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A B S T R A C T

Polymer decoration is a widely used method for surface modification of liposomes which is able to improve the 
stability of the vesicles, mechanical resistance to aerosolization, mucoadhesion and targeting capabilities. Chi
tosan, a biocompatible polysaccharide, is an excellent candidate for this purpose and it is largely employed for 
the development of liposomal formulation for pulmonary delivery. The cationic polymer ε-poly-L-lysine is widely 
used as a food preservative while its use as a stabilizer and mucoadhesive agent is less explored. Here we consider 
the use of Chitosan and ε-poly-L-lysine to improve the properties of anionic liposomes entrapping Isoniazid, an 
anti-tubercular drug, to obtain stable, mucoadhesive nanocarriers capable of delivering Isoniazid into cells, for 
potential nasal administration. By using the same procedure for both polymers, we obtained liposomes decorated 
with Chitosan and ε-poly-L-lysine with the optimal size range for potential nasal administration and pulmonary 
deposition, capable of ensuring the stability of the entrapped drug both after three months of storage and after 
nebulization. These polymer-decorated liposomes show safe and effective intracellular delivery of Isoniazid to 
BCG-lux-infected macrophages, reducing intracellular mycobacteria viability.

1. Introduction

Chitosan and ε-poly-L-lysine have gained significant attention as 
naturally derived polymers to be used as decorating agents for lipo
somes, due to their combination of biocompatibility and biodegrad
ability. Their positive charges enable electrostatic interaction and 
modulation of vesicle surface properties such as mucoadhesion, thus 
improving the performance of nanocarriers in the lung environment 

[1,2].
Among the many available nanocarriers, liposomes have proven to 

be highly effective in delivering antibacterial drugs to treat pulmonary 
infections [3]. Their use is particularly noteworthy because they are 
easy to prepare, generally safe, and capable of regulating drug release. 
However, some critical issues such as premature drug leakage may 
restrict their applicability. Polymer decoration represents a viable 
strategy to overcome these challenges thanks to the possibility to 
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modulate the surface properties of liposomes to improve stability, 
pharmacokinetics and adhesive properties toward a specific target [4,5]. 
Chitosan (Chit, hereinafter), a semi-rigid polysaccharide with limited 
flexibility, is prepared by deacetylating chitin. Chit's behavior in solu
tion is influenced by factors such as molecular weight, deacetylation 
degree and pH [6,7]. Chit's outstanding physicochemical and biological 
properties, namely antibacterial activity, low toxicity, hemocompati
bility and muco-adhesiveness, to name a few, make it a highly promising 
candidate for a wide range of applications, ranging from environmental 
to biomedical sciences [8–11]. Chit is able to adsorb on and decorate 
anionic liposomal surface, owing to its cationic character, mainly by 
electrostatic interactions. This results in a higher stability against ag
gregation, higher thermal or storage stability [12,13] and improved 
mechanical stress resistance to nebulization, by properly balancing their 
charge ratio, a key-aspect in the nose-to-lung delivery of Chit-decorated 
liposomes. It has to be remarked that Chit is probably the most well- 
known mucoadhesive agent, since it increases the penetration of mac
romolecules and nanoparticles through the nasal and intestinal barriers, 
as first described by Lehr et al.in 1992[14]. This effect is due to its ability 
to electrostatically bind with the glycosylated regions of mucin fibers, 
which are densely negatively charged [15]. Conventional nanocarriers 
are likely to be trapped by mucus via steric or adhesive forces and 
rapidly eliminated via mucociliary clearance, so they cannot distribute 
throughout the lung airways nor long-reside in the lung and/or reach the 
airway epithelium. Therefore, their poor permeability through the mu
cosa often reduces the effectiveness of therapies [16]. To overcome the 
short transit time, research efforts focus on improving nanocarrier as
sociation to mucus. Mucoadhesion slows the particle transit time 
through the specific tract of the body to the time scale of mucus renewal, 
thereby enhancing drug absorption.

The design of mucoadhesive drug delivery systems is currently the 
predominant approach to improve pulmonary delivery of therapeutics 
[17]. Surface modification with Chit has been shown to be able to 
promote liposome interaction with airway mucus and the modulation of 
barrier properties of the mucus itself [18].

Recently, we have shown that the naturally occurring ε-poly-L-lysine 
(ε-PLL) is able to improve the mucoadhesion of anionic liposomes 
composed by a mixture of hydrogenated soy phosphatidylcholine- 
phosphatidylglycerol (HSPC–DPPG). Importantly, this occurs without 
affecting their colloidal features and the entrapment efficiency of the 
hydrophobic anti-tubercular drug Rifampicin [19,20]. ε-PLL decorated 
liposomes have also proven to be able to deliver Rifampicin on macro
phages infected by Mycobacterium abscessus and to exert a therapeutic 
effect [19]. These findings suggest the possible use of ε-PLL decorated 
liposomes as intracellular nanocarriers to improve antibiotic delivery in 
the lung. ε-PLL is a flexible, low molecular weight polypeptide with 
highly mobile chains, with water-soluble properties [2] and a broad- 
spectrum of antimicrobial activity [21–23], biodegradable, biocompat
ible and largely used as food preservatives [24]. Since the earlier studies, 
the observed antimicrobial activity has been attributed to the polycation 
nature of its α-amino group, which is positively charged at neutral pH, 
thus enabling electrostatic adsorption on the bacteria cell surface [25]. 
Contrary to α-poly-lysine [26], in ε-PLL the L-lysine residues are linked 
together by amide bonds between the carboxyl group and the ε-amino 
group of two consecutive amino acids. This peculiar structure hinders 
the hydrophobic interaction with lipid bilayers and their consequent 
destabilization. This has encouraged the use of ε-PLL for stabilization of 
liposomes [27], lipid-surfactant vesicles [28,29] and for guiding the 
assembly of insulin proteins in nanospheres for pulmonary delivery 
applications [30]. Improvement of therapeutic management of pulmo
nary diseases has been examined by improving drug administration 
using mucoadhesive Chit-decorated liposomes, while ε-PLL has been 
rarely explored in this context. In a recent paper, the use of ε-PLL and 
Chit as decorating agents for anionic liposomes loading the Rifampicin 
showed that both polymers can improve mucoadhesion without 
affecting liposome features and entrapment efficiency of this 

antitubercular drug [21]. Interestingly, ε-PLL-decorated liposomes 
proved to exert more effective antibacterial action on Mycobacterium- 
abscessus-infected macrophages, compared to Chit-decorated lipo
somes. ε-PLL may offer additional advantages compared to Chit due to 
its pH-independent cationic charge and well-defined molecular weight, 
which ensure more reproducible interactions under physiological con
ditions. These features make ε-PLL particularly suitable for liposome 
stabilization and pulmonary drug delivery and provided new motivation 
to explore this less-studied polypeptide as a tool to improve antibiotic 
delivery in the lung.

