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1. Introduction

Rapamycin-based inhaled therapy for potential
treatment of COPD-related inflammation:
production and characterization of aerosolizable
nano into micro (NiM) particlesy

@ Cinzia Scialabba,®

a,c
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Our paper describes the production and characterization of inhalable microparticles loaded with nano-
particles for the lung administration of rapamycin (Rapa). In detail, core—shell lipid/polymer hybrid nano-
particles loaded with Rapa (Rapa@Man-LPHNPs) were produced with mean size of about 128 nm and
slightly negative ¢ potential (-13.8 mV). A fluorescent graft polyaspartamide-poly(lactic-co-glycolic acid)
copolymer (PHEA-g-RhB-g-PLGA) for use as the polymeric core was obtained by nanoprecipitation,
while an appropriate mixture of DPPC and mannosylated phospholipid (DSPE-PEG,000-Man) was used to
provide the macrophage-targeting lipid shell. The successful formation of Rapa@Man-LPHNPs was
confirmed by TEM and DSC analyses. The loaded drug (4.3 wt% of the total weight) was slowly released
from the polymeric core and protected from hydrolysis, with the amount of intact drug after 24 h of incu-
bation in the medium being equal to 74 wt% (compared to 40% when the drug is freely incubated at the
same concentration). To obtain a formulation administrable by inhalation, Rapa@Man-LPHNPs were
entrapped inside PVA:LEU microparticles by using the nano into micro (NiM) strategy, specifically by
spray drying (SD) in the presence of a pore-forming agent. In this way, NiM particles with geometric and
theoretical aerodynamic diameters equal to 4.52 pym and 3.26 pm, respectively, were obtained.
Furthermore, these particles showed optimal nebulization performance, having an FPF and an MMAD
equal to 27.5% and 4.3 pm, respectively.

control and charge tuning, surface modification, co-delivery of
mucolytic agents, and decoration with surface ligands.”

Pulmonary drug delivery for the treatment of lung diseases
offers highly localized drug concentrations, rapid onset of
therapeutic action, low enzymatic activity, and better thera-
peutic control with respect to other administration routes." On
the other hand, nanomedicines are very promising in localized
lung disease treatments via the design of appropriate carriers
to allow mucus penetration, macrophagic escape/uptake and
pulmonary surfactant corona inhibition, such as through size
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In several pulmonary pathologies, macrophages show a
defective phagocytosis capacity although they are increased in
number;® therefore, they represent the optimal therapeutic
target for the treatment of inflammatory respiratory diseases
such as chronic obstructive pulmonary disease (COPD).*”
Because mannose receptors are highly expressed on alveolar
macrophages, it has been widely demonstrated that mannose-
surface decoration of nanocarriers is an active drug-targeting
strategy to treat tumorigenesis, inflammation, and infections
in lung diseases.®°

In almost all chronic lung diseases, activation of the mam-
malian target of the rapamycin (mTOR) complex was recently
correlated to pathogenetic processes such as accelerated
inflammation, aging and cell senescence,''> and to airway
remodeling due to activation of lung fibroblasts.">'* On the
other hand, the mTOR inhibition gives positive effects against
the cytokine storm in COVID-19 patients.'” Similarly, an
improvement in lung functions was achieved in animal
models of pulmonary hypertension treated with mTOR inhibi-
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tors."® Therefore, the mTOR modulation appears to be a prom-
ising therapeutic intervention to achieve a favourable progno-
sis in COPD patients.'”"*®

In this context, the use of nanomedicine for the inhalation
of repurposed drugs, such as rapamycin (Rapa), could allow a
more localized and specific immunomodulatory approach to
treatment of inflammation in lung diseases, as supported by
widespread scientific evidence.'® In fact, systemic toxicity is
the crucial problem that precludes the administration of Rapa
due to broad immunosuppression with unwanted side
effects.>>>' Some attempts at pulmonary Rapa administration
have already been described in the literature, showing selective
effects on lung macrophages.****

Recently, it was demonstrated that Rapa was able to reduce
smoke-induced inflammatory-oxidative stress and cell apopto-
sis, which are the main causes of the progression of COPD,>*
and also to alleviate the cigarette smoke extract (CSE)-induced
inflammatory response by autophagy activation.'*'%??
Approved as an immunosuppressant, Rapa has been used to
treat many conditions such as autoimmune diseases, trans-
plant rejection, and malignant tumors.”® It is used also to
promote health and longevity in several age-related
diseases."™*” Rapa is currently one of the most studied and
promising drugs for idiopathic pulmonary fibrosis (IPF).>®
Furthermore, it is included among the repurposed non-oncol-
ogy drugs (RNODs) for inhaled therapy against lung cancer
due to cell proliferation suppression by inhibition of the
mTORC1 pathway.”

