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Graphical Abstract 

Nano into Micro particles prepared by spray drying technique, using mannitol and polymeric 

nanoparticles. 
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ABSTRACT 

In this paper, two amphiphilic graft copolymers were synthesized by grafting polylactic acid (PLA) 

as hydrophobic chain and poly(2-methyl-2-oxazoline) (PMeOx) or poly(2-methyl-2-oxazine) 

(PMeOzi) as hydrophilic chain, respectively, to a backbone of α,β-poly(N-2-hydroxyethyl)-D,L-

aspartamide (PHEA).  These original graft copolymers were used to prepare nanoparticles 

delivering Zileuton in inhalation therapy. 

Among various tested methods, direct nanoprecipitation proved to be the best technique to prepare 

nanoparticles with the smallest dimensions, the narrowest dimensional distribution and a spherical 

shape.  To overcome the size limitations for administration by inhalation, the nano-into-micro 

strategy was applied, encapsulating the nanoparticles in water-soluble mannitol-based 

microparticles by spray-drying. This process has allowed to produce spherical microparticles with 

the proper size for optimal lung deposition, and, once in contact with fluids mimicking the lung 

district, able to dissolve and release non-aggregated nanoparticles, potentially able to spread 

through the mucus, releasing about 70% of the drug payload in 24 hours. 

 

INTRODUCTION 

Despite the recent advances on therapeutics, the incidence of chronic inflammatory diseases 

affecting the respiratory system continually increase over the years, due to air pollution, tobacco 

smoke and exposure to chemicals
1
. Moreover, the recent events regarding SARS-CoV2 pandemic 

place chronic lung diseases under particular attention since they can contribute to the progression 

and worsening of the pathological state associated with this infection
2
. 

Chronic lung diseases are typically characterized by overproduction of mucus, altered mucociliary 

clearance mechanisms, bronchoconstriction, consequently leading to an airflow limitation. Current 

treatments available to manage this condition are all focused on relieving symptoms, thus including 

bronchodilators, corticosteroids, non-steroidal anti-inflammatory drugs and antibiotics
3
. When these 
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drugs are systemically administered, they are distributed in various compartments of the body and 

only a part of them reach the lung
4
; for this reason, higher doses are required than those really 

needed at the site of action. However, prolonged exposure to these therapies generally lead, over 

time, to both reduced responsiveness, due to drug resistance, and the onset of side effects
5–7

. In 

order to reduce these drawbacks, the inhalation route for these drugs has been introduced in the 

treatment of many respiratory diseases. In this way, the drug is thus administered directly to the site 

of action with smaller doses
4 

and therefore, reducing the risk of side effects. At the same time, the 

development of drug delivery systems (DDS), improving the pharmacokinetic profile of drugs and 

facilitating localized delivery to target tissues, strongly improves the efficacy of various therapies. 

Therefore, the development of inhalable DDS for drug delivery to the airways is of continuous 

interest
8
. In order to reach the bronchial epithelium and achieve the desired pharmacological effect, 

the inhaled particles have to overcome the mucus layer
9–12

, a viscous, elastic and sticky gel which 

lines the airways, with the aim to protect the respiratory system from external agents, acting as a 

filter by trapping and rapidly removing not only foreign particles but also hydrophobic molecules 

13,14
. Some particular characteristics have been identified that help systems to cross the mucous 

layer. Since this polymeric lattice acts as a filter, the diffusion of particles can be obstructed by the 

steric hindrance. To allow the passage of particles through the meshes of the lattice, their size 

should be in the order of nanometers
14

. In addition, mucins can interact with drugs and 

nanoparticles via low affinity interaction further preventing passage. Given the polyanionic nature 

of the mucins (due to the residues of sialic acid), positively charged nanoparticles interact strongly 

with mucus and are generally held back
15

, while negatively charged particles penetrate easily, due 

to the repulsive forces with respect to the mesh forming polymers
16,17

. Furthermore, the non-

glycosylated hydrophobic regions of mucins can give rise to hydrophobic interactions, which 

represents an additional barrier for the diffusion of drugs and nanoparticles through the mucus 
11,18

. 

In fact, it has been found that lipophilicity is the physicochemical characteristic that most strongly 

influences the diffusion through the mucus
19

, as demonstrated for hydrophobic carboxylated 
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polystyrene (PS) nanoparticles, which despite their negative charge, are highly retained by the 

mucus layer due to hydrophobic interactions
20

. A useful strategy to avoid this problem consists on 

increasing the surface hydrophilicity of the nanomaterials to obtain a greater diffusion through the 

mucus. For this purpose, it is quite common to coat the surface of nanosystems with hydrophilic 

materials, by either conjugation or adsorption
21

. Among the plethora of materials used for this 

purpose, poly(ethylene glycol) (PEG) has indubitably the most popular choice 
22,23

. Recently, a 

class of non-toxic and biocompatible polymers with a pseudo-polypeptide structure known as 

poly(2-oxazoline)s (POx), have received wide interest being able to confer stealth-like properties 

similar to PEG
24–26

. The FDA has not approved these substances for clinical use yet, but since the 

growing interest in these polymers, it is very likely that a regulatory authorization can be obtained 

within the next few years
27

, considering also that clinical trials have begun on drug conjugate based 

on poly(2-ethyl-2-oxazoline) (PEtOx)
28

. The ability of various POx to reduce the interaction 

between particles and mucin was previously evaluated by Mansfield and colleagues
29,30

. 

Specifically, the diffusion of silica nanoparticles functionalized with PEG in the mucus with the 

diffusion of nanoparticles functionalized with PEtOx, the more hydrophobic poly(2-n-propyl-2-

oxazoline) and the more hydrophilic poly(2-methyl-2-oxazoline) (PMeOx) was investigated. This 

showed that POx could be a valid and versatile alternative to the PEG also for this application. On 

the other hand, POx can offer as advantage a faster excretion from the organism, with consequent 

lower accumulation in body tissues
31,32

. Another major obstacle to overcome with inhalation route 

is the appropriate deposition of the particles in the respiratory tract. This depends significantly by 

aerodynamic diameter of the inhaled particles, which should be between 1 and 5 μm for a deep 

deposition (bronchi and alveoli) 
33

. Therefore, to ensure a deposition in the deep airways, 

nanoparticles have been encapsulated within water-soluble microparticles with an appropriate 

aerodynamic diameter. As the deposited microparticles come into contact with the lung fluids, they 

dissolve and release the nanoparticles carrying the therapeutic 
34,35

. Following this premise, the aim 

of the present work was to develop two different polymeric mucopenetrant nanoparticles for the 
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treatment of chronic obstructive pathologies of the respiratory system. To achieve this, two graft 

copolymers were synthesised starting from α,β-poly(N-2-hydroxyethyl)-D,L-aspartamide 

(PHEA)
36

, a biocompatible water-soluble amino acid based polymer, whose derivatives have been 

widely used for drug and gene delivery applications
37,38

. One of them was obtained by grafting 

PMeOx onto the PHEA backbone  to confer mucopenetrating properties
30

, while another graft 

copolymer was prepared by grafting poly(2-methyl-2-oxazine) (PMeOzi) onto the PHEA backbone. 