In the panorama of liposomal delivery for treating pulmonary in
fections, recent attention has been paid to Isoniazid (INH) [31], one of 
the first-line antibiotics used to treat Mycobacterium tuberculosis in
fections. Among all anti-tubercular agents, INH stands as a cornerstone, 
recognized for its potent bactericidal activity against actively replicating 
bacteria. However, its efficacy is constrained by many challenges and 
limitations of conventional treatments, such as low permeability, rapid 
clearance from the body and toxic effects associated with the prolonged 
use [32]. INH-encapsulated liposomes represent a promising advance
ment in TB treatment and may offer several potential benefits over 
conventional formulations [19,20]. As reported in a previous investi
gation, anionic HSPC-DPPG liposomal formulation is also able to entrap 
INH in the vesicle aqueous compartment with high efficiency [33]. In 
HSPC-DPPG formulations, the presence of a strong drug-lipid interaction 
increases INH entrapment due to drug adsorption, which occurs both on 
inner and outer surface of liposomes, favored by the dipolar nature of 
INH at physiological pH, which drives a dipole-dipole interaction with 
zwitterionic lipids. With the perspective of development of a combina
torial therapeutic strategy for delivering INH and Rifampicin for a pul
monary administration, alternative to the co-delivery strategies 
described up to now in recent works [19], we optimized the preparation 
of liposomes composed by HSPC-DPPG entrapping INH and the polymer 
decorating by Chit and ε-PLL. We have chosen a HSPC-DPPG mixture 
close to the equimolar since at this lipid composition, we have shown 
that the heterogeneity of the lipid layer is the highest, thus allowing the 
largest INH insertion in the bilayers and a larger value of the entrapment 
ratio for INH loaded liposomes [31]. The possible presence of the drug 
on the liposomal surface could interfere with the surface decoration of 
the polymer. To the best of our knowledge, no similar studies with this 
hydrophilic drug and polymers with well distinct structural and elec
trical properties are available. The aim of our work is to study in detail 
the chemical-physical properties of liposomes decorated with Chit or 
ε-PLL that trap INH.

To test the effectiveness of the intracellular delivery of INH by these 
novel polymer-decorated INH nanocarriers, we evaluate their antimi
crobial activity in the context of Mycobacterium bovis infections, used as 
a surrogate model for the preliminary investigation on potential anti- 
Mycobacterium tuberculosis therapies [32].

2. Materials and methods

2.1. Materials

1,2-Dipalmitoyl-sn-glycero-3-phosphorylglycerolsodium salt (DPPG, 
molecular weight Mw = 745 g/mol) and hydrogenated phosphatidyl
choline from soybean (HSPC, molecular weight Mw = 790 g/mol) were 
a kind gift from LIPOID GmbH (Lipoid GmbH, Ludwigshafen, Germany). 
Isoniazid (INH nominal purity >97%), diphenylhexatriene (DPH), 
mucin, Hepes salt [N-(2-hydroxyethyl) piperazine-N-(2ethanesulfonic 
acid)]. Low molecular weight chitosan (Chit) from shrimp shells 
(deacetylation ≥75%; CAS: 9012-76-4; Lot: STBG5431V; molecular 
weight: 2–4 × 104 Da) powder was purchased from Sigma-Aldrich (St. 
Louis, MO, USA). It is composed of randomly distributed β (1 → 4)-D- 
glucosamine (75%) and N-acetyl-D-glucosamine (25%) units. At physi
ological pH (~7.4), Chit (pKa ~6.5) exhibits a low degree of protonation 
(~11% of its amino groups, corresponding to ~8.4% charged units 

J. Forte et al.                                                                                                                                                                                                                                    International Journal of Biological Macromolecules 371 (2026) 152914 

2 



overall due to 75% deacetylation). The viscosity (1% w/v in 1% acetic 
acid =20–300 cps) is theoretically consistent with molecular weight, 
according to the manufacturer's information. According to the supplier, 
chitosan was obtained with purity higher than 99% [34]. ε-Poly-L-lysine 
(ε-PLL) was a gift from JNC-Chisso (Yokohama, Japan). It is produced by 
a mutant of Streptomyces albulus NBRC14147 strain, is composed of 25 to 
35 L-lysine residues (Mw ~ 4000) and the α-amino group is positively 
charged at neutral pH. Phosphotungstic acid (PTA) was purchased by 
Sigma-Aldrich. All other products and reagents, purchased by Sigma- 
Aldrich, were of analytical grade.

2.2. Preparation of liposomes and polycation-liposome complexes

Liposomes (Lipo) and INH-loaded liposomes (LipoINH) were pre
pared using the Thin Layer Evaporation (TLE) technique, also known as 
the “film formation technique”, by considering approximately equi
molar mixtures of HSPC and DPPG, as reported in detail in our previous 
work [19]. For the preparation of liposomes, as reported in Table 1, 
lipids were accurately weighed, placed in a round-bottom flask and 
solubilized using a chloroform/methanol mixture (3:1 v/v). The organic 
solvent was removed by rotary evaporation (Heidolph VV2000, Büchi- 
Italia SRL, Assago, Italy) for approximately 1 h at a rotation speed of 
120 rpm at room temperature. Residual traces of solvent were subse
quently eliminated using an oil pump (Edwards E2M5, Stockholm, 
Sweden).