In this paper, the production, and the characterization of
inhalable microparticles made from biocompatible excipients
and containing lipid/polymer hybrid Rapa-loaded nano-
particles, is described. As the excipient to form the micrometer
matrix, a mixture of polyvinyl alcohol (PVA) and leucin (LEU)
was chosen. As the polymeric component to form the hybrid
nanoparticles, an amphiphilic graft copolymer of a,B-poly(N-2-
hydroxyethyl)-pL-aspartamide (PHEA) was used,?™' while as
lipid components, a mixture of the endogenous 1,2-dipalmi-
toyl-sn-glycero-3-phosphocholine (DPPC) and 1,2-distearoyl-
sn-glycero-3-phosphoethanolamine-N-( polyethylene glycol),o00-
mannose (DSPE-PEGyqo-mannose) was chosen. The latter
lipid component was chosen with the aim to obtain mannosy-
lated carriers (Man-LPHNPs) to actively target alveolar macro-
phages, while the DPPC was chosen due to the already docu-
mented interaction of inhalable hybrid DPPC-based nano-
particles with the pulmonary surfactant.'*?

2. Experimental

Materials

Rhodamine B (RhB), polylactic-co-glycolic acid (PLGA, acid
free), carbonyldiimidazole (CDI), ammonium bicarbonate
(AB), diethylamine (DEA), poly(vinylalcohol) (M, =
31000-50000) (PVA), ti-leucine (LEU), 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine  (DPPC),

Dulbecco’s phosphate-
buffered saline (DPBS), iron(m) chloride hexahydrate,
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ammonium thiocyanate, amino acid solution, type II mucine
from porcine stomach, and egg yolk emulsion, were purchased
from Sigma-Aldrich (Milan, Italy). Hydroxyethyl cellulose
(HEC) and potassium chloride (KCl) were purchased from
Carlo Erba. 1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-
N-(polyethylene glycol),goo-mannose (DSPE-PEG;qgo-mannose)
was purchased from Ruixibiotech (Xi’an, China). Rapamycin
(Rapa) was purchased from Accel Pharmatech (NJ, USA).
Spectra/Por 4 membrane standard RC dialysis tubing was pur-
chased from Spectrum Laboratories Inc. (USA). All solvents
were of analytical grade and obtained from Sigma-Aldrich
(Italy). Macrophage (Raw 264.7), and human bronchial epi-
thelium (16 HBE) cell lines were purchased from Istituto
Zooprofilattico Sperimentale della Lombardia e dell’Emilia
Romagna, Italy.
a,B-Poly(N-2-hydroxyethyl)-pL-aspartamide ~ (PHEA)
PHEA-g-RhB were obtained as previously reported.**

and

Synthesis and characterization of PHEA-g-RhB-g-PLGA graft
copolymer

An appropriate amount of CDI was added to a dispersion of
PLGA in anhydrous DMF (95 mg ml™"), according to R, = (mol
CDI per mol PLGA) = 2, and the resulting dispersion left under
stirring at 40 + 0.1 °C for 4 h. Then, a dispersion of PHEA-g-
RhB in anhydrous DMF was prepared (33.3 mg ml™"), in
accordance with R, = (mol PLGA per mol of repeating units of
PHEA) = 0.05, in which DEA was added as a catalyst in accord-
ance with R; = (mol DEA per mol PLGA) = 5. The latter dis-
persion was added dropwise to the activated PLGA dispersion.
The resulting reaction mixture was left under stirring at 40 +
0.1 °C for 48 hours. After this time, the copolymer was precipi-
tated in a suitable quantity of diethyl ether, separated by cen-
trifugation at 9800 rpm, at 4 °C for 10 min, washed several
times with a diethyl ether/dichloromethane mixture (ratio
45:55 v/v), dried under vacuum and kept in a refrigerator
(4 °C) under argon. The resulting yield was equal to 45% with
respect to the starting PHEA-g-RhB.

PHEA-g-RhB-g-PLGA 'H-NMR (300 MHz, DMF-d,, 25 °C,
TMS): 6 1.3 ppm (12-Hgps, CH3CH,-); § 1.5-1.9 ppm (m,
3-Hprga -[OCOCH(CH;)lox-); 6 3.0 ppm (m, 2Hpuga
-COCHCH,CONH-); § 3.5 ppm (t, 2Hpyza ~NHCH,CH,0-);
§ 3.6 ppm (t, 2Hpyga -NHCH,CH,0-); § 5.0 ppm (m, 1Hpyga
-NHCH(CO)CH,-); 6 4.2-4.5 and 5.4-5.8 ppm (1Hpga, -
[OCOCH(CH3)lop-); 6 5.3 ppm  (2Hprgs, -[OCOCH,]or-);
5 7.0-8.0 ppm (10Hgpg, H-Ar). Derivatization degree in PLGA
(DDprga) is equal to 4.8 + 0.2 mol%.