PMeOzi is structurally similar to PMeOx and its hydrophilicity falls between the hydrophilicity of 

PMeOx and PEtOx, but the mucopenetration properties of PMeOzi has not been evaluated to date. 

To infer amphiphilicity and to allow nanoparticle formation, both copolymers were further 

functionalized with polylactic acid (PLA), a non-toxic, biodegradable, biocompatible and 

bioabsorbable polyester
39

. Subsequently various methods for the preparation of nanoparticles were 

investigated. Once a suitable process was established, Zileuton loaded nanoparticles were prepared.  

Zileuton, a benzothiophene N-hydroxyurea, is an inhibitor of 5-lipoxygenase, an enzyme that 

carries out the conversion of arachidonic acid to Cysteinyl leukotrienes, a family of inflammatory 

mediators that induce a potent constriction of airway smooth muscle, an increased vascular 

permeability and edema, but also a decreased mucocilliary clearance and mucus hypersecretion
40

. 

To date, Zileuton is only available as formulation for oral administration (Zyflo
®
)
40,41

, therefore, the 

development of an inhalable formulation for the release of Zileuton could help to overcome limits 

associated with its use, such as repeated daily administrations and hepatic toxic effects
42

. 

 

MATERIALS AND METHODS 

Materials 

Bis (4-nitrophenyl) carbonate (BNPC), N, N'-dimethylformamide anhydrous (a-DMF), 

dichloromethane, acetone, diethyl ether, acetonitrile, 3-amino-1-propanol, zinc acetate dihydrate, 

mucin from pig stomach, 1,1'-carbonyldiimidazole (CDI), mannitol, NaOH, Poly (ethylene oxide) 
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standards, benzonitrile, 2-methyl-2-oxazoline (MeOx), methyl trifluoromethanesulfonate (MeOTf), 

Poly(D,L-lactide) acid terminated (Mw 10,000-18,000)  Dulbecco's phosphate buffer saline 

(DPBS), were purchased from Sigma-Aldrich. HCl, Diethylamine (DEA), triethylamine (TEA), 

were bought from Fluka. Zileuton was purchased from Carbosynth (UK). α,β-poly(N-2-

hydroxyethyl)-D,L-aspartamide (PHEA) was synthetized via polysuccinimide (PSI) reaction with 

ethanolamine in DMF solution, and purified according to a previously reported procedure
36

 . 
 1

H-

NMR (300 MHz, D2O, 25°C, TMS): δ 2.71 (m, 2H PHEA, –COCHCH2CONH–), δ 3.24 (m, 2H 

PHEA, –NHCH2CH2O–), δ 3.55 (m, 2H PHEA, –NHCH2CH2OH), δ 4.59 [m, 1H PHEA, –

NHCH(CO)CH2–]. 

Cell cultures 

Human bronchial epithelial cells (16-HBE) were furnished by Istituto Zoo-profilattico of 

Lombardia and Emilia Romagna. 16-HBE cell line were grown in minimum essential medium 

(DMEM) supplemented with 10 vol% fetal bovine serum, 2 mM L-glutamine, 100 U/mL penicillin, 

100 μg/mL streptomycin, and 2.5 μg/mL amphotericin B under standard conditions (95% relative 

humidity, 5% CO2, 37°C). The cells were allowed to grow until confluence, trypsinized and seeded 

in plates for each experiment of cell viability. 

Synthetic procedure of 2-Methyl-2-oxazine  

2-Methyl-2-oxazine (MeOzi) was synthetized according to an already reported procedure
43

. 

Acetonitrile (45.15 g, 1 eq), 1.2 eq of 3-amino-1-propanol (100.3 g), and 0.025 eq of zinc acetate 

dihydrate (6.2 g) were mixed and heated to 90 °C. The reaction continued under reflux for 3-7d 

while the reaction mixture turned dark brown. Reaction progress was controlled by FTIR- and 
1
H-

NMR-spectroscopy. The raw product was subjected to fractionated distillation under reduced 

pressure (50 mbar) collecting the fraction with Tvapour 54 °C. The purified product (21.3 g 

corresponding to a yield of about 20%, by moles, considering the initial quantity of acetonitrile) 

was characterized by 
1
H-NMR analysis (Bruker Biospin, Rheinstetten, Germany) in CDCl3.

 1
H-
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NMR (300 MHz, CDCl3, 25°C, TMS): δ 1.70-1.78 (m, 2H, -OCH2CH2CH2N-), δ 1.76 (m, 3H, 

CH3C-), δ3.21-3.24 (m, 2H, -CH2CH2N-), δ 4.01-4.05 (m, 2H -CH2CH2O-). 

α-Methyl-poly(2-methyl-2-oxazoline)-ω-N-Boc-Piperazine and α-methyl-poly(2-methyl-2-

oxazine)-ω-N-Boc-Piperazine synthesis by Cationic Ring-Opening Polymerization (CROP) 

Poly(2-methyl-2-oxazoline)-Piperazine-Boc (PMeOx-Pip-Boc) and Poly(2-methyl-2-oxazine)-

Piperazine-Boc (PMeOzi-Pip-Boc) were synthesized by Cationic Ring-Opening Polymerization 

(CROP) 
44

 in order to obtain a molecular weight equal to 5 kg/mol. Methyl 

trifluoromethanesulfonate (MeOTf), Benzonitrile and monomers have been dried with CaH2 and 

then distilled via vacuum distillation and stored under argon atmosphere before using them for the 

polymerization reaction. MeOTf (180 mg, 1 eq) was introduced into a flask, previously dried and 

conditioned with Argon, and mixed with the respective quantity of benzonitrile (in order to have a 

monomer’s concentration equal to 3 M). 58 eq of anhydrous MeOx (5.35 g) or 50 eq of anhydrous 

MeOzi (5.48 g) were added and the reaction mixture was kept under stirring at 120 ° C for about 3 

hours. The progress of the reaction was controlled by FT-IR and 
1
H-NMR spectroscopy. After the 

complete monomer’s consumption, the mixture was cooled and 3 eq of anhydrous 1-Boc-piperazine 

(Pip-Boc) (612.8 mg dissolved in 1.8 mLof benzonitrile) were added, allowing to react at 50 ° C for 

at least 4 hours. The polymer was isolated from the reaction mixture by precipitation in cold diethyl 

ether (0 ° C); the suspension was thus centrifuged and the residue was washed once with diethyl 

ether. Then, the obtained product was dried under vacuum. The solid residue was dissolved in 

double distilled water and then the solution was purified by dialysis (Visking Dialysis Tubing 18/32 

'', 1000 cut-offs in molecular weight). After dialysis the solution was filtered and therefore freeze-

dried. The pure product (obtained with a yield of about 97% by weight considering the initial 

quantity of monomer) was characterized by 
1
H-NMR analysis. 
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1
H-NMR PMeOx-Pip-Boc (300 MHz, CDCl3, 25°C, TMS): δ 1.44-1.46 (m, 9H, (CH3)3CO), δ 

2.07-2.13 (m, 174H, [CH3CON]-), δ 2.94, δ3.03-3.05 (m, 3H, CH3[N-CH2CH2]), δ 3.45-3.47 (m, 

232H [-CH2CH2N-]). 