The lipid film formed on the walls of the flask was hydrated with 
Hepes buffer (pH = 7.4, 0.01 M) for Lipo or INH solution for LipoINH 
and mechanical energy was applied using a high-energy vortex mixer for 
approximately 3 min to facilitate the detachment of the lipid film from 
the flask walls, yielding a multilamellar liposomal suspension [33].

In order to obtain a unilamellar suspension, samples were sonicated 
by tip (amplitude 20%, temperature 4 ◦C, 4 min, pulse on 0.8 and pulse 
off 0.6) using an ultrasonic sonicator (Vibracell - VCX 500, Sonics, 
Taunton, MA, USA), under an inert atmosphere with continuous nitro
gen flow to prevent phospholipid degradation, such as hydrolysis and/or 
oxidation, and to degas the hydrating buffer solution.

To purify the sample and remove unincorporated components, the 
suspension was initially centrifuged using an MPW-260R centrifuge at 
600 RPM and 22 ◦C for 20 min. The supernatant was then subjected to 
ultracentrifugation using an OPTIMA*MAX-XP (Beckman Coulter) at 
30.000 RPM and 4 ◦C for 2 h and 30 min.

Chit solution was prepared by dissolving the powder in acetate buffer 
(0.2 M, pH 4.4) up to desired concentration, and it was stirred overnight.

ε-PLL was dissolved in Hepes buffer (pH = 7.4, 0.01 M) at the desired 
concentration, ε-PLL solution was in the basic form and it was converted 
to Cl salt by titration with HCl followed by extensive dialysis to elimi
nate H+ excess. Considering an apparent pKa of 7.5 for ε-PLL, it can be 
estimated that ~56% of the α-amino groups are protonated at physio
logical pH (~7.4).

Polymer decorating of LipoINH was obtained by adding polymer 
solutions, prepared at a proper concentration, to the liposome suspen
sion, by considering mixing of equal volumes. After preparation, all 

samples were stored at 4 ◦C until their use in different experiments.

2.3. Size, PDI, ζ-potential measurements

The hydrodynamic diameter (DH), ζ-potential (ζ-pot), and poly
dispersity index (PDI) of all samples were characterized by Dynamic and 
Dielectrophoretic Light Scattering (DLS, DELS) using a Zetasizer Nano 
ZS90 instrument (Malvern Instruments, Worcestershire, UK), equipped 
with a 5 mW HeNe laser operating at a wavelength of 632.8 nm. Mea
surements were performed at a scattering angle of 90◦, and the intensity 
autocorrelation function was analyzed using the Contin algorithm. The 
mean hydrodynamic radius and the polydispersity index (PDI) corre
spond to the intensity-weighted average, as typically done in similar 
analysis [35].

Electrophoretic mobility of the vesicles was assessed through laser 
Doppler velocimetry using the same instrument. The ζ-potential was 
derived from the measured mobility (μ) by applying the Smoluchowski 
equation: ζ = μη/ε, where η denotes the solvent viscosity and ε its 
dielectric permittivity [36].

2.4. Determination of Isoniazid entrapment efficiency (EE%) and in vitro 
drug release studies

The entrapment efficiency (EE%) of INH in liposomal formulations 
was quantified by UV–visible spectrophotometry. Specifically, the 
amount of drug encapsulated within the liposomal vesicles was 
measured and compared to the initial amount of INH used during the 
preparation.

The EE% was calculated according to the following Eq. (1): 

E.E.(%) =
Entrapped Isoniazid (mg)
Total Isoniazid used (mg)

×100 (1) 

To ensure accurate absorbance measurements, samples were diluted 
in a solvent mixture consisting of Ethanol and Hepes buffer (70:30, v/v). 
The concentration of encapsulated INH was determined by measuring 
the absorbance at 263 nm using a UV–vis spectrophotometer (Lambda 
25, PerkinElmer, Waltham, MA, USA).

In vitro drug release was investigated at 37 ◦C by placing 1 mL of 
sample (LipoINH, LipoINH + Chit, or LipoINH + ε-PLL) together with 1 
mL of Hepes buffer (10 mM, pH 7.4) inside a dialysis tube. Alternatively, 
the Hepes buffer was replaced with cell culture medium (RPMI), simu
lated nasal fluid (SNF), or simulated lung fluid (SLF), depending on the 
experimental conditions. A cellulose acetate membrane (MWCO 8000, 
Spectra/Por®, diffusion area 5.5 cm2) was used. The dialysis bag was 
then immersed in an external medium consisting of an ethanol:HEPES 
mixture (1:1, v/v) and maintained under continuous magnetic stirring. 
To determine the amount of INH released, aliquots of 1 mL were with
drawn from the release medium to perform UV analysis as described 
above, and then re-inserted back in the external medium. Analysis has 
been performed immediately after sampling, at different time points.

2.5. Fluorescence anisotropy

To evaluate the fluidity of liposomal bilayers, fluorescence anisot
ropy experiments were conducted using 1,6-diphenyl-1,3,5-hexatriene 
(DPH) as a fluorescent probe. Lipo, LipoINH, LipoINH + Chit and Lip
oINH + ε-PLL were investigated. DPH was added by co-dissolution with 
lipids in the organic mixture prior to film formation, at a final concen
tration of 2 × 10− 4 M, following the protocol detailed in Section 2.2. 
Fluorescence measurements were carried out using a luminescence 
spectrometer (LS5013, PerkinElmer, Waltham, MA, USA). Excitation 
and emission wavelengths were set to 400 nm and 425 nm, respectively 
[33].

Fluorescence anisotropy (r), was calculated using the following Eq. 
(2): 

Table 1 
Composition of the investigated samples: Lipo, INH-loaded liposomes (LipoINH) 
and polymer decorated liposomes (LipoINH + Chit and LipoINH + ε-PLL). Errors 
on concentration data are within 5%.

