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ARTICLE INFO ABSTRACT

Keywords: Colistin (Col) is widely used to treat multidrug-resistant Gram-negative pulmonary infections, but its clinical
Colistin efficacy is limited by poor mucus penetration, variable lung bioavailability, and systemic toxicity. This study
Nanocomplex

developed an inulin (INU)-based graft copolymer as a nanocarrier to enhance pulmonary delivery, muco-
diffusion, and controlled release of Col while preserving its antibacterial activity. INU was functionalized with
a controllable substitution degree of succinic anhydride (SA) (DDgyce: 27-197 mol%) to obtain an ionizable
derivative with carboxyl groups in side chains. The derivative with a DDgyc. of 45 mol% was selected to graft
4 mol% of PEG chains, preserving ~40 mol% of ionizable carboxyl groups. The resulting copolymer (INU-Succ-
PEG) was able to electrostatically complex Col (nanocomplexes of ~2 nm) and the aqueous dispersions showed
excellent nebulization properties, with droplets <2 pm and a fine particle fraction >95%. Turbidimetric studies
revealed reduced mucin interaction compared to free Col, enabling improved muco-diffusion. In vitro release
studies demonstrated controlled drug release (<60% within 6 h), unaffected by mucin. The system showed good
biocompatibility in bronchial cell lines. Antibacterial activity against K. pneumoniae and E. coli was preserved and
superior to colistimethate sodium (CMS). Overall, the INU-Succ-PEG/Col system combines controlled release,
high biocompatibility, improved mucus penetration, and optimal aerodynamic performance, representing a
promising strategy for pulmonary treatment of chronic Gram-negative lung infections.

Pulmonary delivery
Muco-diffusion
Gram-negative infections

1. Introduction Due to significant systemic toxicity of colistin, including nephro-

toxicity and neurotoxicity upon systemic administration, as well as

Colistin (Col) is one of the most potent antibiotics available for
treating infections caused by multidrug-resistant (MDR) Gram-negative
bacteria [1]. Due to its unique mechanism of action targeting the outer
membrane, Col retains activity against several clinically relevant path-
ogens that are frequently resistant to most other antimicrobial classes,
including Pseudomonas aeruginosa (P. aeruginosa), Acinetobacter bau-
mannii (A. baumannii), and Klebsiella pneumoniae (K. pneumoniae) [2].

Gram-negative bacteria represent a major global health threat
because of their intrinsic resistance, remarkable genetic plasticity, and
ability to rapidly acquire additional resistance determinants. In chronic
infection settings, such as the lungs of patients with Cystic Fibrosis (CF),
these pathogens can persist over long periods by adapting to the host
environment, forming biofilms, and evading both immune responses
and antibiotic treatment [2].
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bronchospasm and chest tightness when inhaled [3-5], Col is often used
as a last-resort therapy for severe infections caused by MDR
Gram-negative bacteria, and current market formulations utilize the
prodrug colistin sodium methanesulfonate (colistimethate sodium,
CMS) [6], generally administered by intravenous (IV) and/or inhalation
as a dry powder or upon reconstituting the powder in sterile saline.
However, the slow and highly variable conversion of CMS to active Col
results in suboptimal and unpredictable concentrations in both lung and
plasma. This leads to treatment inefficacy and promotes the develop-
ment of bacterial resistance against the drug [6-9]. As a result, for the
treatment of lung bacterial infections, both administration routes of
CMS present significant challenges. IV may result in suboptimal drug
concentrations in lung tissue, while inhalation therapy lacks standard-
ization in dosing protocols. These limitations require the
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implementation of rigorous monitoring strategies and adjustments
based on patient condition, including regular assessment of creatinine
clearance and plasma levels of the active drug, to optimize dosing based
on individual patient response [1,7].

Moreover, several pieces of evidence emphasize the importance of
using the active form of Col to achieve its effective bioavailability in
lung tissue, reinforcing the need to prioritize this form in therapeutic
strategies, especially for CF patients. These challenges have spurred
extensive formulation research to address the variable outcomes asso-
ciated with CMS treatment, aiming to reduce drug toxicity while
improving lung bioavailability and antimicrobial activity. Some ad-
vances include the development of i) a polymeric prodrug of colistin
sulphate [10]; ii) liposomal formulations for IV or as inhalable powders
in combination with other antibiotics [11-13]; iii) inhalable lipid and
polymeric nanoparticulate systems [14,15]; iv) aerosolizable
Ivacaftor-loaded nanoparticles incorporated into colistin sulphate mi-
croparticles [16].

More recently, nanoparticles and micelles have been developed
through electrostatic interactions of cationic Col with anionic polymers
[17-19]. pH-responsive complexes composed of poly(B-amino ester) and
hyaluronic acid (HA) were designed to release colistin preferentially in
acidic microenvironments typical of infected tissues [17]. These systems
demonstrated size modulation in response to pH changes and sustained
antibiotic release, suggesting potential for improved local targeting and
reduced systemic toxicity. Similarly, Dubashynskaya et al. investigated
polyelectrolyte complexes between HA and Col, exploiting electrostatic
interactions to generate nanoparticles with controlled release profiles
and improved biocompatibility [18]. Coacervate core micelles exhibited
high complexation efficiency, long-term stability, and drug protection
from enzymatic degradation, without compromising their antibacterial
activity [19]. Furthermore, the micelles maintained their structural
integrity in the presence of serum proteins, highlighting their potential
robustness for in vivo applications. Therefore, these recent strategies
demonstrate the potential of polymeric nanoparticle-based delivery
systems to improve Col therapy by enhancing targeted delivery,
reducing toxicity, and overcoming challenges associated with
biofilm-associated and multidrug-resistant infections.

For local lung therapies, developing dosage forms as powder-based
and inhalable formulations offers two key advantages: it improves the
drug's stability during storage by protecting it from chemical degrada-
tion, and it allows for direct delivery to the lungs, which reduces un-
wanted systemic effects throughout the body [20].

