Minimal
inhibitory concentration (MIC) and minimal bactericidal concentration
(MBC) of the PLA-PEG-NAC@LNZ NPs (containing 32 pg LNZ in 800 pg
of NPs, based on DL value), LNZ and empty PLA-PEG-NAC NPs were
performed according to the guidelines of the Clinical and Laboratory
Standards Institute (CLSI) [17] with some modifications. The samples
were twofold diluted in 96-well round-bottomed using cation-adjusted
Muller-Hinton broth (CAMHB) and overnight bacterial cultures were
inoculated to yield a final concentration of 5 x 10°> CFU/mL. The MIC
was considered as the lowest concentration of each sample giving a
complete inhibition of visible microbial growth after incubation for
18-24 h. In order to confirm MIC values, 2,3,5-triphenyltetrazolium
chloride (TTC) 0.125% (w/v) was added in all the wells, followed by
1 h of incubation. The TTC is a tetrazolium salt widely used in the MIC
determination and is a colorless compound when solubilized with water,
however in the presence of metabolically active bacteria is reduced to
red-colored formazan which is directly proportional to the quantity of
viable cells. The MBC was determined by seeding 20 pL 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-NAC@LNZ NPs on biofilm formation

The effect of PLA-PEG-NAC@LNZ NPs, free LNZ and empty PLA-
PEG-NAC NPs on biofilm-forming ability of S. aureus (MRSA) ATCC
43300 was tested on polystyrene, flat-bottomed microtiter plates, as
previously described [18]. An overnight culture in TSB + 1% glucose
(TSBG) was adjusted to 1 x 10° CFU/mL and dispensed into each well of
96-well polystyrene flat-bottomed microtiter plates containing twofold
serial dilutions of the samples in order to obtain the final concentration
equal to 5 x 10° CFU/mL. After incubation at 37 °C for 24 h, the
planktonic phase was removed and each well was washed twice with
sterile PBS (pH 7.4), dried, stained for 1 min with 0.1% safranin and
washed with water. The stained biofilm biomass was re-suspended in
30% (v/v) acetic acid and absorbance at 490 nm (Abssgg nm) was
measured using a spectrophotometer EIA reader. A biofilm control
consisting of a TSBG medium was included.

The reduction percentage of the biofilm biomass was calculated
using the following equation:

100 — (mean Abssgo nm Of sample/mean Absgp nm Of control well)
x 100

2.5.3. Fluorescence microscopy

Biofilm viability was evaluated using the LIVE/DEAD BacLight
Viability Kit (Molecular Probes). Thebiofilm formation assay was per-
formed as described above, using black microtiter plates with a glass
bottom. After treatment with sub-MIC concentrations of PLA-PEG-
NAC@LNZ NPs, free LNZ and empty PLA-PEG-NAC NPs, the biofilms
were washed and stained with 1 mL of a SYTO 9/propidium iodide (PI)
solution (1:1). Plates were incubated at room temperature for 15 min in
the dark. Subsequently, excess stain was removed, and samples were
observed using an inverted microscope Axio Observer.Z1 equipped with
an Apotome 3 and images were acquired with ZEN 3.12 software.

2.5.4. Effect of PLA-PEG-NAC@LNZ NPs on biofilm-embedded MRSA
Effect of PLA-PEG-NAC@LNZ NPs on early (8 h) and late (24 h)
preformed MRSA biofilm was evaluated by colorimetric and metabolic
viability (XTT) assays as previously reported [11,19]. Overnight cul-
tures of MRSA ATCC 43300 in TSBG were adjusted to 1 x 10° CFU/mL
and 100 pL were added to each well of a polystyrene flat bottomed 96-
microtitre plate. The plates were incubated at 37 °C for 24 h. After in-
cubation, the supernatant was removed and biofilms were carefully
washed twice with sterile PBS. Biofilms were treated with 100 pL of PLA-
PEG-NAC@LNZ NPs at 8 x MIC and 4 x MIC, free LNZ at 8 x MIC and 4 x
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Scheme 1. Step-by-step synthesis of PLA-PEG-NAC (9) and its intermediates: NAC-azide (3), PEG-monoAlkyne (6), PLA-PEG-alkyne (8).