The average molecular weight (M,,) of PHEA-g-RhB-g-PLGA,
determined by SEC analysis, was found to be 156 122 Da (M,,/
M, =1.03).

Lipid/polymer hybrid nanoparticles (Man-LPHNPs) production

Polymeric nanoparticle production. Empty and Rapa-loaded
polymeric nanoparticles were obtained by a nanoprecipitation
technique. Briefly, a 2% wt/vol acetonic dispersion of PHEA-g-
RhB-g-PLGA graft copolymer (containing or not 0.33% wt/vol
Rapa) was added dropwise to bidistilled water (organic/

This journal is © The Royal Society of Chemistry 2024
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aqueous volume ratio equal to 1:10 v/v) and left stirring over-
night. When the drug-loaded nanoparticles are produced, the
mixture was centrifuged at 20 °C for 15 min at 8000 rpm, and
the supernatant recovered.

Lipid vesicles production. Lipid vesicles were prepared using
the thin lipid film method.*® Briefly, a mixture of DPPC/
DSPE-PEG,0o-mannose was dissolved in chloroform (75:25
weight ratio) in a round-bottomed flask and the solvent was
then evaporated under vacuum at 40 °C. The obtained lipid
film was rehydrated using 25 ml of bidistilled water (to obtain
a final lipid concentration of 0.5 wt%) under mechanical stir-
ring at 75 °C for 30 min.

Man-LPHNPs production. The dispersion of the nano-
particles (empty or loaded with Rapa) was mixed with the
DPPC/DSPE-PEG,(y-mannose-based  vesicles dispersion
(polymer-lipid phase ratio of 1:1 v/v), and then subjected to
high-pressure homogenization (HPH) at a pressure of
10 000-15000 psi by using an EmulsiFlex-C5 homogenizer
(Avestin, Canada). Finally, the obtained dispersion was sub-
mitted to ultracentrifugation (Optima XPN Ultracentrifuge,
Type 70 Ti Rotor) at 10 °C for 1 hour at 40 000 rpm; the result-
ing pellets (empty Man-LPHNPs or Rapa@Man-LPHNPs) were
freeze-dried and stored for further characterization.>® As
control samples, un-targeted drug-loaded hybrid nanoparticles
were produced by using DPPC/DSPE-PEG,, vesicles (named,
respectively, LPHNPs and Rapa@LPHNPs samples).

Man-LPHNPs characterization

Dimensional analysis and {-potential measurements. The
mean size (nm) and polydispersity index (PDI) of each sample
were determined in bidistilled water by dynamic light scatter-
ing (DLS) using a Zetasizer NanoZS instrument (Malvern
Instruments, Worcestershire, UK) equipped with a 632.8 nm
laser with a fixed scattering angle of 173°.%

{-potential values (mV) were calculated from electrophoretic
mobility using the Smoluchowski relationship. Analyses were
performed in triplicate.

Transmission electron microscopy (TEM). The morphology
of Man-LPHNPs was determined by transmission electron
microscopy (TEM). Briefly, a drop of the sample dispersion
(3 mg ml™") was placed on a holey carbon-coated copper grid,
stained with a 1% w/v phosphotungstic acid solution, and
imaged by using a Jeol JEM 2100 (Jeol, Italy).

Phospholipids amount. The lipid content of Man-LPHNPs
was evaluated by using the colorimetric assay of ammonium
ferrothiocyanate.** Each sample was dispersed in chloroform
and the obtained dispersion was mixed with ammonium fer-
rothiocyanate aqueous solution. After 15 min, the organic layer
was separated and analysed at 488 nm using an RF-5301PC
spectrofluorometer (Shimadzu, Italy). Each experiment was
repeated at least three times. The quantification was done
using a calibration curve obtained by analyzing mixtures of
DPPC/DSPE-PEG,y-mannose at concentrations ranging
between 0.1 and 0.005 mg ml™" (y = 6.4049x, R, = 0.998).>%3*

Differential scanning calorimetry (DSC) analysis. DSC ana-
lysis was performed with a DSC 131 Evo instrument (Setaram,

This journal is © The Royal Society of Chemistry 2024
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Newark CA, USA). Each sample was sealed in an aluminium
pan and subjected to heating/cooling cycles in the temperature
range of 20-300 °C with a scanning rate of 5 °C min "
(heating) and 10 °C min~" (cooling). Each analysis was carried
out on ~8-10 mg of sample.