In this work, a negatively charged inulin-based graft copolymer
(INU-Succ-PEG) was developed to form nanocomplexes with Col and
improve its pulmonary delivery. Inulin (INU) was selected as a starting
material to produce nanocarriers due to its favourable physicochemical
and biological properties. It is a naturally derived, non-toxic, and
biodegradable polysaccharide with a well-established safety profile and
high biocompatibility [20,21]. Its structure, composed of flexible fruc-
tose chains and multiple hydroxyl groups, enables straightforward
chemical modification and conjugation with various functional moi-
eties, allowing the formation of stable nanocarriers under mild condi-
tions [22-24]. In addition, inulin can provide steric stabilization at the
nanoscale, reducing aggregation and enhancing the physical stability of
the system [20]. A highly controllable and reproducible synthetic
strategy was employed, enabling modulation of polymer charge while
preserving favourable physicochemical properties such as aqueous sol-
ubility and limited polydispersity. Stable supramolecular nano-
complexes were successfully obtained through electrostatic interactions
between the polymer and the drug. Advantageous aerodynamic prop-
erties after nebulization were observed, supporting efficient lung
deposition. Reduced interaction with mucin and improved
muco-diffusion compared to free Col were demonstrated, together with
a controlled and sustained drug release profile. Preserved antibacterial
activity and excellent biocompatibility toward bronchial epithelial cells
were also confirmed. Overall, a promising nanotechnological platform
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for the treatment of chronic Gram-negative pulmonary infections was
established, offering improved local delivery and exposure control
compared to Col alone.

2. Materials and methods
2.1. Materials

All reagents used were of analytical grade. The following materials
were purchased from Sigma Aldrich (Italy): inulin (INU) extracted from
Dahlia tubers (M; ~5000), 4-dimethylaminopyridine (DMAP), anhy-
drous N,N-dimethylformamide (DMF-a), succinic anhydride (SA), N-(3-
dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC), N-
hydroxysulfosuccinimide (NHSS), methoxypolyethylene glycol amine
(CH30-PEG3009-NHy), colistimethate sodium (CMS), ampicillin,
phosphate-buffered saline (PBS), sodium chloride (NaCl), sodium sul-
phate (Na;SO4), HPLC-grade acetonitrile (ACN), acetone, diethyl ether,
and mucin extracted from porcine stomach. Colistin sulphate was pur-
chased from Cayman Chemical Company (USA). Dialysis membranes
were purchased from Spectrum Labs (USA). The human bronchial
epithelial cell line 16HBE was obtained from the Istituto Zooprofilattico
Sperimentale della Lombardia (Brescia, Italy), while the BEAS cell line
was purchased from Clini-Sciences (Guidonia Montecelio, Italy).

'H NMR spectra were recorded using a Bruker Avance II-300 spec-
trometer (300 MHz).

The weight-average molecular weights (M,,) of INU, INU-Succ, and
INU-Succ-PEG were determined by size exclusion chromatography
(SEC). The system consisted of a pump and a PolySep-GFP P4000 col-
umn (Phenomenex) connected to an Agilent 1260 Infinity Multi-
Detector GPC/SEC equipped with a refractive index detector. The mo-
bile phase was 0.15 M citrate/phosphate buffer at pH 5.5, and flow rate
was 0.8 mL/min; the column temperature was kept at 25 °C. Each
sample (15 mg/mL) was dissolved in the mobile phase and filtered
through a 0.2 pm cellulose acetate syringe filter. The calibration curve
was obtained using polyethylene glycol standards (1-25 kDa).

2.2. Synthesis of INU-Succinate (INU-Succ)

INU-Succ was synthesized by dispersing INU (500 mg, 3.086 mmol of
repeating units) in 5 mL of DMF-a, followed by the addition of DMAP
(74.5 mg, 0.61 mmol). After 10 min, SA (154.4 mg, 1.543 mmol) was
added. The reaction was carried out in a microwave reactor (CEM
Discover Microwave Reactor) under 25 W irradiation for 1 h, main-
taining the temperature at ~ 60 °C by external cooling with compressed
air [25]. Then, the reaction mixture was precipitated in excess diethyl
ether, and the solid product was recovered by centrifugation at
9000 rpm for 5 min at 4 °C. The precipitate was washed three times with
acetone, and the obtained product was purified by exhaustive dialysis
using a membrane with nominal molecular weight cut-off (MWCO) of
1 kDa against saturated NaCl solution for 2 days, followed by distilled
water for 3 days. The purified dispersion was then freeze-dried to yield
INU-Succ (75 wt%). The reaction was repeated at least three times. The
stoichiometric mole ratios were: DMAP/INU repeating units = 0.2 and
SA/INU repeating units = 0.5.

The polymer was characterized by 'H NMR (300 MHz, D,0), which
showed the following peaks: § 2.64 and 2.70 (4Hgyc. -CH2CH2COOH), 8
3.5-4.0 (5Hjny -CH0H; -CHCH,0H; -CCH»0-), 4.12 (1Hny, -CHOH),
4.28 (1Hy, -CHOH).

2.3. Synthesis of INU-Succ-PEG

The functionalization of INU-Succ with CH30PEG200oNH; was per-
formed in an aqueous phosphate buffer solution, using EDC-HCl and
NHSS as activating agents, according to the following stoichiometric
conditions: mole ratios between EDC/INU-Succ units = 0.1 and NHSS/
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INU-Succ units = 0.1. To a dispersion of INU-Succ (250 mg, 1.2 mmol
repeating units) in 4 mL of bidistilled water, a proper amount of NHSS
(26 mg, 0.12 mmol) and EDC-HCI (23 mg, 0.115 mmol) were added. The
pH was adjusted to 6.8 using 0.1 N NaOH, and the mixture was stirred at
room temperature (rt) for 2 h. Subsequently, 4 mL of a PEG dispersion
(170 mg in PBS, pH 7.4) was added dropwise and the mixture was stirred
overnight at rt, using a stoichiometric mole ratio between PEG/INU-
Succ units = 0.07. The product was purified by exhaustive dialysis
(MWCO 1 kDa) against distilled water acidified to pH 5.5 with 1 N HCI.
The final product was recovered by freeze-drying, and the yield was
found to be equal to 80 wt% compared to the starting INU-Succ. The
reaction was repeated at least three times.