MIC and empty PLA-PEG-NAC NPs or medium (control) for 24 h at
37 °C. To verify the activity on biofilm biomass and cell metabolic
viability, the supernatant was removed and biofilms were washed twice
with PBS before being:

1. Dried, stained for 1 min with 0.1% safranin and resuspended in 30%
(v/v) acetic acid for Abs4gq evaluation.

2. Exposed to a Cell Proliferation Kit II XTT (Roche Diagnosis, Man-
nheim, Germany), as previously reported. This assay utilizes the
reduction of a tetrazolium salt (2,3-bis[2-methyloxy-4-nitro-5-
sulfophenyl]-2H-tetrazolium-5-carboxanilide (XTT)) by metaboli-
cally active cells to a colored water-soluble formazan derivative that
can be easily quantified colorimetrically. A decrease in the number of
live cells correlates with a decrease in overall activity of the de-
hydrogenases responsible for transforming the sodium salt of tetra-
zolium XTT into formazan. Specifically, a saline solution containing
XTT (final concentration 0.3 mg/mL) for 5 h at 37°C and then for-
mazan was quantified spectrophotometrically at 490 nm. Data were
obtained from at least three independent experiments performed in
duplicate.

The reduction percentage of biofilm biomass/metabolic activity was
calculated using the above mentioned equation.

2.5.5. Checkerboard test

The checkerboard test was carried out to determine the potential
synergistic, additive, or even antagonistic effects of combinations of free
LNZ with free Pent and of PLA-PEG-NAC@LNZ NPs with PLA-PEG-
NAC@Pent NPs against E. coli ATCC 10536. Dilutions of the combina-
tions, from 2 x MIC to the serial dilution below, were inoculated in
microtiter plates and incubated as described above [20]. The checker-
board test was used as the basis to calculate a Fractional Inhibitory
Concentration (FIC) according to the formulas: FICy = MICp 4 p/MICy,

FICg = MICg ;. o/MICg, FIC Index = FIC, + FICg. The MIC, , g value is
the MIC of compound A in the presence of compound B, and vice versa
for MICp ; . FIC Index (FICI) values were interpreted as follows: syn-
ergistic effect for FICI < 0.5; additive effect for FICI > 0.5-1; indiffer-
ence for FICI > 1 to < 2; and antagonism for FICI > 2 [21]. All
experiments were performed in triplicate. The results were also reported
as isobolograms, constructed by plotting the best concentrations.

2.6. Statistical analysis

Results, expressed as the mean value + standard deviation, were
statistically analyzed using the software GraphPad Prism 10.6.1 devel-
oped by GraphPad Software Inc. (San Diego, CA, USA). A one-way
analysis of variance (ANOVA) was used to determine significant differ-
ences among the samples and the intreated control. Multiple compari-
sons were performed among groups by the Tukey’s test. The results with
a p-value < 0.05 were considered statistically significant.