1
H-NMR PMeOzi-Pip-Boc (300 MHz, DMSO-d, 25°C, TMS): δ 1.39-1.41 (m, 9H, (CH3)3CO), δ 

1.7 (m, 100H, [NCH2CH2CH2]), δ 1.95-2.00 (m, 150H, [CH3CON-]), δ 2.92 -2.95 (m, 3H, CH3[N-

CH2CH2-]), δ 3.19-3.24 (m, 232H –[CH2CH2CH2N]-). 

BOC deprotection  

A known quantity of PMeOx-Pip-Boc or PMeOzi-Pip-Boc was dissolved in an aqueous solution of 

4 M HCl (200 mg/mL) and was left to stir for 4 hours at 25 ° C, taking care to leave the reaction 

environment in communication with the outside. After this time, a necessary quantity of solid 

NaOH was added in order to neutralize the solution; when the solubilization of the NaOH was 

completed, the solution was dialysed against water (Visking Dialysis Tubing 18/32 '', 1000 cut-offs 

in molecular weight). After dialysis the solution was filtered and therefore freeze-dried. The pure 

product (obtained with a yield of about 98% by weight considering the initial quantity of polymer) 

was characterized by 
1
H-NMR analysis. 

General Procedure for the Derivatization of PHEA with poly-2-methyl-2-oxazoline-Piperazine 

(PMeOx-Pip) or with poly-2-methyl-2-oxazine-Piperazine (PMeOzi-Pip) 

Derivatization of PHEA with PMeOx-Pip or with PMeOzi-Pip, was carried out by using Bis(4‐

nitrophenyl) carbonate (BNPC) as coupling agent. 200 mg of PHEA corresponding to 1.26 mmol of 

repetitive units, were dissolved in 3 mL of anhydrous dimethylformamide (a-DMF); subsequently, 

31 mg of Bis (4-nitrophenyl) carbonate (BNPC) previously solubilized in 500 µl of a-DMF (0.1 

mmol; mmol of BNPC⁄mmol of functionalizable RU on PHEA equal to 0.08), were added. The 

mixture was kept for 4 hours at 40 ± 0.1 ° C, under argon. Subsequently, the reaction mixture was 

slowly added drop by drop to a solution of PMeOzi-Pip or PMeOzi-Pip prepared by dissolving 855 
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mg of PMeOzi-Pip or PMeOx-Pip (0.17 mmol; mmol of Pip⁄mmol of functionalizable RU on 

PHEA equal to 0.135) in 2 mL of a-DMF. The mixture was kept under stirring for 2 hours at 25 ° C, 

under argon and then it was dialyzed against water (Visking Dialysis Tubing 18/32 '', 1000 

molecular weight cut-offs) for at least 5 days; subsequently the content of dialysis was filtered and 

freeze-dried. The pure product (obtained with a yield of about 67% by weight considering the initial 

quantities of PHEA and PMeOx-Pip-Boc or PMeOzi-Pip-Boc) was characterized by 
1
H-NMR 

analysis in DMSO-d. 

1
H-NMR PHEA-g-Pip-PMeOx (300 MHz, DMSO-d, 25°C, TMS): δ 1.97 (m, 174HPMeOx, 

[CH3CON]-), δ 3.13 (m, 2HPHEA, -COCHCH2CONH-), δ 3.33 (m, 232HPMeOx [-CH2CH2N-]; 

2HPHEA -NH-CH2-CH2-O-; 2HPHEA -NH-CH2-CH2-O-), δ 4.62 (m, 1HPHEA, -NH-CH(CO)CH2-). 

1
H-NMR PHEA-g-Pip-PMeOzi (300 MHz, DMSO-d, 25°C, TMS): δ 1.7 (m, 100H, 

[NCH2CH2CH2]), δ 1.95-2.00 (m, 150H, [CH3CON-]), δ 3.19-3.4 (m, 232H –[CH2CH2CH2N]-; 

2HPHEA -NH-CH2-CH2-O-; 2HPHEA -NH-CH2-CH2-O-), δ 4.62 (m, 1HPHEA, -NH-CH(CO)CH2-). 

General Procedure for the Derivatization of PHEA-g-Pip-PMeOx or PHEA-g-Pip-PMeOzi 

with PLA. 

Derivatization of PHEA-g-Pip-PMeOx or PHEA-g-Pip-PMeOzi with PLA, was carried out by 1,1'-

Carbonyldiimidazole (CDI) as coupling agent. 700 mg of PLA corresponding to 0.05 mmol, were 

dissolved in 4 mL of anhydrous dimethylformamide (a-DMF); 16.21 mg of Carbonildiimidazole 

(CDI), previously solubilized in 150 µl of a-DMF (0.1 mmol; R1= mmol CDI / mmol PLA equal to 

2), were subsequently added to this solution. The mixture was kept for 4 hours at 40 ± 0.1 ° C, 

under argon. Afterwards, a solution of PHEA-g-Pip-PMeOx and Triethylamine (TEA) or PHEA-g-

Pip-PMeOzi and TEA, prepared dissolving 295 mg of PHEA-g-Pip-PMeOx or PHEA-g-Pip-

PMeOzi in 4 mL of a-DMF and adding 56 µL of TEA, was added dropwise (R2= mmol PLA / 

mmol of functionalizable RU on PHEA-g-Pip-PMeOx or PHEA-g-Pip-PMeOzi equal to 0.06). The 

mixture was kept under stirring for 72 hours at 40 ° C, under argon and subsequently the final 
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product was isolated by precipitation in a diethyl ether / dichloromethane (15: 1) mixture; the solid 

obtained was then washed several times with the same mixture and then dried. The pure product 

(obtained with a yield of about 60% by weight considering the initial quantity of PHEA-g-Pip-

PMeOx or PHEA-g-Pip-PMeOzi) was characterized by 
1
H-NMR analysis in DMSO-d and with 

DOSY NMR spectroscopy in DMSO-d. 

1
H-NMR PHEA-g-Pip-PMeOx (300 MHz, DMSO-d, 25°C, TMS): δ1.43-1.48 (2d, 582 HPLA -O-

CO-CH(CH3)-O-), δ 1.97 (m, 174HPMeOx, [CH3CON]-), δ 3.13 (m, 2HPHEA, -COCHCH2CONH-), δ 

3.33 (m, 232HPMeOx [-CH2CH2N-]; 2HPHEA -NH-CH2-CH2-O-; 2HPHEA -NH-CH2-CH2-O-), δ 4.62 

(m, 1HPHEA, -NH-CH(CO)CH2-), δ5.15-5.21 (2d, 194 HPLA -O-CO-CH(CH3)-O-). 