The 'H NMR spectrum in D50 (300 MHz) showed the following
peaks: 6 2.64 and 2.70 (4Hgyc -CH2CH2COOH), & 3.5-4.0 (5Hny,
-CH,0H; -CHCH0H; -CCH20-), & 3.7 (4Hpgg -[CH2CH20l44-), 4.12
(1Hny, -CHOH), 4.28 (1Hjyy, -CHOH).

2.4. Potentiometric titration

A 25 mL sample of INU-Succ, INU-Succ-PEG and INU (1 mg/mL) was
titrated under an argon atmosphere with 0.066 N NaOH until reaching
pH 11. To stabilize the ionic strength, the samples were dispersed in a
degassed 0.1 N NaCl aqueous solution. Prior to performing the poten-
tiometric titrations, a Jenway differential electrometer was calibrated
using a set of standard buffer solutions
(2.50 + 0.01 < pH < 10.00 + 0.01). The titration was repeated three
times.

2.5. Preparation of INU-Succ-PEG/Col nanocomplexes

A dispersion of INU-Succ-PEG (50 mg in 18 mL PBS, pH 6.5) was
gently added, under continuous stirring, to a solution of colistin sulphate
(Col) (15 mg in 2 mL PBS, pH 6.5) to achieve a COO™~ (polymer)/NH3
(Col) charge ratio of 1. The resulting mixture was transferred into a
regenerated cellulose dialysis membrane (MWCO 1 kDa) and dialyzed
against distilled water for 24 h with periodic replacement of the
medium.

The purified dispersion was then filtered through a 5 pm regenerated
cellulose (RC) syringe filter to remove residual aggregates, frozen in
liquid nitrogen, and freeze-dried. The nanocomplexes were recovered
with a yield of 69 + 2.3 % and stored for further characterization. The
complexation was repeated at least six times.

2.6. Characterization of INU-Succ-PEG/Col nanocomplexes

2.6.1. Drug loading (DL%)

Drug loading was quantified by high-performance liquid chroma-
tography (HPLC) using an Agilent 1260 Infinity II system equipped with
an autosampler (100 pL injection volume), a UV-Vis detector (set at
A = 214 nm), and a C18 column (250 x 4.6 mm). The mobile phase
consisted of ACN/NazSO4 buffer 0.03 M at pH 2.5 (25:75 v/v), operating
with a flow of 1 mL/min. The analysis was performed in isocratic con-
ditions at 25 °C, and Col was detected at A = 215 nm. Samples were
prepared by dispersing a known quantity of INU-Succ-PEG/Col nano-
complexes in the mobile phase and filtered using 0.22 pm RC syringe
filters. The amount of loaded drug into the nanocomplexes, expressed as
drug loading % (DL%), was calculated using a calibration curve ob-
tained from different concentrations of Col. The analysis was repeated at
least six times.

2.6.2. Invitro release studies

Release studies were performed in two different release media: PBS
(pH 7.4) and simulated lung fluid (SLF, type 4) [26]. Nanocomplexes
corresponding to 2.5 mg of Col were dispersed in 3 mL of proper me-
dium, filtered by a 0.22 pm RC syringe filter, and transferred into a
dialysis membrane tube (MWCO 1 kDa). Each dialysis membrane was
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immersed in 27 mL of the same medium and incubated in an orbital
shaker at 37 °C under continuous stirring (100 rpm). At predetermined
intervals, aliquots of 1 mL were withdrawn and replaced with an
equivalent volume of fresh medium. Each collected medium was filtered
through a 0.22 pm RC syringe filter and analysed by HPLC under the
previously described conditions. Free Col diffusion was used as a con-
trol. Release studies in PBS (pH 7.4) were also conducted by placing
inside the dialysis membrane, together with the nanocomplex or with
the free Col used as the control, a mucin dispersion (1 mg/mL),
following the same procedures described above. All experiments were
performed in triplicate.

2.6.3. Critical aggregation concentration (CAC)

The critical aggregation concentration (CAC) was determined by
pyrene fluorescence assay [27]. A stock solution of pyrene (6.0 x 10> M
in acetone) was prepared, and 20 pL aliquots were transferred into vials
and allowed to evaporate at 37 °C. Subsequently, 2 mL of aqueous dis-
persions of Col and INU-Succ-PEG/Col nanocomplexes, at Col concen-
trations corresponding to 15 to 0.00001 mg/mL, were added to obtain a
final pyrene concentration of 6.0 x 10~/ M. Samples were incubated for
24 h at 37 °C under continuous shaking to allow equilibration, and
fluorescence emission spectra were recorded at 25 °C using an
Aex = 333 nm, collecting emission between 340 and 450 nm. The CAC
was determined by plotting the intensity ratio of the first and third
vibronic bands of pyrene (1373/1384) as a function of the logarithm of
the sample concentration. This ratio reflects changes in the polarity of
the microenvironment surrounding pyrene and is commonly used to
detect the onset of aggregation. The CAC was taken from the intersection
of the tangent to the curve at the inflection with the tangent of the
horizontal tract of the curve. Each experiment was performed in
triplicate.

2.6.4. Atomic force microscopy (AFM)

AFM micrographs were obtained using a FAST-SCAN microscope
equipped with a closed-loop scanner (X, Y, and Z maximum scan regions:
35, 35, and 3 pm, respectively). Analysis was performed in soft tapping
mode using a probe with an apical radius of 5 nm operating at
1400 kHz (k: 18 N/m). Freshly prepared nanocomplexes were diluted
1:100 in bidistilled water and deposited onto freshly cleaved mica
substrates before analysis.