3. Results and discussion
3.1. Chemistry

The synthesis of the novel N-acetylcysteine conjugated with PLA-
PEG copolymer (PLA-PEG-NAC) was achieved by a multistep pathway
(Scheme 1). Chemoselectivity and orthogonality are crucial in both
polymer synthesis and functionalization for providing access to multi-
functional architectures with specific structures and properties that can
be eventually formulated into nanoparticles. Therefore, suitable build-
ing blocks (i.e., NAC-azide and PLA-PEG-alkyne) were first synthesized
by combining amide coupling and esterification reactions; afterwards
the copper-catalyzed azide-alkyne Huisgen cycloaddition (CuAAC)
yielded the covalent conjugation of NAC to the amphiphilic copolymer
PLA-PEG. Overall, these synthetic methods proved to be powerful tools
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in polymer organic chemistry due to their high conversion efficiency,
mild reaction conditions, and compatibility with bioactive compounds
[22-24]. Specifically, NAC-azide (3) was synthesized by conjugation of
NAC (1) with 11-azido-3,6,9-trioxaundecan-1-amine (2), selected as
bifunctional linker and suitable spacer to ensure optimal grafting be-
tween the bioactive molecule NAC and the functional end-groups of the
polymer (Scheme 1, step 1). The chemical structure of NAC-azide (3) was
confirmed by one- and two-dimensional NMR analyses, FT-IR, and mass
spectrometry (Figs. S1-S5). The comparison between 'H NMR spectra of
NAC-azide (3) and the starting products, NAC (1) and 11-azido-3,6,9-tri-
oxaundecan-1-amine (2), confirmed the success of the coupling reac-
tion. Specifically, an evident shift of diagnostic peaks was observed,
including the amine methylene protons of the linker, becoming amidic,
from 2.78 to 3.15 ppm, the resonance relative to the methine proton of
NAC from 4.60 to 4.55 ppm, and the methylene protons of NAC side
chain from 2.86 and 2.95 ppm to 3.32 and 3.03 ppm, respectively
(Fig. S1). Moreover, 13¢ NMR spectrum of NAC-azide (3) (Fig. S2)
confirmed the presence of the new amidic bond at 175.59 ppm along
with the resonance at 171.57 ppm attributed to the N-acetyl moiety. The
complete assignment of signals was accomplished by gCOSY and
gHSQCAD analyses (Figs. S3-S4). The structure of NAC-azide (3) was
also confirmed by mass spectrometry analysis, showing peaks at m/z
364.5 [M]H' and 402.7 [MIK" (Fig. S5).

In parallel, a clickable PLA-PEG-alkyne (8) was obtained by mono-
alkynylation of commercial PEGogg (4) with pentynoic anhydride (5)
in the presence of DMAP and triethylamine (Scheme 1, step 2) followed
by esterification of the terminal hydroxyl group of PEG-monoAlkyne (6)
with PLA (7) (Scheme 1, step 3). The mono-alkynylation of PEG was
confirmed by 'H NMR analysis (Fig. S6) by the appearance of the typical
signal corresponding to the methylene ester protons at 4.25 ppm
together with the set of signals related to the pentynoic moiety (1.99,
2.48 and 2.57 ppm). Nevertheless, peak integration pointed out that the
sample was a mixture of PEG-monoAlkyne (6) and unreacted PEG diol
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Fig. 2. GPC traces, using differential refractometer as detector, of commercial
PLA (7, blue line), PEG-monoAlkyne (6, red line), and PLA-PEG-NAC-BODIPY
(13, solid green line); trace of PLA-PEG-NAC-BODIPY (13) using UV-visible
detector fixed at 502 nm (dashed green line).

(4) (7:3 ratio), in good agreement with reported data [25]. The PEG diol
was removed in the next synthetic step and related work up (see
Experimental), as already reported for other PEG mono-
functionalizations [26]. The IR spectrum of (8) confirmed the pres-
ence of the alkyne group at 2108 cm™! (Fig. S7) although the peak in-
tensity was small, as expected, due to the dominant peaks from the
polymer.

Finally, the CuAAC between NAC-azide (3) and PLA-PEG-alkyne (8)
was accomplished in the presence of CuSO4 and sodium ascorbate,



A. Nostro et al.

European Polymer Journal 254 (2026) 114780

100 <

80 -
?
®© 60
o
[0]
Y J
(O]
= 40
:‘5 |
3
e J
=)
O

20 4 B PLA-PEG-NAC@LNZ NPs

® FreeLNZ
J B PLA-PEG-NAC@Pent NPs
® Free Pent
0 1 v T v T T T T v T T T v T v 1
0 10 20 30 40 50 60 70 80

Time (h)

Fig. 3. Cumulative percentage release of free drugs (LNZ and Pent) and drugs from PLA-PEG-NAC@LNZ NPs and PLA-PEG-NAC@Pent NPs vs time, assessed in PBS
(pH 7.4) at 37°C by dialysis method. Data are reported as the mean + SD (n = 3). The curves were fitted using the first order mathematical model (simple

exponential).

leading to PLA-PEG-NAC (9) (Scheme 1, step 4).