1
H-NMR PHEA-g-Pip-PMeOzi (300 MHz, DMSO-d, 25°C, TMS): δ1.43-1.48 (2d, 582 HPLA -O-

CO-CH(CH3)-O-), δ 1.7 (m, 100H, [NCH2CH2CH2]), δ 1.95-2.00 (m, 150H, [CH3CON-]), δ 3.19-

3.4 (m, 232H –[CH2CH2CH2N]-; 2HPHEA -NH-CH2-CH2-O-; 2HPHEA -NH-CH2-CH2-O-), δ 4.62 (m, 

1HPHEA, -NH-CH(CO)CH2-), δ5.15-5.21 (2d, 194 HPLA -O-CO-CH(CH3)-O-). 

Size Exclusion Chromatography 

Weight-average molecular weight (M̅w), dispersity (Ð), of each copolymer was determined by a 

size exclusion chromatography (SEC) analysis, performed using Phenomenex Phenogel 5u 10E4A 

and 10E3A columns connected to an Agilent 1260 Infinity Multi-Detector GPC/SEC system 

(Milan, Italy), and a refractive index detector. Analyses were performed with DMF+ 0.1 M LiBr as 

eluent with a flow of 1 mL/min and poly (ethylene oxide) standard (40 kDa) to obtain the 

calibration curve. The column temperature was set at 50°C. 

Nanoparticle preparation by direct nanoprecipitation technique 

30 mg of PHEA-g-(PMeOX; PLA) or PHEA-g-(PMeOzi; PLA) were solubilized in 3 mL of 

acetone. The copolymer solution was put in a burette and added dropwise to 30 mL of distilled 

water under continuous stirring (500 rpm). The mixture was left under stirring for 1 hour; the 
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acetone and part of the water were eliminated at 40 ° C under reduced pressure by rotary 

evaporator. The dispersion of nanoparticles was subsequently diluted to 30 mL and stored at 5 ° C 

for further analysis. 

Nanoparticle preparation by dialysis-assisted nanoprecipitation technique 

30 mg of PHEA-g-(PMeOX; PLA) or PHEA-g-(PMeOzi; PLA) were solubilized in 6 mL of 

DMSO. The copolymer solution was dialyzed against water (Visking Dialysis Tubing 18/32 '', 

10,000 cut-offs in molecular weight) for one day. The dispersion of nanoparticles was subsequently 

diluted to 30 mL and stored at 5 ° C for further analysis. 

Preparation of nanoparticles by solvent emulsion / evaporation technique 

34 mg of PHEA-g-(PMeOX; PLA) or PHEA-g-(PMeOzi; PLA) were solubilized in 2 mL of 

dichloromethane. After complete solubilization, the organic phase containing the polymer is added 

to 50 mL of distilled water under continuous stirring by mechanical stirrers (900 rpm), in order to 

obtain an emulsion; under continuous stirring, another 50 mL of distilled water are added, leaving 

to stir for 5 minutes. Subsequently the obtained emulsion is subjected to sonication for 5 minutes; 

finally, the organic phase was removed by a rotary evaporator and the dispersion was stored at 5 ° C 

for further analysis. 

Dynamic light scattering 

The DLS measurements were performed on 800 µl of sample prepared with a Malvern Zetasizer 

NanoZS (Malvern Instruments, Worcestershire, UK) instrument equipped with a 532 nm laser with 

a fixed scattering angle of 173 °, using the Dispersion Technology Software 7.02 software. Zeta 

potential measurements were performed by aqueous electrophoresis measurements, recorded at 25 ° 

C using the same apparatus for the DLS measurement. The potential z values (mV) were calculated 

from electrophoretic mobility using the Smoluchowski relationship. Analysis were performed on 

three different samples. 
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Scanning Electron Microscopy (SEM) analyses 

For morphological studies, few drops of each liquid dispersion were put on a stainless-steel stub 

and after evaporation of water, the residuals were observed by using a Crossbeam 340 field 

emission scanning electron microscope (Carl Zeiss Microscopy, Oberkochen, Germany). The SEM 

analysis was done with an acceleration voltage (EHT) of 2 kV and by detecting type II secondary 

electrons (SE2). 

Preparation of Zileuton loaded nanoparticles. 

Briefly 100 mg of PHEA-g-(PMeOX; PLA) or PHEA-g-(PMeOzi; PLA) and 25 mg of Zileuton 

were solubilized in 10 mL of acetone. The organic solution was added dropwise to 100 mL of 

distilled water under continuous stirring. The mixture was left under stirring for 1 hour; the acetone 

and part of the water were eliminated at 40 ° C under reduced pressure by rotary evaporator. The 

dispersion of nanoparticles was subsequently diluted to 100 mL and filtered by 220 nm cellulose 

acetate filter. To determine the amount of the entrapped Zileuton, HPLC analysis was performed 

(HPLC Agilent 1200 series, Milan, Italy); analyses were performed using a mobile phase of 

water/methanol (30/70, v/v) using a flow rate of 0.6 mL/min. The column (Luna 5u C18 100A) was 

equilibrated to 25°C, and the detection wavelength was 260 nm. The obtained peak area was 

compared with a calibration curve obtained by plotting areas versus standard solution 

concentrations of Zileuton in the range of 0.05-0.02 mg/mL (y = 41770x, R
2
 = 0.9999).  

Drug release kinetics  

For the drug release study, 1 mL of nanoparticles dispersion in PBS (corresponding to 0.15 mg of 

Zileuton) was placed in a dialysis tubing (regenerated cellulose, molecular weight cut-offs 2 kDa) 

and dialyzed against 9 mL of PBS at 37°C under orbital stirring (100 rpm). After predeterminded 

time points up to 24 h, 0.2 mL of the external medium was withdrawn and replaced with equal 
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volume of fresh medium. Free Zileuton was used as control. Zileuton was quantified using HPLC 

analysis as described for drug loading determination. 

Cell viability assay 

Cell viability was assessed by a MTS assay on 16-HBE cells, using a commercially available kit 

(Cell Titer 96 Aqueous One Solution Cell Proliferation assay, Promega) containing 3-(4,5-

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulphophenyl)-2H-tetrazolium (MTS) and 

phenazine ethosulfate. 16-HBE cells were plated on a 96-well plate at a cell density of 15,000 cells/ 

well in DMEM containing 10% FBS. After 24 h of incubation, the medium was removed and then 

the cells were incubated with 200 μl per well with an aqueous dispersion (DMEM containing 10% 

FBS) of each nanosystem at concentrations in Zileuton between 150 µg/mL to 37.5 µg/mL. Cell 

viability was also evaluated for free Zileuton and empty nanoparticles. All dispersions were 

sterilized by filtration using 220 nm filter. After 24 and 48 h incubation, supernatant was removed 

and each plate was washed with sterile DPBS; after this, cells in each well were incubated with with 

100 μL of fresh DMEM and 20 μL of a MTS solution and plates were incubated for 2h at 37°C. The 

absorbance at 490 nm was read using a Microplate reader (Multiskan Ex, Thermo Labsystems, 

Finland). Relative cell viability (percentage) was expressed as (Abs490 treated cells/Abs490control 

cells) × 100, on the basis of three experiments conducted in multiple of six. Cells incubated with the 

medium were used as negative control. 