2.6.5. Turbidimetric analysis

The interaction between nanocomplexes and mucins, as well as be-
tween free Col and mucins, was evaluated by a turbidimetric assay. A
100 pL aliquot of nanocomplex dispersion or free Col solution, at a
concentration corresponding to 0.2 mg/mL of Col, was mixed 1:1 (v/v)
with 100 pL of mucin dispersion (2 mg/mL) and incubated at 37 °C
under shaking. Turbidity was monitored by measuring the absorbance at
A = 500 nm at predetermined time points (0, 0.5, 1, 2, 3, and 4 h). In
parallel, absorbance of the nanocomplex dispersion or free Col solution
in water at A = 500 nm was recorded, to subtract the background scat-
tering attributable to the polymer or drug. Results were expressed as
percentage transmittance relative to mucin, calculated as: (Tsoosample/
Ts00 mucin) x 100. All experiments were performed in triplicate.

2.6.6. Mucodiffusion

The diffusion behaviour of the nanocomplex through the CF-AM
layer was evaluated using vertical Franz diffusion cells. Cystic fibrosis
artificial mucus (CF-AM) was prepared according to a modified formu-
lation designed to mimic the physicochemical properties of pathological
sputum. Briefly, 50 mg of DNA, 25 mg of mucin from porcine stomach
(TypeII), 0.0295 mg of DTPA, 0.1 mL of RPMI 1640 amino acid solution,
25 puL of egg yolk emulsion, 25 mg of NaCl, and 11 mg of KCl were
dissolved in DNase-free water to a final volume of 5 mL. The mixture was
stirred continuously at room temperature until complete homogeniza-
tion and then stored at 4 °C until use [28].
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A filter paper membrane (pore size 0.45 pm) was used between the
donor and acceptor compartments. The acceptor compartment con-
tained 5 mL of DPBS buffer (pH 7.4), while the donor compartment was
loaded with 200 pL of CF-AM, followed by the addition of 1 mL of either
free Col solution (2 mg/mL) or the nanocomplex, in an amount corre-
sponding to the free drug. The systems were incubated at 37 °C, and
sampling was conducted by withdrawing 200 pL of solution at scheduled
time intervals (1h, 2h, 3h, 4h, 5h, 6h, and 24h) and replacing it with the
same volume of fresh medium. All samples were analysed by HPLC
under the previously described conditions to quantify the amount of
diffused drug. Each experiment was performed in triplicate, and results
are reported as mean + standard deviation (SD).

2.6.7. In vitro pulmonary drug deposition

The aerosolization performance of the nanocomplexes was evaluated
using an Andersen Cascade Impactor (ACI) (InPharmaTEC, Cogliate
(MB), Italy) [28]. Before use, the ACI was refrigerated at 4 °C for 2 h to
minimize evaporation of nebulization droplets, which could otherwise
reduce droplet size and alter deposition behaviour. Aerosolization was
carried out using an air-jet nebulizer connected to a mouthpiece, posi-
tioned at the ACI inlet through a dedicated adapter. The system was then
connected to a vacuum pump (Bavo X BIO, TCR TECORA®), Italy). For
each nebulization experiment, 2.5 mL of the nanocomplex aqueous
dispersion was filtered by a 0.22 pm RC syringe filter and loaded into the
nebulizer chamber. Nebulization was performed for 15 min using the
ACI setup operating at a flow rate of 29 L/min. The corresponding
aerodynamic cut-off diameters were as follows: stage 0 (9 pm), stage 1
(5.8 pm), stage 2 (4.7 pm), stage 3 (3.3 pm), stage 4 (2.1 pm), stage 5
(1.1 pm), stage 6 (0.7 pm), stage 7 (0.4 pm). The pump flow was set to
4.5 L/min to ensure proper distribution of the aerosol fractions across
the impactor stages. After nebulization, the nanocomplexes deposited on
each stage were recovered using 1 mL of Na;SO4 solution at pH 2.5 (the
aqueous component of the mobile phase used for HPLC analysis). The
collected samples were analysed by HPLC under the conditions
described previously. Free drug nebulization, used as a control, was
performed under the same experimental conditions. All experiments
were carried out in triplicate. HPLC data were used to calculate the fine
particle fraction (FPF%), defined as the percentage of the emitted dose
with an aerodynamic diameter below 5.0 pm, the mass median aero-
dynamic diameter (MMAD), and geometric standard deviation (GSD).

2.7. Invitro characterization of INU-Succ-PEG/Col nanocomplexes

2.7.1. Cell viability

Cytotoxicity of INU-Succ-PEG/Col nanocomplexes was evaluated on
two human bronchial epithelial cell lines (16 HBE and BEAS) by MTS
assay, using a commercially available kit Cell Titer 96 ® Aqueous one
Solution cell proliferation assay (Promega, Milan, Italy). 16HBE and
BEAS cells were seeded in 96-well plates at a density of 2 x 10* cells/
well. Once confluent, cells were incubated with culture medium con-
taining nanocomplexes, INU-Succ-PEG, and free Col at drug equivalent
concentrations ranging from 8 to 256 pg/ml, filtered by a 0.22 pm RC
syringe filter prior to use. After 24 and 48 h of incubation, the wells were
washed twice with DPBS, and 100 pL of DMEM supplemented with 20 pL
of MTS reagent was added. Plates were incubated for 2 h at 37 °C, and
absorbance was measured at 492 nm. Cell viability was expressed as the
percentage of absorbance relative to untreated control cells.