Drug loading (DL%) determination. The drug loading
(DL%), expressed as a percentage of the total amount of Rapa
loaded into the Man-LPHNPs and the total weight of the
sample (Rapa plus Man-LPHNPs), was evaluated by HPLC ana-
lysis. In detail, the drug-loaded sample was first dissolved in
dimethylacetamide, then diluted with methanol (1:9 v/v) and
filtered (0.45 pm pore size filters) for HPLC analysis. A Waters
Breeze System Liquid Chromatograph system, equipped with a
Luna® C18 column (250 x 4.6 mm, 5 pm, from Phenomenex),
an autosampler (40 pl as injected volume), and a UV-vis detec-
tor (detection wavelength set to 277 nm), was used. The
mobile phases were a methanol : water 80:20 v/v mixture at a
flow rate of 1 ml min™" (25 °C). The calibration curve was
created by plotting peak areas (at retention time = 14 min)
versus Rapa standard concentration values in methanol (range
of 0.02-0.001 mg ml™") and resulted in values y = 136.5x (R, =
0.9994).

Drug stability and release. Drug stability was evaluated by
following a method reported elsewhere.>®> The Rapa release
profile was evaluated in conditions mimicking the lung fluid
(SLF4, phosphate buffered saline at pH 7.4), containing 0.02%
wt/v DPPC.>® Inserted into a dialysis bag was 5 mg of
Rapa@Man-LPHNPs dispersed in 1 ml of SLF4, which was
immersed in 50 ml of SLF4 to maintain sink conditions. The
system was incubated at 37 °C and at selected time intervals
(0,1,2,4,7,12, 16, and 24 h), the dialysis tube was drawn out
and immersed in fresh medium. Each recovered acceptor medium
was freeze-dried; the drug amount in the freeze-dried product was
extracted with methanol and quantified by HPLC analysis.>

Biological characterization

Cytotoxicity assay. The cytotoxicity assays were carried out by
the tetrazolium salt (MTS) assay, using a commercially avail-
able kit (Cell Titer 96 Aqueous One Solution Cell Proliferation
assay, Promega). The following cell lines (2.5 x 10 cells per
well) were used for the experiments: macrophage (Raw 264.7),
and human bronchial epithelium (16 HBE) cell lines. Cells
were incubated for 24 and 48 hours with Rapa@Man-LPHNPS,
Rapa@LPHNPs and rapamycin, as positive control, at a drug
concentration per well equal to 1, 2.5, 5, 7.5, and 10 pg ml™".
Untreated cells were used as negative control. After the incu-
bation time, DMEM was replaced with 100 pl of fresh medium,
and 20 pl of MTS solution was added to each well. Plates were
incubated for an additional 2 h at 37 °C and then the absor-
bance at 490 nm was measured using a microplate reader
(PlateReader AF2200, Eppendorf). The cell viability was
expressed as the percentage obtained from the ratio between
each sample with respect to their negative control (100% of
cell viability). Moreover, the same experiment was performed
using empty nanoparticles, Man-LPHNPs or LPHNPs, at the
corresponding concentration.

Biomater. Sci, 2024,12, 387-401 | 389
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Cell uptake. The cellular uptake of Man-LPHNPs and
LPHNPs was evaluated by fluorescence microscopy (Zeiss
“AXIO Vert. A1” inverted microscope). In particular, Raw 264.7
and 16HBE cells were seeded at a density of 2.5 x 10" cells per
well into 8-well plates and cultured for 24 h. Then the medium
was replaced with 500 pl of fresh DMEM containing
0.3 mg ml~" of Man-LPHNPs and LPHNPs and cells were incu-
bated for 2, 6 and 24 h. Subsequently, the medium was removed,
the cell monolayer was washed twice with PBS pH 7.4, fixed
with 4% formaldehyde for 10 min and washed again with PBS.
Cell nuclei were stained with 4',6-diamidino-2-phenylindole
(DAPI) for 10 minutes at room temperature. Images were
recorded by the fluorescence microscope using an Axio Cam
MRm (Zeiss). Untreated cells were used as negative control to
set the auto-fluorescence.

For quantitative uptake of samples of Man-LPHNPs and
LPHNPs, fluorescence analysis was carried out. After incu-
bation with 0.3 mg ml™" of each sample for 2, 6 and 24 h, cells
were lysed in 100 pL of lysis buffer (1% triton X-100, 2% SDS
in DPBS) at 37 °C. 75 pL of lysates was transferred to disposa-
ble 96-well plates for fluorescence intensity measurements
(Aex: 550 nm; Agx: 580 nm) on an Eppendorf spectrofluorophot-
ometer plate reader. The remaining 25 pL of lysates was used
to determine the protein content using the bicinchoninic acid
kit for protein determination (Sigma-Aldrich), according to the
protocol of the manufacturer. For determination of the mean
fluorescence intensity, fluorescence signals were corrected for
protein in the samples. The results were expressed as the ratio
of fluorescence intensity (I.F.) per microgram of protein. The
experiment was carried out in triplicate.