Sample DPPG mg/ 
mL

HSPC mg/ 
mL

INH mg/ 
mL

Chit mg/ 
mL

ε-PLL mg/ 
mL

Lipo 0.5 0.5 – – –
LipoINH 0.5 0.5 2.8 – –
LipoINH +

Chit
0.5 0.5 2.8 0.015 –

LipoINH +
ε-PLL

0.5 0.5 2.8 – 0.015
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r =
(IVV − GIVH)

(IVV + 2GIVH)
(2) 

where IVV, IVH, IHV, and IHH are the fluorescence intensities with vertical 
(V) or horizontal (H) orientations of excitation and emission polarizers. 
The G factor, defined as G = IHV/IHH, is the ratio of sensitivity of 
detection systems for vertically and horizontally polarized light.

2.6. Nebulization studies

Size distribution, PDI, ζ-potential, INH Entrapment Efficiency % and 
fluorescence anisotropy were also measured after nebulization by a jet 
nebulizer (Nebula Air Liquide Medical Systems S.p.A., Bovezzo, Italy), in 
order to evaluate the resistance of samples to this administration pro
cess, with the same procedure described in Forte et al. [37].

It is well known that liposomes can undergo physical instability 
during the nebulization process, leading to the disruption of the lipid 
bilayers, vesicle fragmentation, and significant loss of encapsulated 
hydrophilic molecules [19].

2.7. Morphological investigation (Transmission Electron Microscopy)

Particle morphology and shape of all liposomal samples pre and post- 
nebulization were investigated by transmission electron microscope. 40 
μL of liposomal suspensions were placed on a strip of parafilm and 
Formvar/carbon-coated copper grids were allowed to swim on the sur
face of the droplets for 5 min. After adsorption, the grids were sequen
tially moved onto a series of Hepes buffer droplets for washing. The 
samples were then stained with 2% phosphotungstic acid (PTA) solution 
adjusted to pH 7.2, air-dried and examined under the electron micro
scope (Fei 208S, FEI Company, Hillsboro, OR, USA). Sample visualiza
tions were performed by using a Mega-view II SIS camera (Olympus, 
Microscopy Technologies, Tokyo, Japan) at an accelerating voltage of 
100kV.

2.8. Preparation of mucin solution and mucoadhesive studies

Mucin powder was dissolved in Hepes buffer to prepare a 2 mg/mL 
solution at pH 6.0, which was then stirred continuously overnight at 
34 ◦C. Key parameters such as temperature (34 ◦C), mucin concentration 
(2 mg/mL), and pH range (6.3–6.7) were carefully maintained during 
the mucoadhesive experiments to closely replicate the physiological 
environment of the lung. The mucin solution (2 mg/mL) was combined 
with liposome and polymer-decorated liposome suspensions in a 1:1 
volume ratio, incubated at 34 ◦C [38] and subsequently analyzed using 
DLS and DELS.

2.9. Stability studies upon storage and in biological and simulated fluids

The stability of Lipo, Lipo INH, LipoINH + Chit, and LipoINH + ε-PLL 
formulations was evaluated over a period of 90 days at both 4 ◦C and 
room temperature. At predetermined time points (1, 30, 60, and 90 
days), each sample was characterized by measuring particle size and 
ζ-potential using DLS and DELS.

Concurrently, stability studies of free INH and INH encapsulated 
within liposomes were performed under the same temperature condi
tions over the same time frame. These analyses were conducted using a 
Perkin-Elmer Lambda 25 UV–Vis double-beam spectrophotometer. The 
absorbance values of INH were recorded at a wavelength (λ) of 263 nm.

Stability assessments of the liposomal samples in the presence of cell 
culture medium (RPMI) were carried out. An aliquot of each sample was 
mixed in a test tube with an equal volume of RPMI medium and incu
bated at 37 ◦C in a water bath on a heating plate for 72 h. Samples were 
withdrawn hourly for the first 8 h, and subsequently at 24, 48 and 72 h. 
Each collected aliquot was analyzed by DLS to monitor potential 
changes in the hydrodynamic diameter of the liposomal systems.

In addition, sample stability studies were also conducted in Simu
lated Nasal Fluid (SNF) and in Simulated Lung Fluid (SLF) at 34 ◦C and 
37 ◦C respectively, to assess the integrity and stability of the samples 
assuming their administration by inhalation.

SNF and SLF were prepared according to Trenkel et al. [39] and 
Marques et al. [40] respectively, and the composition is reported in 
Tables S1 and S2.

Mixtures of samples (50% v/v) and SNF or SLF (50% v/v) were 
prepared and incubated at their respective temperatures. Analyses were 
performed at different time intervals (0, 1, 2, and 3 h) by DLS to evaluate 
possible variations of particle size and the resistance of the formulations 
at these media.

2.10. Biological evaluation

2.10.1. Mycobacterial strain
Mycobacterium bovis BCG Pasteur strain, transformed with the 

plasmid carrying Vibrio harveyi luciferase gene, luxAB, in shuttle plasmid 
pSMT1 (BCG-lux), kindly provided by Prof. R. Reljic from St. George's 
University of London (UK), was used to evaluate intracellular myco
bacterial viability, as described. BCG-lux was grown in Middlebrook 
7H9 (Difco) broth supplemented with 10% ADC (albumin, dextrose and 
catalase), and 0.05% Tween 80, and titred by Colony Forming Unit 
(CFU) assay performed in Middlebrook 7H10 (Difco) supplemented with 
10% OADC (oleic acid, albumin, dextrose and catalase) plates. To get 
ready-to-use titrated bacterial aliquots, grown BCG-lux was harvested, 
aliquoted in sterile PBS added with 10% glycerol and stored at − 80 ◦C 
until use. To ensure plasmid maintenance, 50 μg/mL Hygromycin B 
(Invitrogen) was added in both 7H9 culture media and in 7H10 agar 
plates.