2.7.2. Antibacterial tests

The antibacterial effectiveness of Col derivatives was evaluated ac-
cording to the ISO 20776-1:2020 standard. Tests were conducted against
two Gram-negative bacterial strains: Escherichia coli (E. coli JM109
strain) and Klebsiella pneumoniae (K. pneumoniae). Bacteria were
cultured in 5 mL of Luria-Bertani (LB) broth at 37 °C with shaking at
130 rpm overnight until reaching an optical density at A = 600 nm
(ODggo) of approximately 1, corresponding to ~10° bacteria/mL.
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Bacterial suspensions were subsequently diluted in standardized
Mueller-Hinton broth (MHB) to a final concentration of ~10° bacteria/
mL (referred to as the bacterial test inoculum for experiments).

For antibacterial testing, 50 pL/well of the bacterial test inoculum
was transferred to separate wells of 96-well plates, followed by the
addition of 50 pL/well of MHB broth containing the nanocomplexes.
Plates were then incubated at 37 °C for 24 h. Bacteria inoculated in 50
pL/well of LB served as positive controls (CTRL+) for bacterial growth
[29], while bacteria inoculated in 50 pL/well of Col and colistimethate
sodium (CMS) solutions, INU-Succ-PEG/Col nanocomplex and
INU-Succ-PEG copolymer aqueous dispersions (filtered by a 0.22 pm RC
syringe filter prior to use) and ampicillin solution (at different concen-
trations) were used as internal references. The antibacterial efficacy of
each compound was evaluated using the turbidity method (i.e., ODggo
measurements) as previously reported [30]. After 24 h post-inoculation,
the ODggg of each well (n = 3 per molecule) was measured using a
GENios microplate reader (Tecan, Italy). The minimum inhibitory con-
centration (MIC) was calculated as the lowest concentration of each
compound that reduced the optical density of the inoculum by 100%
within 24 h of incubation compared to the CTRL + [31]. The bacterial
reduction was calculated according to the following equation: Anti-
bacterial reduction [%] = (1 — ODggonm compound/ODgoonm CTRL+) X
100.

2.8. Statistical analysis

Unless otherwise indicated, the results are presented as the
mean + standard deviation (SD) of a minimum of three independent
measures. Comparisons between two groups were conducted using the
independent samples t-test. A p-value of less than 0.05 was considered
statistically significant.

3. Result and discussion
3.1. Synthesis and characterizations of inulin (INU)-based copolymers

A new negatively charged Inulin (INU)-based graft copolymer was
synthesized with the aim of producing a polymeric nanocarrier capable
of efficiently complexing and delivering colistin (Col) to the lower res-
piratory tract for the local treatment of pulmonary infections. INU,
selected as the starting polymer, is a natural, highly biocompatible
polysaccharide whose non-cytotoxic, non-haemolytic, and non-
immunogenic features, together with its excellent water solubility,
have made it a well-established biomaterial for drug-delivery applica-
tions [25,28,32].

In the first step of the synthetic process, INU was functionalized with
succinic anhydride (SA) to introduce ionizable carboxyl groups along
the polysaccharide backbone, conferring a negative charge at physio-
logical pH and providing reactive handles for subsequent derivatization
[33]. The esterification between INU hydroxyl groups and the carboxyl
functionalities generated upon SA ring opening was performed in a
microwave reactor under controlled temperature and power conditions,
which significantly shortened reaction times and ensured high deriva-
tization efficiency, in line with previous reports on microwave-assisted
polysaccharide chemistry [34,35]. The schematic reaction is illus-
trated in Fig. 1A (step a).

Being the mean values of DD characterized by low standard devia-
tion, obtained by repeating the reaction at least three times, the succi-
nylation reaction proved to be highly reproducible and efficient; by
modulating the molar ratio between SA and the INU repeating units
from 0.3 to 2, in fact, copolymers with correspondent degrees of sub-
stitution were obtained (Fig. 1; y = 0.9807x, R’= 0.9996), thus enabling
precise control over the number of introduced carboxyl groups and the
resulting charge density of the INU-Succ samples.

The degree of derivatization (DDgyc.%) of INU-Succ was determined
by 'H NMR analysis (see spectrum in Fig. 1B), comparing the integrals of
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calculated from 'H NMR spectra.

the signals at & 2.64 and 2.70 assigned to the succinate moieties (4Hgycc
-CH2CH2COOH), with those of the INU units at 4.12 (1Hyy, -CH2OH)
and 4.28 (1Hjyy, -CH20H). As shown in Fig. 1C, the experimental
DDgycc% increased in a controlled and predictable manner as the SA:INU
molar ratio was raised. At low ratios (SA:INU = 0.3-0.6), the resulting
DDgycc values ranged from 27 % to 59 %, confirming that the intro-
duction of carboxyl functionalities can be finely modulated. Increasing

the theoretical molar ratio to 1.0 led to an almost quantitative conver-
sion (DD ~ 98 %), whereas using an excess of SA (molar ratio = 2.0)
enabled the incorporation of nearly two succinyl groups per INU
repeating unit (DDgycc & 197 %). Moreover, the low standard deviation
obtained from the functionalization values by repeating the reaction at
least three times further confirm the excellent reproducibility of the
process. Overall, these results demonstrate that the succinylation
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reaction provides a robust and tunable platform for obtaining INU-Succ
derivatives with precisely adjustable charge densities across a broad
substitution range. All derivatives were obtained in high yield ranging
between 75 and 85 wt%.

The INU-Succ derivative with a DDgy¢. of 45 + 2 mol% relative to
INU repeating units, corresponding to approximately ten carboxylic
groups per polymer chain, was chosen for further functionalization with
CH30-PEG-NHj to enhance the hydrophilicity of the system and impart
stealth characteristics [36]. The terminal amine of PEG effectively
reacted with a fraction of the residual carboxyl groups on INU-Succ via a
carbodiimide-mediated coupling, giving the graft copolymer
INU-Succ-PEG in good yield, as illustrated in Fig. 1 (step b-c). The degree
of PEG derivatization (DDppg%) was quantified by 'H NMR analysis,
comparing the integral of the PEG protons at & 3.7 (4Hpgg
-[CH2CH20]44-), with those of INU at 4.12 (1Hyy, -CH2OH) and 4.28
(1Hinu, -CH20H), resulting equal to 4 + 0.5 mol%. The weight-average
molecular weight (M), number-average molecular weight (M,), and
polydispersity (My/M,), determined by SEC as described in the Exper-
imental Section, are reported in Table 1.