Preparation of microparticles by spray drying technique 

Microparticles were prepared by using a Nano Spray Dryer B-90 (Buchi, Milan, Italy). To a fixed 

volume (50 mL) of Zileuton loaded nanoparticles (50 mg), a different amount of mannitol was 

added, obtaining mannitol concentrations equal to 1% and 3% (% w/v) (table 1); after the complete 

solubilization of mannitol, the mixture was filtered with 450nm cellulose acetate filter and 

subsequently was spray-dried to obtaining different formulation. The apparatus setting for the 

production of microparticles have been optimized and set as follows: frequency 120 kHz, pressure 
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28 hPa, inlet temperature 100°C and outlet temperature 40°C, flow 105 L/min, spray, which 

corresponds to the relative flow rate of the spray, must be set finally to 78%, the pump flow rate is 

set to 66%. Formulations containing PHEA-g-(PMeOx; PLA) nanoparticles were named MPX, 

while those containing PHEA-g-(PMeOzi; PLA) nanoparticles were named MPZ. 

After spray drying process, the collected powder was analysed by DLS measurement and in order to 

evaluate if spray drying process could affect the amount of entrapped Zileuton an HPLC analysis 

was performed following the method used for the determination of Drug Loading. 

To evaluate the shape and size of microparticles, SEM analysis (PRO X PHENOM, Thermo Fisher 

Scientific, Milan, Italy) were also performed, using the ImageJ program to calculate the average 

diameter of each sample by analyzing a sufficiently representative number of particles (> 300 

particles). 

Turbidimetric assay 

Measurements of interactions between nanoparticles and mucin was determined by turbidimetry. 

100 µL of nanoparticles dispersion, prepared dispersing a certain amount of spray dried sample 

(corresponding to 0.2 mg of nanoparticles) in PBS, were mixed with 100 µL of mucin dispersion at 

the concentration of 2 mg/mL in PBS. After incubation at 37 °C, the turbidity was measured each 

50 min until 6 h approximately. The absorbance at the λ of 500 nm was recorded by Microplate 

reader (Multiskan Ex, Thermo Labsystems, Finland). 

Rheological analysis 

Measurements of interactions between nanoparticles and mucin was also determined by rheological 

analysis at the temperature of 37 °C by using a rheometer (TA Instruments) equipped with 

concentric cylinders geometry. A strain sweep (5-30 %) was performed on mucin dispersion at 1.0 

Hz to determine the linear viscoelastic region, which was found to be in the range of 10-20 %. 

Then, a time sweep (30 min) was performed for all samples at 15% constant strain and 1.0 Hz 

constant frequency to determine complex viscosity (η*). For the analyses of mucin-nanoparticles 
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mixture, a certain amount of spray dried sample (corresponding to 14 mg of nanoparticles) was 

added to 14 mL of mucin dispersion in PBS (1 mg/mL) and mixed gently with a spatula for 20 s. 

Samples were loaded in the rheometer and then equilibrated to 37°C for 20 min. To prevent 

dehydration during rheological measurements, a solvent trap was placed on the top of the geometry.  

Statistical analysis 

All the experiments were repeated at least three times. All data are expressed as means ± standard 

deviation. All data were analyzed by Student’s t-test using Microsoft Excel software. A p-value 

<0.005 was considered as highly significant, while a p-value <0.0005 was considered as extremely 

significant. 

RESULTS  

Synthesis of poly(2-methyl-2-oxazoline) (PMeOx) and poly(2-methyl-2-oxazine) (PMeOzi) by 

Cationic Ring-Opening Polymerization  

The cationic ring-opening polymerization (CROP) of 2-oxazolines and 2-oxazines consist in a 

typical chain-growth polymerization mechanism, via initiation, propagation and termination, where 

undesired termination or chain transfer during polymerization are minimal or absent phenomena if 

the reaction conditions are controlled sufficiently.  

In consideration of the importance of purity, solvent, initiator and monomers are previously treated 

with CaH2, distilled under inert atmosphere conditions and stored under inert atmosphere (Argon). 

The progress of the reaction was controlled by 
1
H-NMR analysis; the absence of the monomer 

peaks indicates the end of the chain growth process. The polymerization mechanism follows the 

scheme reported (Figure 1).  

Boc-Piperazine was chosen as the terminating reagent in order to have a readily quantifiable chain 

terminus (t-butyl) and, after appropriate deprotection, functional group available (-NH) for the 

grafting reaction on the polymer backbone of the PHEA. The 
1
H-NMR analysis (Figure S3 and S4) 
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of the obtained polymers confirmed a molar mass of about 5 kg/mol for both homopolymers by 

comparing the integrals attributed to the protons of the repeat unit (at 3.45-3.47 ppm for PMeOx-

PipBoc and at 2.00-1.95 ppm for PMeOzi-PipBoc) with those attributed to the protons of the 

initiator (at 3.05-3.03 and 2.94 ppm for PMeOx-PipBoc, and at 2.95-2.92 ppm for PMeOzi-PipBoc) 

or with those attributed to the protons of the terminator (at 1.4 ppm for both polymers).  

The obtained homopolymers were further characterised by SEC analysis in terms of weight average 

molar mass (M̅w) and dispersity (Ð) and obtained values are reported in table 2. As expected for a 

living cationic ring opening polymerization, the polymers are rather well defined with reasonably 

low values of Ð. 

The removal of tert-butyloxycarbonyl protecting group (Boc) was carried out in an acidic 

environment (HCl). 

Successful deprotection was confirmed by 
1
H-NMR analysis, as the peak at 1.4 ppm attributed to 

the tert-butyl moiety were no longer observed. Important to note, hydrolysis of the side chain was 

not observed since the integral ratio between the side chain (CH3) and the backbone (CH2) remained 

constant. 

PHEA-g-(Pip-PMeOx; PLA) and PHEA-g-(Pip-PMeOzi; PLA) Graft Copolymers Synthesis 

and Characterization 

Once obtained and suitably characterized, the two homopolymers were covalently conjugated to a 

polyaspartamide, that is the α,β-poly(N-2-hydroxyethyl)-D,L-aspartamide (PHEA). The latter was 

chosen as it is widely reported in the literature as main polymeric backbone on which to graft 

various other polymers or small molecules in order to obtain the resulting copolymers with 

structural and functional properties suitable for the realization of innovative drug carriers
45–47

. 