NMR analysis was inconclusive in confirming the covalent grafting of
NAC to the polymer end-group, as expected, due to the relatively low
amount of NAC present (about 10 ug/mg). However, IR spectroscopy
attested for the conversion of the alkyne (8) and azide (3) into the tri-
azole derivative (9) by monitoring the disappearance of both the al-
kyne's characteristic C=C stretch (2108 cm!) and the N=N=N
stretching vibration at 2099 cm* (Fig. 57).

To confirm the covalent grafting of NAC to the PLA-PEG copolymer,
a typical thiol-ene labelling reaction was performed between PLA-PEG-
NAC (9) and a novel crotonyl-amide-BODIPY (12). The latter was newly
synthesized by conjugation between crotonyl chloride (10) and amine-
BODIPY (11) (Scheme 2) and characterized by 'H NMR and mass
spectrometry analysis (Fig. S8-S9). The thiol-ene Michael addition was
performed by reacting crotonyl-amide-BODIPY (12) with PLA-PEG-NAC
(9) in DMF at 50 °C for 14 h [27] producing PLA-PEG-NAC-BODIPY (13)
(Scheme 2). Fig. 2 reports the GPC traces of PLA (blue line), PEG-
monoAlkyne (red line) and PLA-PEG-NAC-BODIPY (green lines). Spe-
cifically, the BODIPY-labelled PLA-PEG-NAC sample, analyzed with
refractive index and UV-Vis detectors (Fig. 2, solid and dashed green
lines, respectively) connected in parallel, revealed a signal at the ab-
sorption maximum of BODIPY (Apyax = 502 nm) that partially overlapped
with the corresponding refractive index signal, confirming the presence
of the sulfhydryl-reactive end-group on the polymeric structure.

3.2. Nanoantibiotics formulation and characterization

The intrinsic self-assembly ability of amphiphilic PLA-PEG-NAC was
exploited to produce nanoparticles for encapsulation of LNZ and Pent.
The aminoacid-polymer conjugate was proven effective in forming drug-
loaded NPs. The technical optimization in terms of drug/polymer ratio
and loading conditions was adjusted to favor drug incorporation and to
maximize drug loading while maintaining nanoparticle stability and
reproducibility. Specifically, PLA-PEG-NAC@LNZ NPs and PLA-PEG-
NAC@Pent NPs were formulated by dialysis (Fig. 1B), the latter being
selected based on our previous comparative studies on PLA-PEG

nanoformulation methods [11].

Briefly, polymer and drug were solubilized in DMSO and added
dropwise into stirring water; the resulting suspension was placed inside
a suitable dialysis membrane to promote the diffusion out of organic
solvent and excess of drug. PLA-PEG-NAC@LNZ and PLA-PEG-
NAC@Pent Nanoantibiotics were assessed in terms of particle size,
surface charge, encapsulation efficiency (EE) and drug loading (DL)
capacity. Mean particle hydrodynamic diameter (Dy) was about 246 nm
and 231 nm for PLA-PEG-NAC@LNZ and PLA-PEG-NAC@Pent NPs,
respectively, and 229 nm for empty NPs. The { potential values were
observed to be —26, —25 and —28 mV, respectively, attesting for a good
colloidal stability without sedimentation along the time. The encapsu-
lation efficiency was 12% for LNZ and 20% for Pent with a drug loading
capacity of 4% and 4.5%, respectively. The modest EE is consistent with
the physicochemical properties of both drugs since LNZ possesses some
water solubility and Pent is a relatively hydrophilic molecule; therefore,
they typically exhibit moderate affinity for hydrophobic polymer
matrices. The relatively low EE values were inherent to our focus on
maximizing DL rather than optimizing EE. To this end, we investigated
formulation protocols employing higher polymer:drug ratios (10:3 and
10:5 w/w, see Experimental), which resulted in increased drug content.
Lower polymer:drug ratios, which may potentially enhance EE, were not
explored at this stage, representing an important direction for greater
clinical relevance in future optimization.