Microparticle production

Microparticles were produced by using a Micro-Spray Dryer
B-290 (Buchi, Milan). A 150 pm nozzle was selected and con-
stant parameters such as inlet temperature (110 °C), feed rate
(15%), and air aspirator (100%) were chosen. The liquid feed
for each formulation was prepared by dissolving in water
different components as reported in Table 3. Each final dis-
persion was filtered, spray dried and the obtained powder was
recovered with a yield of up to 50 wt% with respect to the
theoretical value.

To achieve microparticle entrapping of empty Man-LPHNPs
(NiM) or Rapa@Man-LPHNPs (NiMggrapa), the nanoparticles
were added to the liquid feed prior to the SD at a concen-
tration of 1 wt% (see Table 1 for the composition of the liquid
feed).

All the samples used for NGI measurement were obtained
by adding rhodamine (0.005% wt/vol) to the liquid feed.

Microparticle characterization

Morphology. Particle morphology was investigated by SEM
analysis (Phenom™ ProX Desktop SEM microscope, Thermo
Fisher Scientific, Milan, Italy). Each sample was laid on a
double-sided adhesive tape, previously applied on a stainless-
steel stub, which was then sputter-coated with gold (to around
10 nm thickness) prior to microscopy examination.
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Table 1 Z-Average, polydispersity (PDI) and ¢{-potential of empty and

Rapa-loaded nanoparticles or Man-LPHNPs, in bidistilled water, freshly
prepared and post-freeze drying

Sample Z average (nm) PDI  (-potential (mV + S.D.)
Freshly prepared

Empty nanoparticles  94.2 0.24 -14.0+7.3
Rapa@nanoparticles  120.8 0.20 —-18.0+6.4

Empty Man-LPHNPs  117.1 0.30 -12.0+£9.3
Rapa@Man-LPHNPs  128.5 0.28 -13.8+5.6

Post freeze drying

Empty Man-LPHNPs  159.8 0.28 —15.7+7.5
Rapa@Man-LPHNPs  148.0 0.33 -12.4+6.4

Geometric (dyeom) and theoretical aerodynamic particle
(daer) diameters. The Image] program was used to calculate the
particle size distribution and the dgeom 0Of each sample on SEM
images by analyzing >500 particles. The theoretical d,.. was
calculated by using an equation reported elsewhere.?”

Tapped density (dipp). The dep, was measured by the
syringe method, as already reported.’” Each powder was filled
into a 1 ml graduated syringe and the powder amount deter-
mined by weight difference. Then, pe.pp, was calculated from
the volume value determined by tapping the syringe onto a
level surface from a height of 2.5 cm, 100 times until a con-
stant volume was achieved. Each measurement was performed
in triplicate.

Aerodynamic behavior. To determine the aerodynamic be-
havior of the produced microparticles, the Breezhaler® com-
mercial dry powder inhaler (DPI) was used attached to a next
generation impactor (NGI, Apparatus E, Eur. Ph 10" ed.,
Copley Scientific Ltd, Nottingham, UK). In compliance with
the indication for DPI testing, a pre-separator (PS) was
mounted between stage 1 and the induction port (IP).*®
Moreover, a coating solution was selected to prevent particle
bouncing and re-entrainment. To this end, 1% (w/v) Tween
80® in ethanol was applied on the PS and the impaction cups
of each stage and allowed to dry for 30 min prior to use, ensur-
ing optimal performance in terms of reproducibility and safety
characteristics.***° Three capsules (size 3) were manually filled
(10 = 0.1 mg) for each sample and then discharged for 2.7 s
into the NGI operating at a flow rate of 90 1 min™" (DFM3 flow
meter, Copley Scientific), to achieve an air passing volume of 4
1.37*" A 50: 50 (v/v) water : ethanol mixture was used to collect
the deposited powder and the quantification was carried out
by determining RhB content at 4 = 562 nm, using a synergy
4 multiplate UV-vis reader (BioTek, Winooski, USA). The nebu-
lization test was repeated at least three times (3 capsules for
each actuation) for each sample.