As expected, both INU-Succ and INU-Succ-PEG exhibited higher M,,
and M, values than the starting INU (5000 Da), while the polydispersity
remained low, confirming successful controlled succinylation and
pegylation, respectively, as well as a uniform molecular weight distri-
bution. The INU-Succ-PEG derivative with a DDgyc. and DDpgg of 45 mol
% and 4 mol%, respectively, was selected as a compromise between
sufficient carboxyl group density for effective functionalization, pres-
ervation of copolymer solubility and structural integrity of INU, and to
ensure an appropriate balance between steric stabilization and mainte-
nance of the system's physicochemical properties, avoiding excessive
shielding that could hinder interactions.

While the PEG chains play a key role as solubilizing moieties,
improving the aqueous stability of the resulting nanocomplexes, the
ionization state of the acidic moieties on the copolymer backbone gov-
erns the strength and stability of the electrostatic complexation with
amine groups of the drug. Therefore, the acid-base behaviour of INU-
Succ-PEG was investigated by determining the pKa by potentiometric
titration, which was found to be 5.2 (Fig. 2), consistent with the pres-
ence of succinate carboxyl groups that retain their dissociation capa-
bility even after PEG conjugation. Moreover, a comparison of the
titration curves of INU, INU-Succ, and INU-Succ-PEG revealed that the
PEGylated copolymer reached the equivalence point with a lower vol-
ume of titrant, as expected, reflecting a reduction in free carboxyl groups
due to their functionalization with PEG.

3.2. Production and characterization of INU-Succ-PEG/Col
nanocomplexes

Following its physicochemical characterization, INU-Succ-PEG was
employed to form polyelectrolyte nanocomplexes with Col (INU-Succ-
PEG/Col), exploiting complementary electrostatic interactions between
the anionic carboxylate groups of the copolymer and the protonated
amine groups of Col. Considering that each polymer chain bears
approximately ten ionizable carboxylic groups and each Col molecule
contains five protonable amines, the system provides a favourable
multivalent ionic framework for stable complex formation. The resulting
nanocomplexes exhibited a drug loading (DL%) of 22 + 1.9 % (w/w)

Table 1
Weight-average molecular weight (M,,), number-average molecular weight
(M,), polydispersity index (M,, /M,) of obtained copolymers.

Samples M., M, M., /My
Inulin 3942 3314 1.18
INU-Succ 5053 5007 1.19
INU-Succ-PEG 6665 5886 1.11
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Fig. 2. Potentiometric titration curves of INU, INU-Succ, and INU-Succ-
PEG copolymers.

and a complexation efficiency (CE), defined as the percentage of drug
associated with the carrier relative to the initial used amount, close to
quantitative values (100 + 1.4 %), indicating that, under the selected
conditions, all the Col was incorporated into the polyelectrolyte as-
semblies. This high incorporation efficiency highlights the strong af-
finity between the two components and confirms the robustness of the
ionic complexation process, which also proved to be highly reproduc-
ible, being the mean values of DL and CE characterized by low standard
deviation, obtained by repeating the reaction at least six times. The
mildly acidic pH (6.5) was instrumental in promoting electrostatic in-
teractions, ensuring that Col remained predominantly protonated while
the carboxylic groups of INU-Succ-PEG were largely dissociated. AFM
analysis (Fig. 3), performed to verify the successful formation of nano-
complexes and to investigate their morphological characteristics,
showed that the INU-Succ-PEG/Col nanocomplexes had nanometric
dimensions (approximately 2 nm) and a highly homogeneous size dis-
tribution. Stability studies in SLF using dynamic light scattering (DLS)
confirmed the absence of aggregation of the complexes after 24 h in-
cubation (data not shown).

Col is known to possess an intrinsic tendency to self-aggregate in
aqueous media [37]. It was therefore of interest to investigate how its
incorporation into INU-Succ-PEG/Col nanocomplexes modifies the
self-aggregation ability of Col by using the pyrene assay [27]. Results,
reported in Fig. 4 and expressed as the intensity ratio of the character-
istic pyrene emission peaks in the presence of increasing amounts of
either the nanocomplexes or free Col, show that incorporation of the
drug in the nanocomplexes significantly alters its self-aggregation
behaviour, showing a trend overlapping with that obtained for the
copolymer alone. This effect clearly indicates the effective incorporation
of the drug within the nanocomplexes formed with the copolymer
through electrostatic interactions, leading to the formation of a supra-
molecular entity distinct from the free drug.

To further confirm the formation of a complex between Col and the
copolymer, a 'H NMR study was carried out. Fig. 5 shows the overlap of
the 'H NMR spectra of Col, INU-Succ-PEG, and the INU-Succ-PEG/Col
complex in the range 3.3-0.4 8, obtained under the selected experi-
mental conditions. A comparison of the spectra clearly highlights
changes in the proton resonances of Col in the presence of the copolymer
[38,39]. In particular, the spectrum of the complex exhibits a pro-
nounced line broadening of the peaks attributed to the -CH,CH,;NH3,
-CH2CH2NH§, (CHg)zCHCHz-, (CH3)2CHCH2- and (CH3)2CHCH2- pro-
tons (8 ~ 2.98, 2.20, 1.54, 1.09 and 0.71 ppm, respectively), indicating a
modification in the peptide's chemical environment. This effect is
consistent with the formation of a complex between Col and the
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copolymer: interactions with a macromolecular system reduce the mo-
lecular mobility of Col, resulting in broadened NMR signals [39].