2.10.2. BCG-lux luminescence/CFU correlation
To validate the luminometric signal obtained from BCG-lux as an 

effective and reproducible indicator of mycobacterial viability, a cor
relation curve between BCG-lux relative luminescence units (RLU) and 
BCG-lux CFU was calculated. In detail, BCG-lux was grown in fully 
supplemented 7H9 broth; its growth was assessed via contextual 
luminometry (Fig. S1, Panel A) and CFU assay (Fig. S1, Panel B) at 
predetermined timepoints: T0, T1, T3, T6, T8, T13 (in days). For lumi
nometric analysis, mycobacterial suspension and 1% decanal (as lucif
erase substrate) were resuspended in PBS at the ratio 1:1:8, respectively. 
Data are expressed as a Replication Index, calculated as the ratio be
tween the mean Relative Luminescence Units (RLU) obtained at each 
timepoint and the mean RLU value obtained at T0. Luminescence was 
recorded by Varioskan LUX Multimode Microplate reader (Thermo 
Fisher Scientific). For CFU assay, a BCG-lux aliquot from each timepoint 
was serially diluted in PBS Tween80 0,05% and finally plated in tripli
cate on fully supplemented 7H10 plates. Finally, the interpolation be
tween luminescence signals and CFU counts allowed the generation of a 
linear regression curve (Fig. S1, Panel C).

2.10.3. Cell line
Human promonocytic THP-1 leukemia cell line was supplied by the 

European Collection of Cell Culture, and were cultured as in Poerio et al. 
[41]. In particular, for the experiments, cells were seeded in 24-well 
plates at the concentration of 5 × 105/mL or in 96-well plates at the 
concentration of 1 × 106/mL for 72 h in the presence of 20 ng/mL 
Phorbol 12-Myristate 13-Acetate (Merck Life Science), getting differ
entiated THP-1 (dTHP-1).

2.10.4. Viability assay
dTHP-1 cells (2 × 105 per well) were stimulated with empty or INH- 

loaded liposomes decorated or not with either Chit or ε-PLL, or free INH. 
Both free INH and INH-loaded liposomes, regardless of their decoration, 
were accordingly diluted to achieve an INH concentration of its MIC 
value for BCG Pasteur strain: [0,1 μg/mL] [42], based on their INH EE%. 
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Finally, all empty liposomes were used identically as INH-loaded ones. 
After 72 h, cell viability was monitored by the MTT Cell Proliferation 
Assay Kit (Molecular Probe). Briefly, culture medium was removed and 
replaced with labelling culture medium (RPMI 1640 without phenol red, 
fully supplemented). The MTT assay is based on the cleavage of the 
yellow tetrazolium salt MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphe
nyltetrazolium bromide) to purple formazan crystals in metabolically 
active cells. Formazan is then solubilized using dimethyl sulfoxide 
(DMSO) 0.01 M, and the concentration determined by optical density at 
540 nm. The assay is sensitive with the colorimetric signal proportional 
to the viable cell number. As negative control, all cell types were treated 
with 0.1% saponin at 37 ◦C for 30 min.

2.10.5. Evaluation of direct mycobactericidal effect
BCG-lux (2,5 × 106 per well) were seeded in a 24-multiwell plate and 

stimulated for 72 h with empty or INH-loaded liposomes decorated or 
not with either Chit or ε-PLL, or free INH [0.1 μg/mL]. BCG-lux growth 
was monitored by luminometric assay, as previously described in 
Section 2.10.2, immediately after the stimulation and at day 3 post- 
treatment.

2.10.6. Evaluation of intracellular mycobactericidal effect
dTHP-1 cells were distributed in triplicate in 24 well plate (5 × 105 

cells per well) and exposed for 3 h to BCG-lux at the multiplicity of 
infection (MOI) of 5. After removal of extracellular bacilli, cells were 
washed twice with PBS and finally cells were treated for 72 h with empty 
or INH-loaded liposomes decorated or not with either Chit or ε-PLL, or 
free INH. INH, where present, was used 0.1 μg/mL. After cell lysis via 30 
mins incubation with 0.1% saponin, intracellular BCG-lux growth was 
monitored, as previously described in Section 2.10.2, by luminometric 
assay performed immediately after the infection and at day 3 post- 
infection.

2.11. Statistical analysis

The results are expressed as the means of three independent exper
iments ± standard deviation (S.D.). The data were evaluated for statis
tical significance using the student's t-test of Excel (Microsoft Office 
Professional Plus 2019) and one-way analysis of variance (ANOVA). 
Differences were considered statistically significant when p < 0.05. 
Significance levels are indicated as follows: p ≥ 0.05: ns (not significant), 
p < 0.05: *, p < 0.01: **, p < 0.001: ***, p < 0.0001: ****.

Results of biological characterization are expressed as the mean of 
two or three independent experiments ± standard deviation. The sta
tistical analysis of biological data was performed by using two-tailed 
Student's t-test.

3. Results and discussion

3.1.1. Physico-chemical and morphological characterization
HSPC–DPPG based liposomes were characterized by investigating 

their hydrodynamic diameter (DH), ζ-Potential (ζ-Pot), polydispersity 
index (PDI), INH entrapment efficiency, anisotropy and pH values 

(Table 2).
Empty and INH-loaded liposomes exhibited hydrodynamic di

ameters of 218 nm and 231 nm, respectively, with a slight expansion due 
to osmotic pressure effect of the hydrophilic drug [43]. These values fall 
within the optimal size range (100–300 nm) for nasal administration 
and subsequent pulmonary delivery [44,45], where particle size is a 
critical parameter influencing deposition efficiency and transport 
through the nasal cavity.

The addition of the polymeric decoration (Chit and ε-PLL)was car
ried out with caution, so as not to significantly alter the physicochemical 
properties of the formulation. The appropriate concentration of Chit and 
ε-PLL has been selected on the basis of the “reentrant condensation” 
behavior of polymer-decorated liposomes, as shown in Fig. 1. The 
addition of Chit and ε-PLL on HSPC-DPPG liposomes promotes the for
mation of polymer-decorated particles with a hydrodynamic diameter 
progressively increasing up to a maximum, and ζ-potential approaching 
to zero, where aggregation of polymer-decorated particles occurs, then 
by further addition of polymer charge inversion and overcharging occur, 
and size decreases again. As extensively described in literature, this 
phenomenology is driven by the correlated adsorption of poly
electrolytes at the surface of oppositely charged particles [46,47]. This 
behavior shows that ζ-potential, size and stability can be tuned by 
choosing the appropriate amount of polymer. A small polycation content 
causes slight modifications and ensures the most appropriate condition 
for ensuring the suitable mucoadhesion, a good colloidal stability and an 
effective passage through the nasal environment.