Drug release studies were conducted at physiological pH using the
dialysis method. Cumulative percentage release values of LNZ and Pent
from PLA-PEG-NAC NPs over 72 h were reported in Fig. 3 together with
the release profile of free drugs under the same conditions, for com-
parison. Free LNZ and free Pent rapidly diffused across the dialysis
membrane with 56% of LNZ and 43% of Pent released within the initial
4 h. The diffusion of both drugs was more than 80% in the first 24 h and
almost complete within 72 h. Compared to the control data, the release
of both drugs from NPs appeared sustained and prolonged, as typically
expected and desirable for nanoparticles-based drug delivery system,
designed to act as a drug “reservoir”. Specifically, approximately 30% of
LNZ was released from PLA-PEG-NAC@LNZ NPs at a relatively rapid
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Fig. 4. Cell viability. MTT assay on VERO cells treated with PLA-PEG-NAC@LNZ NPs and PLA-PEG-NAC@Pent NPs at different concentration of LNZ or Pent (1-16
pg/mL). Empty PLA-PEG-NAC NPs were tested at the same polymer concentration used for testing drug-loaded NPs.

rate during the first 4 h (burst phase), followed by slower release rate
prolonged over the next hours (about 50% in 8 h, 78% in 24 h,
completed in around 48 h). An overall slower release profile was
observed for Pent from PLA-PEG-NAC@Pent NPs with only 7% of drug
released in the first 4 h, about 12% in 8 h, 25% in 24 h, reaching 46%
within 72 h. The initial release is commonly ascribed to the drug
detachment from NPs surface while the later sustained profile is related
to the release from the inner core mainly due to the drug diffusion and/
or polymer matrix erosion. In drug delivery systems, release profiles can
be governed by different mechanisms, including simple diffusion,
erosion, degradation, and absorption processes. To better understand
these phenomena and accurately predict release kinetics and material
interactions, several mathematical models have been proposed in liter-
ature [28].

In the present study, a first-order mathematical model (simple
exponential) was applied to fit the drug release data. This approach was
used to evaluate the kinetic profiles of drugs released from PLA-PEG-
NAC@LNZ NPs and PLA-PEG-NAC@Pent NPs, as well as from the cor-
responding free drugs (Fig. 3). A correlation coefficient (R?) of about
0.99 was obtained for all samples (Table S1) indicating appropriate
fitting of the model to the experimental data. These results suggest that
drug release from nanoparticles is primarily governed by simple diffu-
sion, which depends on both drug concentration and the composition/
morphology of the delivery system. This behavior is consistent with
nanosystems acting as “drug reservoirs” embedded within a homoge-
neous polymeric matrix, where diffusion is controlled by a constant
coefficient.

A similar mechanism was observed for the release of free drugs,
which diffuse through the semi-permeable membrane used in the release
experiments. The parameter values (R and K) obtained from fitting the
experimental data to a first-order model are summarized in Table S1.

Overall, the conjugation of polymers with cysteine derivatives
significantly modulated drug release and drug permeation with a
different effect on LNZ and Pent likely due to their different chemical-
physical features and solubilities.

Table 1
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Fig. 5. Inhibition of S. aureus MRSA ATCC 43300 biofilm formation in the
presence of sub-MICs of PLA-PEG-NAC@LNZ NPs and free LNZ. Values are
expressed as mean + standard deviation of biofilm inhibition (%). Pairwise
comparisons with the control (Tukey’s test) are indicated as follows: * (p <
0.05); *** (p < 0.001).

3.3. Cell cytotoxicity

MTT assay on Vero cells demonstrated no notable toxicity of PLA-
PEG-NAC NPs (Fig. 4), either in their drug-loaded or unloaded forms,
with cell viability remaining above 80% even at the highest tested
concentration (16 pg/mL).

3.4. Microbiological studies

The antimicrobial features of PLA-PEG-NAC@LNZ NPs were evalu-
ated by the assessment of their MIC and MBC values against S. aureus,
MRSA, S. epidermidis and VREfm strains, their effect on biofilm forma-
tion and on early (8 h) and late (24 h) preformed MRSA biofilm.
Furthermore, the efficacy of PLA-PEG-NAC@LNZ NPs in combination
with PLA-PEG-NAC@Pent NPs against E. coli was investigated.