Poly(lactide acid) (PLA) has also been grafted on the main PHEA backbone, in order to obtain a 

copolymer insoluble in aqueous media and therefore usable for the production of polymeric 

nanoparticles using already known techniques. Such carriers, thanks to the POx capability to 
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potentially confer to nanoparticles a greater diffusion through the mucus layer
30

, and the excellent 

biocompatibility as well as biodegradability of both PLA
48

 or PHEA, could be potentially 

administered locally to the lungs as drug delivery systems able to cross the mucus barrier and 

release drugs at the level of the bronchial epithelium. 

PHEA-g-(Pip-PMeOx; PLA) and PHEA-g-(Pip-PMeOzi; PLA) graft copolymers were synthesized 

by two-step polymer analogue modification. In the first step, PHEA was reacted with piperazine 

terminated PMeOx or PMeOzi, respectively. In the second step, additional PLA chains were grafted 

onto the PHEA backbone (Figure 2). For the grafting of PMeOx or PMeOzi chain onto the PHEA 

backbone, we first activated the hydroxyl moieties in the PHEA side chains with bis‐nitrophenyl 

carbonate (BNPC). Subsequently, the activated hydroxyl groups were allowed to react with the 

piperazine terminated PMeOx or PMeOzi (step a Figure 2). Under the chosen experimental 

conditions, a derivatization degree (DD%) of about 3.5 mol% for both, PHEA-g-Pip-PMeOx and 

PHEA-g-Pip-PMeOzi graft copolymers was obtained. This was calculated from 
1
H‐NMR spectra 

(Figure S5 and S6) using the ratio between the integral of the signals corresponding to CH3 of the 

side chain of PMeOx or PMeOzi (at about δ 2.00 ppm), to the integral of the signal corresponding 

to the CH of PHEA repeating unit (at δ 4.62 ppm). 

For the additional grafting of PLA chain onto the backbone of PHEA-g-Pip-PMeOx and of PHEA-

g-Pip-PMeOzi, we chose to first activate the free PLA carboxyl groups with carbonyldiimidazole 

(CDI) and subsequently allow the activated carboxyl group to react with the free hydroxyl group of 

the polymeric backbone, using TEA as catalyst (step b Figure 2). Using these experimental 

conditions, a derivatization degree (DD%) for PLA in PHEA-g-(Pip-PMeOx; PLA) and PHEA-g-

(Pip-PMeOzi; PLA) graft copolymers of about 2.0 mol% was obtained. Again, this was calculated 

by 
1
H‐NMR spectra, using the ratio between the integral of the signals corresponding to CH3 of the 

PLA repeat unit (at about δ 1.45 ppm), to the integral of the signal corresponding to one H of PHEA 

repeating unit (at δ 4.62 ppm). 
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From DD% values obtained by NMR spectra, the copolymer composition in terms of percentage of 

different repeating units (RU) with respect to the total repeating units of the polymeric backbone 

can be deduced. This composition is equal to 3.5 moles of PHEA RU carrying PMeOx or PMeOzi 

in the side chain, 2 moles of PHEA RU carrying PLA in the side chain, and 94.5 moles of not 

derivatized PHEA RU.  

Considering the molecular weights of the starting polymers used to obtain the graft copolymers, it 

can be calculated that the two different copolymers obtained are made up on average of about 55 % 

of PLA, 30 % of PMeOx or PMeOzi and 15 % of PHEA. 

Moreover, on both graft copolymers DOSY measurements was carried out (Figure 3). In particular, 

the comparison of DOSY spectra obtained for the graft copolymers and of the physical mixture of 

the three polymers informs on the success of the synthesis. 

It is clear that the spectra of the graft copolymers and the mixture differ significantly. While 

diffusion constants for the different constituents differ in the mixture, the diffusion constants are 

more homogeneous for the graft copolymer. This corroborates the successful grafting of PLA 

chains and PMeOx or PMeOzi, respectively, onto the polymeric backbone of PHEA. The products 

were also analysed by SEC (Table 2). The M̅w of PHEA-g-Pip-PMeOzi or PHEA-g-Pip-PMeOx 

graft copolymers undergoes a rather drastic reduction, when compared with the M̅w of PHEA. 

Probably, this fact could be related to the experimental condition, as the use of a high amount of 

piperazine terminated polymers for carrying out the functionalization reaction of PHEA with 

PMeOx or PMeOzi, that could break some amide bound in the main chain. For PHEA-g-(Pip-

PMeOx; PLA) and PHEA-g-(Pip-PMeOzi; PLA), we observed a bimodal distribution, indicating 

the presence of two polymeric species, with different degree of functionalization in the side chain 

and therefore a different ratio PLA: PMeOx or PMeOzi. Nevertheless, the overall dispersity Đ 

remains essentially unchanged. 

Nanoparticles characterization 
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Size, charge and shape analysis 

Using both graft copolymers we prepared nanoparticles using different methods, in order to 

establish the suitable conditions to obtain nanoparticles with a suitable size, polydispersity and 

shape. First, direct nanoprecipitation involves the dripping of an organic polymer solution in a 

water-miscible organic solvent, into water which must represent a non-solvent for (parts of) the 

polymers, here PLA. The corresponding rapid solvent exchange leads to nanoparticle formulation in 

a kinetically driven process. In contrast, dialysis-based nanoprecipitation, exploits the slow 

diffusion of the organic solvent through a dialysis membrane. A third alternative, the emulsion and 

evaporation method require the use of a not water-miscible organic solvent and formation of an O / 

A emulsion in which the polymer is dispersed within the organic phase. Evaporation of the organic 

phase yields the desired nanoparticles. Nanoparticles obtained via the different the preparation 

methods were analysed using dynamic light scattering (DLS), in order to evaluate size distribution 

(Figure 4) and zeta-potential (Table 3).  

For both graft copolymers, direct nanoprecipitation yielded nanoparticles with the smallest size and 

narrow size distribution. These nanoparticles were also observed by scanning electron microscopy 

which showed nanoparticles of spherical shape (Figure 5). The dimensional values are also 

comparable to the values obtained from DLS.  

In light of the results obtained, we chose to prepare Zileuton loaded nanoparticles using direct 

nanoprecipitation. 

The DLS analysis (Table 4) shows particles with a with ζ-potential near to neutrality and 

dimensions of the order of 100 nanometers with a narrow dimensional distribution. The quantity of 

Zileuton entrapped in the particles, evaluated by HPLC analysis, corresponds to an entrapment 

efficiency (EE) of about 75%. 

Drug release kinetics 
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Zileuton release from nanoparticles was investigated using the dialysis method in PBS at pH 7.4 

(Figure 6). 

As shown in Figure 6, there is no difference in kinetics release between the two nanoparticulate 

system, as expected, but each of them shows an initial burst release, releasing about half of the total 

loaded drug in the first hour, followed by a slower release. After 24 h of incubation, the amount of 

Zileuton released from samples reached 70 wt % of the total amount, whereas, the free drug 

diffusion through the dialysis membrane reached 100 wt % after only 5 hours. 