Indeed, DLS analysis confirmed that the addition of these polymers, 
at low concentration, led only to a slight increase in hydrodynamic 
diameter compared to the LipoINH, without pushing the system outside 
the ideal size range.

As for the ζ-potential, a notable difference was observed between 
empty and INH-loaded liposomes (LipoINH in Table 2). While the empty 
liposomes exhibited a surface charge of approximately − 41 mV, INH- 
loaded liposomes showed a significantly more negative value, around 
− 51 mV. This shift suggests the modification of the surface of the INH- 
loaded liposomes connected to the adsorption of the drug at the lipid 
bilayer, as discussed in a previous investigation [33]. It has been found 
that INH, due to its dipolar nature at physiological pH, is able to interact 
with the zwitterionic lipid HSPC by dipole-dipole interaction and with 
the anionic polar head of DPPG via the positive region of its dipole. As a 
result, INH is not confined solely into the aqueous core, but it can adsorb 
and intercalate within the bilayer, exposing negatively charged func
tional groups at the liposome surface [48].

Following the addition of the polyelectrolytes, Chit and ε-PLL, a 
moderate reduction in surface charge was observed. The ζ-potential 
became less negative, measuring approximately − 45 mV for LipoINH +
Chit and − 44 mV for LipoINH + ε-PLL, compared to − 51 mV for the 
LipoINH (Table 2). The slight reduction is consistent with the adsorption 
of polycations onto anionic liposomes [49], which partially neutralizes 
their negative charge at low polycation concentrations, in agreement 
with reentrant condensation (Fig. 1). This fine tuning was intentional: a 
shift toward positive surface charge could promote strong interactions 
with nasal mucus, leading to vesicle entrapment and clearance, thus 
hindering lung delivery. Therefore, maintaining a sufficiently negative 
ζ-potential is essential to ensure colloidal stability [50] and effective 
transport through the nasal environment [51].

Table 2 
Physicochemical features of polymer-decorated liposomal formulations, as prepared (before aerosolization). Data of bare liposomes are reported as a reference. Errors 
are the standard deviations (SD) of data.

Sample DH ± SD (nm) PDI ± SD ζ-pot ± SD (mV) [INH] ± SD (mg/mL) E.E. % ± SD Anisotropy ± SD pH ± SD

Lipo 218 ± 2 0.18 ± 0.02 − 41 ± 1 – – 0.20 ± 0.01 7.4 ± 0.1
LipoINH 231 ± 2 0.20 ± 0.08 − 51 ± 2 0.24 ± 0.02 8.5 ± 1.0 0.27 ± 0.01 7.4 ± 0.1
LipoINH + Chit 252 ± 5 0.25 ± 0.04 − 45 ± 1 0.24 ± 0.02 8.5 ± 1.0 0.28 ± 0.02 5.9 ± 0.1
LipoINH + ε-PLL 253 ± 1 0.24 ± 0.07 − 44 ± 2 0.24 ± 0.02 8.5 ± 1.0 0.26 ± 0.01 6.1 ± 0.1
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Additionally, the PDI values remained low for all samples, indicating 
the presence of a monodisperse population. Achieving a monodisperse 
system is essential for the correct interpretation of in vivo data, as ho
mogeneous particles are more likely to follow similar biological path
ways and exhibit consistent pharmacokinetic and biodistribution 
profiles. Indeed, the effectiveness of nanocarriers depends not only on 
their mean size but also on their PDI and physical stability [52].

As reported in Table 2, the pH values of the polymer-decorated for
mulations were 5.9 ± 0.1 and 6.1 ± 0.1 for Chit- and ε-PLL-decorated 
liposomes, respectively, remaining within the range generally consid
ered compatible for nasal administration [53]. These pH conditions 
favor an increased fraction of protonated groups on the polyelectrolytes, 
thus guaranteeing a persistent positive surface charge that promotes 
strong electrostatic interactions with the negatively charged mucin 
network. In this context, particular attention was paid to evaluating how 
these two polycations with different chain flexibility and chemical 
structure of the repeating unit are able to adsorb on INH-loaded lipo
somes and how they affect the vesicular surface and overall organization 
(such as bilayer rigidity), as demonstrated in studies of INH-loaded li
posomes, reporting the influence of drug–lipid interactions on bilayer 
packing, entrapment efficiency, and stability [33].

Finally, fluorescence anisotropy measurements provided further 
insight into the structural organization and dynamics of the liposomal 
bilayer. As reported in Table 2, the increase in anisotropy upon INH 
loading indicates a significant rigidification of the lipid bilayer, sug
gesting that the presence of the drug influences the internal structure of 
the membrane. This effect is connected to the strong drug-lipid inter
action with a drug accumulation at the lipid bilayer and its eventual 
intercalation, as discussed in previous work [33]. Furthermore, the 
addition of Chit and ε-PLL did not produce further significant variations 
in anisotropy, which remained comparable to the values observed for 
INH-loaded liposomes. This suggests that the presence of these poly
electrolytes does not alter bilayer fluidity. Such behavior is consistent 
with their preferential localization at the liposomal surface, where they 
form a coating without penetrating the lipid bilayer or altering lipid- 

lipid organization and ordering or hydration.
As expected, based on the data discussed above, Chit and ε-PLL do 

not influence the EE% of INH, which remains constant at 0.24 mg/mL 
for all samples. This EE% is slightly higher than the reported values for 
Isoniazid found in Sciolla et al., who described E.E.% in the range of 
1–2% for INH-loaded HSPC–DPPG liposomes with different formulation 
and lipid composition [33].