The aerodynamic parameters were then calculated using
the generated data to give the emitted dose (ED; drug collected
in the mouthpiece, IP, PS and impaction cups) and the ED%
(ratio of the ED to the initial mass of sample tested).
Determination of the fine particle fraction (FPF%), defined as
the mass percentage of the ED with an aerodynamic diameter
less than 5.0 pm, was obtained from interpolation of the
cumulative aerodynamic diameter distribution curve between

This journal is © The Royal Society of Chemistry 2024
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stage 1 and stage 2. The cumulative mass amount from each
stage was plotted as a percentage of the recovered sample
versus the cut-off diameter, not including the mass deposited
in the induction port due to the unavailability of a precise
upper-size limit for particles deposited in this section.
Following the Eur. Ph. 11" ed. Indications, the mass median
aerodynamic diameter (MMAD) of the particles, defined as the
aerodynamic diameter at which 50% of the particles are larger
and 50% are smaller, was then extrapolated from the graph
and the geometric standard deviation (GSD) value was deter-
mined. Moreover, to determine the dispersibility index (DI),
the ratio of the MMAD to the theoretical d,.. was calculated,
where a large DI value indicates low mid-air dispersion of the
aerosols exiting the inhaler.***?

Rheological measurements. To prepare the artificial mucus,
250 mg of mucin, 0.295 mg of DTPA, 1 ml of RPMI 1640
amino acid solution, 250 pl of egg yolk emulsion, 250 mg of
NaCl, 110 mg of KCl, and 1.5 wt% of HEC were mixed in a
final volume of 50 ml of bidistilled water. This dispersion was
allowed to equilibrate at 25 °C for 2 h.*?

Complex viscosity (%) on artificial mucus alone or in the
presence of PVA:LEU_AB10 or NiMggrapa Was determined at
20 °C by using a rotational rheometer (TA Instruments, New
Castle, DE) coupled to 8 mm parallel plate geometry and a con-
trolled Peltier plate, maintaining a gap of 300 pm. Firstly, the
linear viscoelastic region of artificial mucus was determined
by a strain sweep test ranging from 0.01 to 20%, which was
found to be in the range of 5-10%. Then, a frequency sweep
(0.01-2 Hz) was performed for all samples at 5% constant
strain to determine #*. All rheological tests were conducted in
triplicate, and Trios Software v3.3 (TA Instruments) was used
for data acquisition and analysis.

3. Results and discussion

Here, inhalable microparticles were produced as potential car-
riers for rapamycin (Rapa) in the treatment of lung inflam-
mation-based diseases, such as chronic obstructive pulmonary
disease (COPD).**** Rapa is an immunosuppressant, being a
potent inhibitor of the mammalian target of the rapamycin
(mTOR) protein complex,*® whose inhalation could minimize
its systemic side effects due to oral administration, but which
is currently not allowed because its therapeutic use is not
approved.*®

To obtain these particles in the micrometer range, the nano
into micro (NiM) strategy was followed by entrapping Rapa-
loaded nanostructures into a microparticulate matrix by spray
drying (SD). The NiM particles were produced by using excipi-
ents able to dissolve into the lungs once inhaled, and releasing
Rapa-loaded colloidal carriers, i.e., polymer-lipid hybrid nano-
particles (Man-LPHNPs). The latter comprise a polymeric core,
where the drug was entrapped, and a phospholipid shell,
capable of improving some characteristics of the resulting
hybrid system, such as stability, rapid dispersibility of physio-
logical fluid, and biocompatibility.

This journal is © The Royal Society of Chemistry 2024
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Lipid-polymer hybrid nanoparticles (LPHNPs) production

In detail, the polymeric core of the hybrid nanostructures was
made from a graft copolymer of a,p-poly(N-2-hydroxyethyl)-pr-
aspartamide (PHEA), which is a biocompatible polymer, highly
versatile from a chemical point of view, and widely used to
produce biocompatible materials for drug delivery.*>*” The fluo-
rescent probe rhodamine B (RhB) and the polyester poly(lactic-
co-glycolic acid) (PLGA) were covalently grafted to the PHEA
backbone, with the aim of making the resulting polymer fluo-
rescent for technological and biological purposes, and insoluble
in water to obtain nanoparticles. The chemical structure of the
PHEA-g-RhB-g-PLGA and its synthetic pathway are shown in
Fig. 1A. The characterization of PHEA-g-RhB-g-PLGA by FT-IR
(Fig. 1B), "H-NMR (Fig. 1C) and size-exclusion chromatography
(SEC) analysis (Fig. 1D) confirmed its functionalization with
4.8 mol% of PLGA. The obtained average molecular weight (M)
value of about 156.0 kDa agrees with the expected increase in
M,, by functionalizing the PHEA-g-RhB with 4.8 mol% of PLGA.
By using 'H-NMR analysis we have also quantified the
functionalization of PHEA with 0.55 mol% of RhB (Fig. S1Af),
and confirmed the presence of RhB still linked to the copolymer
after the next step of PLGA grafting (Fig. S1BY).