In Vitro Assays on 16-HBE 

Considering the potential application of these nanoparticles by inhalation route, an in vitro study on 

16-HBE cells was assessed. Cytocompatibility of Zileuton loaded nanoparticles was evaluated by 

the MTS assay at different concentrations and compared to free Zileuton and not drug-loaded 

nanoparticles after 24 and 48 h of incubation (Figure 7). Plain nanoparticles did not show 

cytotoxicity after 24, while after 48h, only the cells treated with the highest concentration of 

nanoparticles show a viability slightly lower than 80%. 

On the other hand, free Zileuton was found highly cytotoxic at all tested concentration, even after 

24 h, while Zileuton loaded nanoparticles show a dose-dependent cytotoxic effect, albeit in a 

reduced way. In particular, considering that the significant reduction in the production of 

leukotrienes is observed using Zileuton at concentrations between 100 and 1 µM 
49,50

, and that a  

good cell viability, close to 80%, is observed for the Zileuton loaded nanoparticles at the 

concentration equal to 158 µM (37.5 µg mL) , it is clear that the use of produced nanoparticles 

could represent a suitable Zileuton delivery system, since these allow to use higher doses of the 

drug, reducing simultaneously cell  toxicity. 

Microparticles characterization 

Nanoparticle powders are not suitable for direct inhalation, since dimensions are not suitable for 

bronchial deposition
48

. Therefore, one of the most promising approaches to obtain a pulmonary 
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drug delivery system based on nanoparticles is the Nano into Micro strategy (NiM), where the 

nanoparticles are encapsulated in water-soluble microparticles, which dissolve once in contact with 

lung fluids and release the nanoparticles
23

. For microparticles preparation, spray drying was chosen 

as an easy, reproducible and rapid technique. Mannitol is commonly selected as the matrix material 

to produce inhalable microparticles. Notably, due to its osmotic nature, it is able to induce the influx 

of water from the epithelial cell layer to the mucus, with a consequent change in the viscoelastic 

properties of the mucus
51,52

. Microparticles, containing one of the two nanoparticle types, were 

prepared with two different amount of mannitol (respectively equal to 1% and 3% w/v), in order to 

evaluate if mannitol influences the redispersion of therapeutic nanoparticles and their mobility in 

the mucus layers. 

The obtained microparticles were characterized by SEM to evaluate shape and average diameter 

(Figure S10-13). All microparticles have a spherical shape with diameter between 2 and 5 µm.  

Redispersibility of nanoparticles was evaluated with DLS measurement by dissolving a certain 

amount of microparticles in water, in order to obtain a nanoparticle concentration equal to 1 

mg/mL. Clearly, the NiM strategy is an excellent method for the present nanoparticles, because, 

after microparticles dissolution, size and PDI of nanoparticles remained substantially unchanged. 

The Zileuton content in the microparticles was quantified to evaluated if the microparticle 

preparation and redispersion affects drug loading or stability. 

Furthermore, the release of Zileuton from the obtained microparticle formulation was evaluated. 

The release profiles obtained, shown in Figure S14, are essentially identical to those obtained for 

the nanoparticles that have not undergone the spray-drying process. 

Microparticle characterization is summarized in Table 5. Clearly, the spray-drying process does not 

significantly affect the nanoparticles properties. 

Evaluation of interaction between nanoparticles and mucin 
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Considering the desired administered per inhalation and given that the mucus layer represents the 

main barrier for the inhaled particles to overcome, it was of interest to evaluate whether the 

nanoparticles interact with the mucin and whether the presence of PMeOx or PMeOzi in the graft 

copolymer can effectively influence these interactions. To do so, two different studies were carried 

out: a turbidimetric assay and a rheological analysis. The turbidimetric assay is a common and easy 

analysis to evaluate the interaction between macromolecules, considering that if nanoparticles-

mucin interactions occur, it can lead to formation of microscopic inhomogeneities, which in turn 

can lead to a reduction in transmittance over time (Figure 8). 

All tested nanoparticles seem to be resistant to unfavourable interactions with mucin, as evidenced 

by high transmittance values over the course of the experiment. 

Moreover, it is possible to observe how the transmittance of the samples increases with respect to 

the transmittance of the mucin (% transmittance higher than 100%), especially after 100 minutes of 

incubation; this behavior is commonly associated to the ability of mannitol to interact with mucins, 

with the consequent increase in the macroporosity of the mucus-polymer network
51

. 

In contrast, the positive control chitosan leads to a significant decrease in transmittance. 

As comparison, a study was also conducted on a sample of nanoparticles based on the graft 

copolymer PHEA-g-PLA (NPP 1%) in the presence of mannitol. As already demonstrated by 

Craparo and colleagues
54

, nanoparticles obtained with PHEA-g-PLA develop notable interactions 

with mucus components, especially with increasing incubation time, halving the transmittance of 

the sample after about two hours. Presumably, the presence of PMeOx or PMeOzi on the surface of 

the nanoparticles reduces the development of nanoparticle-mucus interactions, which is well in line 

with report of the non-fouling and mucus-penetrating character of PMeOx
30

. However, for PMeOzi, 

this property has not been previously described.  

A second assay was carried out to evaluate if the presence of microparticles could modify the 

viscoelastic properties of mucin dispersion, considering that if interactions occur between 

nanoparticles and mucin effectively increasing the crosslinking density, the viscosity of the mixture 
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should increase. Accordingly, mucin dispersions were incubated alone or in the presence of 

microparticles or chitosan as positive control. The complex viscosity (η*) was determined by 

rheometer. 

As shown in Figure 8, it is apparent that no increase in complex viscosity is observed which 

corroborates that no detrimental interaction occurs between the particles and mucin. In all cases, the 

values are comparable to the control, if not somewhat lower for the MPZ1% and MPZ3%. In 

contrast, the positive control chitosan leads to a clear increase in the complex viscosity. 

Both studies here presented were performed by using a mucus model consisting in mucins dispersed 

in PBS at a concentration of 1 mg/mL. Although this composition is different from the actual 

pathological mucus in asthmatic patients, these tests allow to demonstrate that these nanoparticles 

do not interact with mucins, which are the main component affecting the diffusion of 

nanoparticles
54

.  