MIC values of PLA-PEG-NAC@LNZ NPs were reported in Table 1.
The activity of LNZ embedded into our polymeric NPs resulted in MIC
and MBC values of 2 pg/mlL and 16 pg/mL, respectively. Although the

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

Samples S. aureus S. aureus (MRSA) ATCC 43300 S. epidermidis ATCC 35984 E. faecium (VRE) DSM 17050
ATCC 6538
MIC MBC MIC MBC MIC MBC MiIC MBC
Free LNZ 2 16 2 16 1 16 2 16
PLA-PEG-NAC@LNZ 2 16 2 16 16 2 16
PLA-PEG-NAC >16 >16 >16 >16 >16 >16 >16 >16
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Fig. 6. Representative fluorescence images of S. aureus (MRSA) biofilm formation in the presence of PLA-PEG-NAC@LNZ NPs and free LNZ. The viable cells are green
(SYTO 9) and dead cells are red (propidium iodide, PI). Images observed with inverted microscope Axio Observer.Z1 equipped with an Apotome 3 and acquired with

ZEN 3.12 software. Magnification 100X.
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Fig. 7. Reduction of S. aureus MRSA ATCC 43300 early 8 h- preformed biofilm in the presence of PLA-PEG-NAC@LNZ NPs, free LNZ at 8 x MIC and 4 x MIC, and
empty PLA-PEG-NAC NPs evaluated by colorimetric and metabolic viability assay (XTT). Values are expressed as mean =+ standard deviation of biofilm inhibition
(%). Pairwise comparisons with the control (Tukey’s test) are indicated as follows: ** (p < 0.01); *** (p < 0.001).

activity of PLA-PEG-NAC@LNZ NPs was comparable to free LNZ, the
drug release profile should be taken in account (Fig. 3) and specifically
should be considered that in the first 24 h (which corresponds to the
timeframe of our biological assays) about 78% of LNZ was released from
NPs and it can be considered the pharmacologically active fraction
during that period. Therefore, the activity of LNZ embedded in NPs was
preserved.

3.5. Effect of PLA-PEG-NAC@LNZ NPs on biofilm formation

The effects of sub-MIC concentrations of PLA-PEG-NAC@LNZ NPs
and free LNZ on biofilm formation are reported in Fig. 5.

10

At 0.5 x MIC, PLA-PEG-NAC@LNZ NPs showed significantly greater
inhibition (62%) than free LNZ (39%) compared with the untreated
control. Interestingly, this effect was partially maintained at 0.25 x MIC,
where PLA-PEG-NAC@LNZ NPs achieved 45% inhibition, more than
double that observed for free LNZ (21%). By contrast, unloaded PLA-
PEG-NAC NPs exerted a negligible effect (<5%).

Fluorescence microscopy analysis confirmed the enhanced biofilm
inhibition exerted by PLA-PEG-NAC@LNZ NPs compared to free LNZ at
sub-MIC concentrations (Fig. 6 and Fig. S10). Specifically, S. aureus
(MRSA) treated with PLA-PEG-NAC@LNZ NPs and free LNZ at both 0.5
x MIC and 0.25 x MIC formed biofilms with reduced cellular density
and decreased viability (green fluorescence), compared to the dense,
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Fig. 8. Reduction of S. aureus MRSA ATCC 43300 late 24 h- preformed biofilm treated for 7 h or 24 h with 8 x MIC or 4 x MIC of PLA-PEG-NAC@LNZ NPs, free LNZ,
and empty PLA-PEG-NAC NPs, evaluated by colorimetric and metabolic viability assay (XTT). Values are expressed as mean =+ standard deviation of biofilm inhi-
bition (%). Pairwise comparisons with the control (Tukey’s test) are indicated as follows: ** (p < 0.01); *** (p < 0.001).

highly viable biofilms observed under control conditions (TSBG and
empty NPs). Notably, this effect was more pronounced in biofilms
treated with PLA-PEG-NAC@LNZ NPs than in those treated with free
LNZ.

The mode of action of LNZ against planktonic cells is well under-
stood; however, its mechanism of action against biofilms remains less
clear. Previous studies assessing the anti-biofilm activity of LNZ have
focused mainly on free LNZ, with only a few papers investigating its
effectiveness when delivered through nanoformulations [29], due to the
short development history of oxazolidinones, and their use as last resort
antibiotics. Interestingly, our results showed that PLA-PEG-NAC NPs
incorporating LNZ exhibited a superior ability to inhibit MRSA biofilm
formation than free LNZ, likely due to improved drug solubility and
permeability.