3.1.2. Nebulization studies
Nebulization was performed using the Nebula® aerosol therapy 

modulator system to simulate nasal aerosol delivery and evaluate 
formulation stability under mechanical stress. As reported in Table 3, no 
significant changes in the main physicochemical parameters were 
observed after nebulization for any of the formulations. In particular, 
only a slight decrease in hydrodynamic diameter was detected, while 
ζ-potential values remained essentially unchanged. Importantly, all size 
values remained within the optimal range for nasal-to-lung delivery, 
indicating that the aerosolization process did not induce aggregation or 
vesicle disruption.

TEM images (Fig. 2) evidenced the almost spherical shape for all 
samples, with a size comparable to the one determined by DLS mea
surements, both before and after nebulization. Samples observed after 
nebulization appeared intact and without ruptures or damages, with no 
significant dimensional changes or shape modifications, suggesting that 
the surface decoration performed with Chit and ε-PLL protect liposomes 
from structural changes.

3.2. Stability studies upon storage and in biological and simulated fluids

To evaluate the stability of decorated and undecorated LipoINH, all 
samples were stored at room temperature and at 4 ◦C for a period of 60 
days. As shown in Fig. 3 Panels A, C, E, the size of all samples (LipoINH, 
LipoINH + Chit and LipoINH + ε-PLL) increase over time when stored at 
room temperature. This trend may be attributed to vesicle aggregation 
or fusion processes, likely promoted by enhanced molecular mobility 

Fig. 1. Schematic representation of the formation of polymer-decorated HSPC-DPPG liposomes with Chitosan or ε-polylysine and their reentrant condensation 
behavior, with the gradual, non-monotonous increase of particle size in dependence of the polyelectrolyte concentration, associated with the progressive charge 
neutralization, charge inversion and overcharging of the polymer-decorated liposomes. At low polycation content a slight modification of size and ζ-potential of the 
polymer-decorated liposomes is observed: this condition can be identified as the most appropriate for ensuring the suitable mucoadhesion, a good colloidal stability 
and an effective passage through the nasal environment.
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and decreased membrane stability at higher temperatures. In contrast, 
storage at 4 ◦C (Fig. 3, Panels B, D, F) can maintain the particle size 
within the same range as the initial measurements, guaranteeing the 
necessary colloidal stability for the formulations. Fig. 4 demonstrates a 
difference in the stability profile of free INH versus its liposomal form. 
Specifically, UV-spectrum of free INH is characterized by a decrease in 
absorbance values over the 90-day storage period at both tested tem
peratures (data not shown), resulting in the determination of a lower 
amount of drug, as reported in Fig. 4, Panel A, while INH in liposomes 
tend to maintain greater stability under the same conditions (Fig. 4, 
Panel B). The presence of the Chit or ε-PLL decoration does not alter the 
stability profile of INH when encapsulated in liposomes, as expected for 
a surface decorating which does not interfere with the structure of an 
INH-loaded liposome. Importantly, the presence of the Chit or ε-PLL 
decoration does not appear to affect the stability of INH within the li
posomes, as would be expected for a surface decorating that primarily 
interacts with the liposome exterior rather than the encapsulated drug. 
We can conclude that in most experimental conditions, both for Chit and 
ε-PLL-based formulations, INH appears more stable when encapsulated 
in liposomes and polymer decorated-liposomes, compared to the free 
drug especially at 4 ◦C. These findings suggest that liposomal inclusion 
may provide a stabilizing effect, supporting its potential utility in 
enhancing the stability of the active pharmaceutical ingredient.

At the outset of our stability assessment, the stability of empty and 
loaded liposomes, decorated and undecorated, was evaluated in RPMI 
culture medium (Fig. 5, Panel A), which is the same medium employed 
in bioactivity assays, and the experiment was carried out at the same 
conditions (time and temperature).

Notably, after contact with RPMI, it is possible to observe an increase 
in particle size of decorated samples with respect to undecorated ones. 
Probably, the polyelectrolytes on the liposomal surface interact with the 
various components of RPMI medium, particularly proteins and other 
macromolecules. The size increase does not suggest system breakdown.

In contrast, when the formulations were in contact with simulated 
nasal and lung fluids (SNF and SLF), no significant changes in particle 
size were observed (Fig. 5, Panels B and C), indicating a high colloidal 
stability of both decorated and undecorated liposomes in these simu
lated media. This behavior can be attributed to the simpler composition 
of SNF and SLF, which lack the high concentration of proteins and 
macromolecules present in RPMI.

From a functional standpoint, the lack of size increase in SNF and SLF 
represents a favorable outcome, as it indicates minimal nonspecific in
teractions between the liposomal surface and surrounding fluid com
ponents. This aspect is particularly relevant for nasal and pulmonary 
delivery, where preservation of the nanocarrier's original surface prop
erties may promote more selective interactions with the mucus layer and 
target epithelium, rather than being obscured by the formation of a 
biomolecular corona. Overall, these findings further support the suit
ability of the proposed liposomal systems for administration in nasal and 
pulmonary environments.

3.3. Mucoadhesion studies

The ability to interact with mucin represents a key feature for in vivo 
efficacy of the nanocarriers designed for lung delivery. For this purpose, 
we carried out an investigation to obtain information on the interaction 

Table 3 
Physicochemical features of polymer-decorated liposomal formulations, after nebulization process. Data of bare liposomes are reported as a reference. Errors are the 
standard deviations (SD) of data.