DISCUSSION 

The present work focuses on the pulmonary delivery of Zileuton, a selective inhibitor of 5-

lipoxygenase, whose conventional use is generally associated to side effects and poor patient 

compliance. To develop an inhalable formulation for Zileuton delivery two amphiphilic derivatives 

of PHEA have been synthetized. Both copolymers carry PLA in side chain of PHEA backbone, 

while two different hydrophilic portions were chosen: poly(2-methyl-2-oxazoline) (PMeOx) for a 

copolymer and the poly(2-methyl-2-oxazine) (PMeOzi) for the second one. The synthesized 

copolymers have been extensively characterized with spectroscopic and chromatographic 

techniques and, subsequently, for both copolymers, different methods for the preparation of 

nanoparticles have been investigated by DLS. Direct nanoprecipitation allowed to obtain spherical 

nanoparticles with a z-average smaller than 100 nm. Consequently, Zileuton loaded nanoparticles 

were prepared with an entrapment efficiency (EE%) of about 75%. Cell viability studies carried on 

16HBE cells, showed a good cell viability for both empty nanoparticles type (higher than 80%), 
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while Zileuton loaded nanoparticles, in both cases, showed a cytotoxic effect dose and time 

dependent. Subsequently, with the Nano-into-Micro strategy, nanoparticles were encapsulated in 

water-soluble mannitol-based microparticles, using the spray-drying technique. 

We thus obtained spherical microparticles with suitable dimensions for an optimal lung deposition 

(less than 5 µm) which, in contact with fluids mimicking the pulmonary district, are able to dissolve 

and release non-aggregated nanoparticles, potentially able to spread through the mucus, releasing 

about 70% of the drug in 24 hours. 
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Figure captions 

 

Figure 1. Reaction   scheme of   PMeOx-PipBoc and PMeOzi-PipBoc homopolymers by   cationic   

ring   opening polymerization (CROP). 
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Figure 2. Synthesis scheme of the PHEA-g-Pip-PMeOX, PHEA-g-Pip-PMeOzi (a), PHEA-g-(Pip-

PMeOx; PLA) and PHEA-g-(Pip-PMeOzi; PLA) (b) copolymers. For PMeOx-Pip n = 58, z = 2; For 

PMeOzi-Pip n = 50, z = 3. Reagent and conditions: a) a-DMF, BNPC, 4h at 40°C, 2h at 25°C; b) a-

DMF, CDI 4h at 40°C, 72h at 40°C. 
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Figure 3. DOSY spectra (298K, DMSO-d) of PHEA-g-(Pip-PMeOx; PLA) (A) and PHEA-g-(Pip-

PMeOzi; PLA) (B) graft (blue) copolymers and of physical mixture of polymers (red). 
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Figure 4. Dimension distribution curves (scattering intensity) of three different sample of PHEA-g-

(Pip-PMeOx; PLA) (a) and PHEA-g-(Pip-PMeOzi; PLA) (b) nanoparticles obtained by: direct 

nanoprecipitation (panel I), nanoprecipitation for dialysis (panel II) and emulsion and evaporation 

of the solvent (panel III). 
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Figure 5. SEM images of the nanoparticles obtained by direct nanoprecipitation of the PHEA-g-

(Pip-PMeOx; PLA) (A-B) and PHEA-g-(Pip-PMeOzi; PLA) (C-D) copolymers, aquired with an 

acceleration voltage (EHT) of 2 kV and by detecting type II secondary electrons (SE2). 
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Figure 6. Percentage of Zileuton released by NP PHEA-g-(Pip-PMeOzi; PLA) (red) and NP 

PHEA-g-(Pip-PMeOx; PLA) (blue) and diffusion profile of Zileuton (green). 
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Figure 7. Cell viability as % control using 16-HBE cells treated with Zileuton (blue), NP PHEA-g-

(Pip-PMeOzi; PLA) @ Zileuton (dashed red), NP PHEA-g-(Pip-PMeOx; PLA) @ Zileuton (dashed 

green), NP PHEA-g-(Pip-PMeOzi; PLA) (red) and NP PHEA-g-(Pip-PMeOx; PLA) (green) after 

24 (a) and 48 (b) hours. (* p< 0.005; ** p< 0.0005). 
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Figure 8. Evaluation of interactions with mucins: a) Transmittance at 500nm of dispersions 

containing mucin in the presence of MPX 3%, (Black), MPX 1% (red), MPZ 3% (blue), MPZ1% 

(magenta), NPP1% (purple), chitosan (green); b) complex viscosity as a function of time of the 

dispersions containing mucin (black) or mucin in the presence of MPX 3% (blue), MPX 1% (red), 

MPZ 3% (magenta), MPZ1% (green), chitosan (violet). 
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Table 1. Mannitol and polymers quantities used for the preparation of microparticles by spray-drying 

 mg of 

Mannitol 

mg of 

Polymer 

MPX1% 500 50 

MPX3% 1500 50 

MPZ1% 500 50 

MPZ3% 1500 50 
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Table 2. Molar mass and dispersity of synthetized homopolymers 

Polymers 
molar mass 

M̅w (kg/mol) Ð 

PMeOx-PipBoc 6.2 1.12 

PMeOzi-PipBoc 6.5 1.15 

PHEA 71.0 1.4 

PHEA-g-Pip-PMeOx 13.0 1.3 

PHEA-g-Pip-PMeOzi 14.0 1.3 

PHEA-g-(Pip-PMeOx; PLA) 65.0 23.0 1.4 

PHEA-g-(Pip-PMeOzi; PLA) 56.0 25.0 1.4 
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Table 3. Z-Average, PDI and Zeta Potential of nanoparticles obtained with different methods 

 Np PHEA-g-(Pip-PMeOx; PLA) Np PHEA-g-(Pip-PMeOzi; PLA) 

 Z-average 

(nm) 

PDI ζ-potential 

(mV) 

Z-Average 

(nm) 

PDI ζ-potential (mV) 

Direct nanoprecipitation 78 ± 3 0.17 
-5.8 ± 4.5 

95 ± 5 0.20 
-7.2 ± 4.7 

Dialysis-assisted 

nanoprecipitation  

122 ± 7 0.26 
/ 

113 ± 4 0.33 / 

Emulsion/evaporation 289 ± 50 0.47 / 189 ± 15 0.36 / 
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Table 4. Z-Average, PDI, Zeta Potentia, Drug Loading % and Entrapment Efficiencyl of Zileuton loaded 

nanoparticles 

 Z-average 

(nm) 

PDI ζ-potential 

(mV) 

DL% EE% 

Np PHEA-g-(Pip-PMeOx; PLA)@Zileuton 101± 5 0.15 -3.8 ± 6.2 15.7±0.4 78.5±2 

Np PHEA-g-(Pip-PMeOzi; PLA) @Zileuton 106±3 0.12 -5.2 ± 5.4 14.9±0.6 74.5±3 
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Table 5. Summary of the main characteristics of the microparticles obtained by spray-drying 

 

 Nano: 

Mann 

weight 

ratio 

MP Size  

(d. µm) 

Recovery 

yield 

(%)  

Drug 

content 

(%) 

Np size  

(after 

redispersion) 

(d. nm) 

Np PDI  

(after 

redispersion) 

(d. nm) 

MPX1% 50:500 3.79±2.6 54 1.46±0.06 99 0.105 

MPX3% 50:1500 4.49±1.1 57 0.51±0.03 104 0.176 

MPZ1% 50:500 3.27±1.3 52 1.55±0.08 106 0.241 

MPZ3% 50:1500 3.56±1.1 55 0.50±0.01 114 0.232 
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