3.6. Effect of PLA-PEG-NAC@LNZ NPs on biofilm-embedded MRSA

PLA-PEG-NAC@LNZ NPs at 8 x MIC significantly reduced biofilm
biomass (49%) compared with the untreated control (Fig. 7). At 4 x
MIC, both PLA-PEG-NAC@LNZ NPs and free LNZ showed a comparable
trend of biomass reduction (33% and 30%, respectively). Minimal ac-
tivity was also observed for empty PLA-PEG-NAC NPs (without LNZ).
Conversely, both PLA-PEG-NAC@LNZ NPs and free LNZ caused a sig-
nificant reduction in metabolic activity (65-68%), whereas empty PLA-
PEG-NAC NPs showed a negligible effect. The discrepancy between
biomass and metabolic activity percentage reduction (XTT, Fig. 7) may
be explained by the fact that biomass quantification methods account for

Table 2

Antibacterial activity of combination of free drugs and combination of PLA-PEG-
NAC@LNZ NPs with PLA-PEG-NAC@Pent NPs by the checkerboard test and
calculation of the fractional inhibitory concentration (FIC) index.

E. coli ATCC 10536

MIC BEST COMBINATION FIC Index
pg/mL
LNZ 64 16 0.5
Pent 32
PLA-PEG-NAC@LNZ NPs 64 0.625
PLA-PEG-NAC@Pent NPs 32 16

11

both viable and non-viable bacteria within the biofilm. This interpre-
tation was supported by the different effects observed for empty PLA-
PEG-NAC NPs (without LNZ) on biomass and metabolic activity.

Fig. 8 reported the effects of two treatments (7 and 24 h) on mature
MRSA biofilms exposed to PLA-PEG-NAC@LNZ NPs and free LNZ at 8 x
and 4 x MIC. Notably, the most pronounced and statistically significant
effect was observed with PLA-PEG-NAC@LNZ NPs at 8 x MIC after 7 h
of treatment, resulting in 41% reduction in biofilm biomass. The
remaining treatments caused comparable levels of biofilm reduction
(25-30%), regardless of treatment duration. In all cases, a significant
decrease in metabolic activity was observed, ranging from 75% to 85%.

We recently demonstrated that PLA-PEG NPs act as an enhancer of
LNZ activity against 24 h- preformed biofilms [11]. The results of the
present work confirmed these findings; nevertheless, given the relatively
low NAC content (about 10 pg/mg), we did not observe a strong impact
on the biological activity compared to non-functionalized PLA-PEG NPs.
Rather, NAC functionalization was intended to modulate polymer
properties without dramatically altering the biological profile. There-
fore, while the chemical incorporation was well-established, the direct
biological benefit of NAC as an added functional component has not
been conclusively demonstrated since the moderate grafting did not
produce a strong enhancement of biological activity compared to un-
modified (“bare”) PLA-PEG NPs, but rather it may modify polymer
features and contribute subtly to the observed effects. Further im-
provements of the antibiofilm activity could be achieved by increasing
NAC concentration in the polymeric NPs, either by modifying the syn-
thetic pathway for NAC conjugation or through physical encapsulation.
For covalent conjugation, one promising strategy would involve modi-
fying the polymer end-groups with dendrimeric or branched moieties (e.
g., trizma, bis-MPA, or citric acid) to increase NAC grafting density at the
polymer end chain. Physical encapsulation of NAC within the nano-
particle core could be optimized by leveraging established formulation
strategies reported in literature [30]. These approaches will be explored
in future studies.

3.7. Checkerboard test

Co-encapsulation of two drugs into polymeric nanoparticles is well
known to be challenging, often resulting in very low drug loading [31].
Our experimental results confirmed this limitation for PLA-PEG-NAC
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Fig. 9. Isobolograms depicting the effect of LNZ in combination with Pent against E. coli ATCC 10536, determined by the checkerboard test and calculation of the
fractional inhibitory concentration (FIC). Left: combination of free LNZ and free Pent; right: combination of PLA-PEG-NAC@LNZ NPs and PLA-PEG-NAC@Pent NPs.