With a view toward the development of an inhalable formulation, the
aerodynamic behaviour of the Col/INU-Succ-PEG nanocomplex disper-
sions was evaluated and compared to Col alone using an Andersen
Cascade Impactor (ACI). As shown in Fig. 6, the nebulization of both
formulations produced aerosols characterized by very fine droplet sizes
(below 2 pm) and a high fine particle fraction (FPF), exceeding 95%.

Despite the comparable FPF values, relevant differences emerged in the
deposition profile across the ACI stages. The INU-Succ-PEG/Col nano-
complexes showed a markedly higher deposition in stages 3-5 (~57 % of
nanocomplexes compared to ~ 32 % of free Col), with a significant in-
crease particularly at stage 5 (1.1 pm) compared to free Col. This
aerodynamic range is generally considered optimal for deposition in the
lower respiratory tract, suggesting a potentially improved targeting of
the bronchial and bronchiolar regions. In contrast, free Col exhibited a
distribution shifted toward the deepest impactor stages (stages 6-7,
<0.7 pm) (=37 % of free Col compared to ~ 23 % of nanocomplexes),
with significantly higher deposition at stage 7 (0.4 pm; p < 0.001).
Particles in this ultrafine range are more susceptible to Brownian
diffusion, which may reduce deposition efficiency in the distal lung and
increase the likelihood of exhalation before reaching the target site. This
behaviour is consistent with the smaller mass median aerodynamic
diameter (MMAD) measured for free colistin (0.97 + 0.08 pm) compared
with INU-Succ-PEG/Col (1.27 + 0.06 pm). Overall, INU-Succ-PEG/Col
nanocomplexes significantly improved the aerodynamic behaviour of
Col, promoting deposition within the optimal respirable window and
highlighting their potential for efficient and targeted lung delivery via
nebulization.

Since the nanocomplexes are designed for local pulmonary admin-
istration by nebulization, they will come into direct contact with the
mucus layer lining the respiratory tract, which represents a critical
physiological barrier to drug delivery. Mucus can hinder drug or particle
diffusion through steric obstruction and adhesive interactions, poten-
tially affecting the stability, aggregation behaviour, and transport of
inhaled formulations. Therefore, a turbidimetric assay was performed to
evaluate the capability of Col, in its free form or nanocomplexed, to
interact with mucin by monitoring changes in dispersion turbidity upon
mixing Col or Col-carrying nanocomplexes with mucin (Fig. 6a). Vari-
ations in turbidity may indicate strong interaction or the formation of
aggregates. Conversely, limited changes in turbidity would suggest
reduced mucoadhesive interactions, a desirable nanocomplex feature
for efficient pulmonary delivery of Col.

As shown in Fig. 7A, clear differences in mucin interaction are
observed among Col, the polymer, and the INU-Succ-PEG/Col nano-
complexes. In particular, Col alone causes a marked increase in
turbidity, indicating strong interactions with mucin and suggesting the
formation of aggregates within the mucus network. This behaviour
suggests that free Col would be readily trapped in the mucus layer
following in vivo local administration to the lungs. In contrast, the
polymer alone shows little to no change in turbidity, indicating minimal
interaction with mucin. The drug—polymer nanocomplexes display an
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intermediate response, with a significantly lower turbidity increase
compared to free Col, suggesting that complexation effectively limits
Col-mucin binding, likely through partial shielding of charged groups.
Moreover, to evaluate the ability of the nanocomplexes to cross the
mucus layer, a muco-diffusion test was carried out. Results (Fig. 7B)
demonstrate that Col-carrying nanocomplex diffuses through the mucus
barrier, while free Col is trapped within the mucus layer. Such results are
critical to demonstrate that the INU-Succ-PEG/Col nanocomplexes can
deliver the drug efficiently to the lower respiratory tract without being
hindered by mucin interactions.

Since the potential diffusion/entrapment of the drug within the
mucus layer may depend on the dissociation of the nanocomplex and
therefore, from the drug release in the presence of mucin, a drug release

study was carried out in PBS, both in the absence and in the presence of
mucin, by using the dialysis method. In addition, to better mimic the
pulmonary environment, the same study was performed in SLF. As
shown in Fig. 8B, free Col diffuses rapidly through the dialysis mem-
brane in both PBS and SLF at pH 7.4. In contrast, its diffusion is dras-
tically slowed in the presence of mucin, confirming strong interactions
between free Col and the mucin network (Fig. 8A). In contrast to free
Col, the release behaviour of INU-Succ-PEG/Col nanocomplexes was
moderately influenced by the release medium. A significantly higher
amount of Col was released in SLF compared to PBS during the first 4 h
(p < 0.05), indicating an enhanced early-phase release under simulated
lung conditions. However, beyond this initial phase, the release profiles
in the two media became comparable. Notably, the presence of mucin
did not significantly affect Col release from the nanocomplexes, sug-
gesting that drug liberation is primarily governed by nanocomplex
dissociation rather than by specific drug-mucin interactions.

Importantly, the cumulative amount of Col released remained below
approximately 60 wt% within the first 6 h in all tested conditions,
confirming a sustained and controlled release profile. Overall, these
findings support the ability of the nanocomplexes to mitigate Col in-
teractions with the mucus network while enabling controlled drug
release, thereby reducing premature drug diffusion and potential
entrapment within the mucus layer.

3.3. In vitro biological performances of Col-carrying nanocomplexes

After demonstrating the ability of nanocomplexes to diffuse through
the mucus and release Col in a controlled manner, with no influence of
mucin on the release kinetics, the biological effects of the system were
subsequently evaluated. In particular, the impact was assessed on
bronchial epithelial cells to investigate biocompatibility, and on Gram-
negative bacteria commonly found in the lungs of patients with in-
flammatory pulmonary diseases. Among these pathogens, K. pneumoniae
represents a major causative agent of respiratory infections. In addition,
E. coli, although less prevalent, is a Gram-negative bacterium that can
colonize the respiratory tract of cystic fibrosis (CF) patients, particularly
during specific stages of the disease or during pulmonary exacerbations,
contributing to chronic inflammation [2].
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Cell viability tests were performed on two pulmonary cell lines,
BEAS-2B and 16HBE, which were selected because they are well-
established in vitro models of human bronchial epithelial cells and are
widely used to study respiratory toxicity and lung-related biological
responses [40]. The results, reported in Fig. 9A-B for BEAS and 16HBE,
respectively, showed the absence of cytotoxic effects within the tested
concentration range in both cell lines.