Starting from the PHEA-g-RhB-g-PLGA, negatively charged
Rapa-containing nanoparticles of about 120 nm were
prepared by the nanoprecipitation technique (named
Rapa@nanoparticles). These particles showed significantly
greater sizes compared to the empty ones (Table 1), indicating
that the drug entrapment affects particle size. Compared with
previously described Rapa-loaded nanoparticles, obtained
from an amphiphilic graft polycaprolactone/PHEA derivative,
they are significantly larger in size (120.8 nm vs. 51.1 nm),
probably due to a reduction in hydrophobic behavior of the
graft PLGA-based copolymer.*’

To obtain the lipid/polymer hybrid nanoparticles, liposo-
mal vesicles were produced from the 1,2-dipalmitoyl-sn-gly-
cero-3-phosphocholine (DPPC) and 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-(polyethylene glycol)-mannose
sodium salt (DSPE-PEG,0o-mannose) by a thin layer evapor-
ation (TLE) technique.*® DPPC was chosen due to its lung bio-
compatibility/tolerability, being the main endogenous com-
ponent of the pulmonary surfactant, as well as for its ability to
interact with it.>*?***® Additionally, DSPE-PEG,qo-mannose
was selected either for its ability to further stabilize the col-
loidal particles, and above all to favor the macrophage target-
ing thanks to mannose exposure on the outer shell of the
Man-LPHNPs.*®*° In fact, macrophages are increased in the
lungs of COPD patients, and overexpress mannose receptors
such as CD-206, CD-163 and CD-204 on their surface.>®

Man-LPHNPs and Rapa@Man-LPHNPs were prepared by
mixing the two dispersions containing the polymeric nano-
particles (respectively empty or drug-loaded) and liposomal
vesicles. This mixture was then subjected firstly to high-
pressure homogenization (HPH), and ultra-centrifugation of
the homogenized dispersion to separate the hybrid systems
from the nanoparticles or liposomal vesicles alone.
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Fig. 1 (Panel A) Synthetic pathway to obtain the PHEA-g-RhB-g-PLGA graft copolymer; (Panel B) the FT-IR spectra of PHEA-g-RhB (fuchsia line),

PLGA (red line) and PHEA-g-RhB-g-PLGA graft copolymer (black line); (Panel C) *H-NMR spectrum of PHEA-g-RhB-g-PLGA graft copolymer; (Panel
D) SEC chromatograms (left) of PHEA-g-RhB (fuchsia line), PLGA (red line) and PHEA-g-RhB-g-PLGA graft copolymer (black line) and obtained M,,

and polydispersity values (M,,/M,) (right).

Thanks to the lipid shell, the drying does not cause signifi-
cant changes in particle size, nor in polydispersity of the
empty and drug-loaded Man-LPHNPs after re-dispersion in
distilled water (Table 1). The negative {-potential values are
not significantly influenced by the incorporation of the drug,
nor by the freeze-drying or the re-dispersion process in bidis-
tilled water (Table 1).

The quantity of phospholipids, determined by a colorimetric
assay and expressed as wt% of the Man-LPHNPs, resulted in 63
+ 4 and 60 + 3 wt% for the empty and Rapa-loaded samples,
respectively, slightly lower than the theoretical values.

DSC thermograms of polymeric nanoparticles (A), liposo-
mal vesicles (B) and Rapa@Man-LPHNPs (C) confirmed the
successful formation of the hybrid systems (Fig. 2).

392 | Bjomater. Sci,, 2024, 12, 387-401

In particular, the thermogram of the polymeric nano-
particles (black line, A) shows one endothermic peak at
43.8 °C, attributed to the glass transition temperature (t,) of
PLGA and a broad peak at 88.6 °C, attributed to the PHEA-g-
RhB-g-PLGA melting/degradation; the thermogram of the lipo-
somal vesicles (red line, B) shows two peaks, at 40.4 and
68.8 °C, attributed to the sol-gel phase transitions of
DSPE-PEG,0o-mannose and DPPC, respectively. The profile of
Rapa@LPHFNPs (blue line, C) shows two endothermic peaks
that do not overlap with those recorded on nanoparticle and
liposomes separately. This result suggests that the formation
of hybrid systems successfully occurred by interactions
between the lipids and the polymer, affecting the sol-gel tran-
sition temperature of phospholipids. On the other hand, the

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Representative DSC thermograms of: (A) polymeric nano-
particles (black line), (B) liposomes (red line), (C) Rapa@Man-LPHNPs
(blue line), (D) PVA:LEU_AB10 microparticle sample (at 75:25 wt/wt)
(orange line), and (E) NiM@grapa Sample (fuchsia line).

copolymer constituting the core could no longer be clearly
visible due to the lower percentage by weight in the total
sample, compared to the amount of phospholipids.