NPs (data not shown). Consequently, the PLA-PEG-NAC@LNZ@Pent
formulation was not further pursued. As an alternative strategy, we
studied the antimicrobial effect of a blended mixture of PLA-PEG-
NAC@LNZ NPs and PLA-PEG-NAC@Pent NPs.

LNZ and Pent incorporated into the PLA-PEG-NAC NPs showed an
activity against E. coli comparable to that of the free drugs. The com-
bination of LNZ and Pent in their free form exhibited a synergistic effect
(FIC index = 0.5), whereas the combination of PLA-PEG-NAC@LNZ NPs
and PLA-PEG-NAC@Pent NPs demonstrated an additive effect (FIC
index = 0.625) (Table 2 and Fig. 9).

These results confirmed the adjuvant activity of Pent in enhancing
the susceptibility of E. coli to LNZ. Specifically, Pent and LNZ alone
exhibited MICs of 32 pg/mL and 64 ug/mL, respectively. However, when
assayed in combination, the MIC was reduced fourfold, demonstrating a
synergistic effect. This finding aligned with previously reported studies
[15,16]. Moreover, drug combinations offer further benefits, such as a
slower emergence of bacterial resistance likely due to additional mul-
titargeting mechanisms [32].

Although the combination of our PLA-PEG-NAC@Pent NPs and PLA-
PEG-NAC@LNZ NPs demonstrated an additive effect, this result should
be interpreted in the context of the release profile (Fig. 3). Notably,
approximately 78% of LNZ was released from the NPs within the first 24
h (which corresponds to the timeframe of our biological assays),
whereas Pent exhibited a slower release, with only 25% released from
PLA-PEG-NAC@Pent NPs over the same period. Therefore, 78% of LNZ
and 25% of Pent released within 24 h can be considered the pharma-
cologically active fraction.

The release kinetics of both agents are governed by the same carrier
matrix, which results in comparable diffusion-controlled profile as
suggested by kinetic parameters obtained from the fitting analysis. The
significant difference in drug release percentages, likely related to
distinct chemical and physicochemical properties of LNZ and Pent, may
influence the observed additive effect against E. coli and the timing of
their synergistic action, being the slower release of Pent a limiting fac-
tor. To investigate this aspect, we performed also a checkboard assay
(data not reported) in which PLA-PEG-NAC@Pent NPs were added to
the bacterial culture 30 min prior to PLA-PEG-NAC@LNZ NPs, aiming to
exploit the membrane-permeabilizing effect of Pent. The very slow
release of Pent from the nanoparticles suggested that its delayed avail-
ability may limit its potentiating role.

Based on these observations, we believe that future optimization of
this nanoplatform might benefit from replacing Pent with alternative
antibiotic potentiators or enhancers characterized by more favorable
release kinetics. Recent studies have demonstrated that the combination
of LNZ with adjuvants or potentiators, such as Arg-biodynamers [33],
e—poly-L-lysine [34], or polymyxin B [35,36], can broaden the anti-
bacterial spectrum against Gram-negative bacteria by increasing mem-
brane permeability or facilitating intracellular uptake, resulting in
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additive to synergistic effects depending on the system and the bacterial
strain. Such approaches can enhance therapeutic outcomes by providing
an early burst of the potentiator followed by a sustained release of the
primary drug.

In conclusion, our study demonstrated the efficacy of PLA-PEG-
NAC@LNZ NPs against MRSA biofilms, as well as the ability of the
dual antibacterial drug-loaded nanoformulation to broaden the anti-
bacterial spectrum of LNZ. Moreover, cytotoxicity assays in Vero cells
demonstrated no notable toxicity of PLA-PEG-NAC NPs, either in their
drug-loaded or unloaded forms, supporting their potential suitability for
further studies.

In perspective, in vivo validation using infection models in mice will
be essential to confirm the therapeutic potential (antibacterial efficacy,
biodistribution, therapeutic outcomes) and safety of the proposed
nanoantibiotics in a biologically relevant context.
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