Antibacterial activity was evaluated using colistimethate sodium
(CMS), the clinically approved prodrug of Col, as a reference. Although
native Col exhibits potent antibacterial activity, its direct clinical use is
limited by severe systemic toxicity, including nephrotoxicity and
neurotoxicity, as well as respiratory adverse effects upon inhalation.
Consequently, Col is administered as CMS, a less toxic prodrug that
undergoes in vivo conversion to the active form. However, this
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conversion process is often incomplete and variable, leading to unpre-
dictable and sometimes subtherapeutic drug concentrations in lung
tissue and plasma, which may compromise efficacy and promote the
development of bacterial resistance [41]. Antibacterial tests, performed
on Gram-negative strains K. pneumoniae and E. coli, reported in
Fig. 10A-B, showed that the copolymer alone did not exhibit any anti-
microbial activity, whereas the nanocomplex with colistin displayed
clear antimicrobial efficacy.

Both MIC and ICs¢ values (Table 2) were significantly lower than that
of the clinically used prodrug CMS, indicating substantially improved
antibacterial potency. This finding is particularly relevant given that
native Col is not used clinically due to toxicity concerns. While further
investigation is required, these findings suggest that nanocomplexation
may represent a promising approach to enhance the local pulmonary
delivery of Col.

From a therapeutic perspective, the efficient pulmonary deposition,
combined with the sustained release profile and the reduced interaction
with mucus observed for the INU-Succ-PEG/Col nanocomplexes, may
enable higher local drug concentrations at the site of infection while
minimizing systemic exposure. This could translate into improved effi-
cacy against persistent Gram-negative lung infections, reduced dosing
frequency, and a lower risk of toxicity, addressing key limitations of
current colistin-based therapies and offering a promising strategy for the
treatment of chronic pulmonary bacterial infections. This could be
particularly relevant in the context of CF, where chronic lung infections
caused by Gram-negative pathogens are sustained by thick mucus, bio-
film formation, and limited antibiotic penetration.

4. Conclusion

The present work describes the successful development of a nega-
tively charged INU-based graft copolymer designed to form nano-
complexes with Col and improve its pulmonary delivery. The synthetic
strategy proved to be highly controllable and reproducible, enabling
modulation of the polymer charge density and subsequent PEG func-
tionalization, while preserving favourable physicochemical properties
such as aqueous solubility and low polydispersity. The presence of
ionizable carboxyl groups, even after PEGylation, ensured effective
electrostatic interaction with the cationic drug and the formation of
stable supramolecular nanocomplexes. At the nanoscale, the polymer-
—drug system formed homogeneous nanocomplexes and significantly
modified the intrinsic aggregation behaviour of Col in aqueous media,
confirming successful complexation. After aqueous dispersion, the
favourable aerodynamic behaviour observed after nebulization supports
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the feasibility of efficient lung deposition. The most relevant findings
concern the interaction with mucus and muco-diffusion: free Col
exhibited a marked tendency to interact with mucin, a behaviour that
may limit its diffusion through the mucus layer and potentially reduce
the fraction of drug reaching the site of infection after inhalation. In
contrast, complexation with the polymer reduced these interactions
allowing muco-diffusion, likely due to partial shielding of the drug's
charged groups. This feature is particularly advantageous in the context
of chronic pulmonary diseases, where thickened mucus represents a
major barrier to effective antibiotic therapy. Release studies further
demonstrated that the nanocomplexes provide a controlled and sus-
tained drug release profile, that was not significantly influenced by the
presence of mucin. This suggests that the Col involved in the complex
formation is less susceptible to premature drug sequestration within the
mucus network compared to free Col. Such controlled release behaviour
may contribute to maintaining therapeutic concentrations at the infec-
tion site for prolonged periods, potentially reducing dosing frequency
and minimizing peak-related toxicity. Importantly, the copolymer
showed excellent biocompatibility toward bronchial epithelial cells,
confirming its suitability for pulmonary administration. Moreover, the
antibacterial activity of Col was fully preserved after complexation,
indicating that the polymer carrier does not impair the intrinsic anti-
microbial efficacy of the drug. This is a crucial aspect, as native Col,
although highly potent, is associated with significant systemic and
pulmonary toxicity, while its clinically used prodrug may lead to sub-
optimal and variable drug levels. The polymer-based system therefore
represents a strategy to combine the high efficacy of Col with improved
control over its local delivery and exposure.

Overall, compared with the administration of colistin alone, the INU-
Succ-PEG/Col nanocomplexes offer multifunctional advantages:
improved interaction with the pulmonary environment, controlled
release, preserved antibacterial activity, and good biocompatibility.
These findings highlight the potential of this nanotechnological platform
as a promising alternative approach for the treatment of chronic Gram-
negative lung infections, particularly in conditions characterized by
impaired mucus clearance.
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Table 2
In vitro antibacterial activity expressed as the MIC and the half-maximal
inhibitory concentration (IC50) values.

Sample K. pneumoniae E. coli
MIC (pg/ IC50 (pg/ MIC (pg/ IC50 (pg/
ml) ml) ml) ml)

Ampicillin >256 n.a. 4 1.7

CMs 16 6.9 4 2.4

Col 1 0.58 1 0.23

INU-Succ-PEG/ 2 1.05 1 0.30

Col
INU-Succ-PEG >256 n.a >256 na
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