Sample (post nebulization) DH ± SD (nm) PDI ± SD ζ-pot ± SD (mV) [INH] ± SD (mg/mL) E.E. % ± SD Anisotropy ± SD pH ± SD

Lipo 204 ± 2 0.25 ± 0.02 − 30 ± 1 – – 0.22 ± 0.01 7.4 ± 0.1
LipoINH 215 ± 5 0.28 ± 0.08 − 51 ± 2 0.22 ± 0.01 8.2 ± 1.0 0.29 ± 0.01 7.4 ± 0.1
LipoINH + Chit 230 ± 6 0.35 ± 0.02 − 47 ± 1 0.23 ± 0.02 8.3 ± 1.0 0.29 ± 0.02 5.9 ± 0.1
LipoINH + ε-PLL 223 ± 4 0.32 ± 0.04 − 45 ± 2 0.22 ± 0.01 8.2 ± 1.0 0.27 ± 0.01 6.1 ± 0.1

Fig. 2. TEM micrographs of liposomal formulations (negative staining) before (A, B, and C) and after (D, E, and F) nebulization. LipoINH (A and D), LipoINH + Chit 
(B and E,) and LipoINH + ε-PLL (C and F).
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between polymer-decorated liposomes and mucin by measuring the 
hydrodynamic diameter of the samples. Obtained results are reported in 
Fig. 6. After mucin addition, a significant increase in size was observed 
for the polymer-decorated sample compared with undecorated lipo
somes. No significant difference is observed for Chit and ε-PLL 
decorated-liposomes. This finding suggests that the ε-PLL-decorating 
can confer liposomes the same mucoadhesive property of the most 
frequently used Chit polymer.

3.4. Release studies

Fig. 7, Panel A shows the release profiles of INH from LipoINH, 
LipoINH + Chit, and LipoINH + ε-PLL. The amount of INH released from 
the liposomes was comparable regardless of polymer decoration, 
demonstrating that the optimized surface coating preserves the intrinsic 
properties and release profile of the nanocarriers. It is important to 
highlight that the same release profile was also observed in the presence 
of the culture medium and simulated fluids, as shown in Fig. 7, Panels B, 

Fig. 3. Result of investigation on physicochemical stability of liposomes until up to 90 days at room temperature and 4 ◦C. Data were obtained as the average of three 
independent experiments. ns p ≥ 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

Fig. 4. Stability studies over time of free INH (Panel A) and INH-loaded liposomes (Panel B) at 2 different storage temperatures over a 90-day period. Data were 
obtained as the average of three independent experiments. ns p ≥ 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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C, D.
Fig. S2 shows the release profiles of INH until up to 72 h, to mimic in 

vitro biological experiments.

3.5. Biological evaluation

Developing new strategies against Mycobacterium tuberculosis is 
challenging due to its slow growth and strict biosafety requirements. In 
this context, the recombinant BCG-lux strain, emitting light proportional 
to bacterial viability (Fig. S1), enabled rapid monitoring of infection 
[54]. On these grounds, BCG-lux–infected macrophages were treated 
with free INH, INH-loaded and unloaded liposomes, either undecorated 
or functionalized with Chit or ε- PLL, in order to evaluate intracellular 
bacterial viability after 3 days. As shown in Fig. 8A, both free INH and 
INH-loaded liposomes significantly reduced intracellular mycobacterial 
viability, with a more significant effect for encapsulated INH, irre
spective of surface decoration. Notably, unloaded liposomes had no 
measurable impact on either intracellular or extracellular bacterial 
survival (Figs. 8A and S3), confirming that the antibacterial activity was 
exclusively due to INH.

Furthermore, the release profile (Fig. S2) showed an antibiotic 
leakage plateau of approximately 50% after 3 days, supporting liposome 
stability in culture and indicating that antibiotic delivery primarily 
occurred through liposomes intracellular uptake. Finally, macrophage 
viability assessed by MTT assay (Fig. 8B) showed no significant differ
ences between treated and untreated cells, confirming the absence of the 
possible INH cytotoxicity [55] and supporting the safety profile of such 
liposome formulations.

4. Conclusion

The present study demonstrates the feasibility of developing inhal
able mucoadhesive liposomal nanocarriers through a simple and mild 
strategy based on polymer decoration. By exploiting electrostatic in
teractions between INH-loaded anionic liposomes and cationic poly
electrolytes, it was possible to modulate surface properties while 
preserving the intrinsic structural and physicochemical features of the 
carrier, including size, bilayer organization, drug entrapment efficiency, 
colloidal stability and release behavior. A key outcome of this work is 
the comparative evaluation of two polycations with well distinct 

Fig. 5. Effect of RPMI culture media (Panel A), Simulated Nasal Fluid (Panel B) 
and Simulated Lung Fluid (Panel C) on hydrodynamic diameter of samples at 
different incubation times. Data were obtained as the average of three inde
pendent experiments. ns p ≥ 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001, **** 
p < 0.0001.

Fig. 6. Interaction between samples and mucin investigated by measuring 
hydrodynamic diameter. Data were obtained as the average of three indepen
dent experiments. ns p ≥ 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p 
< 0.0001.
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macromolecular characteristics, chitosan and ε-poly-L-lysine (ε-PLL). 
While chitosan is widely recognized as a benchmark mucoadhesive 
polymer, our results show that also ε-PLL-decorated liposomes exhibit 
physicochemical stability, mucoadhesive behavior, aerosolization 
resistance, and intracellular delivery efficacy fully comparable to those 
of chitosan-decorated systems. Moreover, ε-PLL decoration, similarly to 
chitosan, does not alter liposome integrity, bilayer fluidity, or drug 
release kinetics, confirming its surface-localized interaction and the 
presence of electrostatic adsorption without destabilizing effects.

The stability of the polymer-decorated liposomal formulations under 
conditions relevant to nasal and pulmonary administration, including 
nebulization and exposure to simulated biological fluids, further sup
ports their suitability for nose-to-lung delivery. In addition, the 
enhanced intracellular antibacterial efficacy observed for INH-loaded 
liposomes, compared to free drug, highlights the potential of this plat
form for targeting intracellular mycobacterial infections, without 
inducing cytotoxic effects on host cells. Overall, these findings identify 
the still scarcely explored ε-PLL as a promising natural biocompatible 
polymer for liposomal surface functionalization. Compared to chitosan, 
ε-PLL offers an alternative, supporting both safety and therapeutic effi
cacy. To the best of our knowledge, this is the first investigation 
describing the use of ε-PLL to improve specific nanocarriers features, 
such as mucoadhesion, drug delivery efficiency and cell internalization, 
of liposomal formulations. The simplicity, versatility, and effectiveness 
of this approach may open new perspectives for the rational design of 
inhalable nanocarriers and encourage further investigations into ε-PLL- 
based surface modifications for advanced drug delivery applications.
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