Moreover, the Rapa@Man-LPHNPs thermograms do not
show any endothermic peaks, which could be attributed to the
drug (at about 178.4 °C, data not shown), indirectly indicating
the presence of amorphous drug in the Man-LPHNPs.>" The
transition temperature values of obtained samples are reported
in Table S1.1

To confirm the formation of nanosized particles with the
hypothesized core-shell structure, a TEM analysis was per-
formed on the Rapa@Man-LPHNPs aqueous dispersion (Fig. 3).

The image shows the presence of nanosized particles with
an internal zone, the polymeric core, and a denser superficial
zone, attributed to the phospholipid layer.

The drug loading %, i.e., the mass percentage ratio of incor-
porated drug to drug-loaded hybrid system, was found to be
4.3 wt%, while the entrapment efficiency (EE%), that is the
weight ratio percentage of the entrapped drug and the theore-
tical value, was 95.6 wt%.

To evaluate the ability of the entrapped drug, corres-
ponding to the 4.3 wt% of the weight of drug-loaded hybrid
nanoparticles, to be released after administration, a cumulat-

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 TEM photogram of Man-LPHNPs particles.

ive release study in simulated lung fluid (modified SLF4, pH
7.4) was performed by using the dialysis method, under sink
conditions.>® The cumulative amounts of released drug,
expressed as the weight percentage of the loaded drug (that is
the 4.3 wt% of the drug-loaded hybrid nanoparticle’s weight),
are reported in Fig. 4A as a function of the incubation time
(red dots).

As can be clearly seen, the Rapa incorporated into Man-
LPHNPs is slowly released in the incubation medium, without
any burst effect, with the amount of released drug being about
20 wt% after 24 h of incubation. Compared to hybrid particles
based on the PCL/PHEA graft copolymer, a higher drug
amount is released due to the less hydrophobic core.>®

Furthermore, in addition to the amount of released drug,
we quantified the content of the intact drug still entrapped
within the drug-loaded hybrid particles after 24 h of incu-
bation, which amounted to approximately 74% by weight of
the initially placed amount. Considering that Rapa is known
to undergo hydrolysis in physiological fluids, we conducted a
drug stability study by incubating free Rapa in SLF4 at the
same concentration used for the release study. The stability
profile of free Rapa, as illustrated in Fig. 4B (represented by
black squares), indicates that approximately 60% by weight of
the free Rapa degrades after 24 h of incubation (only the 40%
of intact drug was recovered compared to the 74% found in
Rapa-loaded hybrid nanoparticles). These findings suggest
that loading the drug into the hybrid system provides protec-
tion against hydrolytic degradation, resulting in approximately
74% by weight of intact drug content after 24 h of incubation
in SLF4 (considering both the released and entrapped drug).
This enhanced stability potentially increases drug bio-
availability when entrapped within such carriers.*>*" In con-
clusion, the Man-LPHNPs we have developed prove to be excel-

Biomater. Sci., 2024, 12, 387-401 | 393


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3bm01210g

Open Access Article. Published on 24 November 2023. Downloaded on 11/16/2025 7:52:36 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper Biomaterials Science
o] A w0 i B —a—stailty
2 80 - 80 -
()]
S 3
b 60 - T 60
® ©
o g ]
© 40 £ 404
= 2
2 S
20 [ 20
att
0 ! T ! Y ’ T ! J ! 0 T T T T
0 5 10 15 20 25 0 5 10 15 20 25
Time (h) Time (h)

Fig. 4 Rapa cumulative release profile from the Rapa@Man-LPHFNPs sample, expressed as wt% of the drug-loaded nanoparticle sample (A), and
stability profile of the free drug (B), performed in simulated lung fluid (SLF4, pH 7.4).

lent carriers for Rapa, as they not only increase drug stability
but also facilitate controlled release of the drug in simulated
pulmonary fluid.

As the biocompatibility of the administered formulation is
essential for the in vivo fate of the drug-loaded carriers, an
in vitro test was carried out. In particular, the viability of bron-
chial epithelial cells (16-HBE) and macrophages (Raw 264.7)
incubated for up to 48 h in the presence of Man-LPHNPs
systems, empty or loaded with Rapa, at different drug concen-
trations, was evaluated. Furthermore, as a control, pegylated
hybrid systems (LPHNPs) obtained from a DPPC/DSPE-PEG,,
mixture, empty or loaded with Rapa (named LPHNPs and
Rapa@LPHNPs, respectively), were tested. Results, reported in
Fig. S2At for 16-HBE and in Fig. S2Bf for Raw 264.7, showed
high biocompatibility of all the tested samples, both after 24
and 48 h of incubation.

It is widely known that lung cells mainly involved in the
progression of COPD are macrophages. Therefore, the ability
of the hybrid mannosylated particles to be more specifically
internalized by macrophages, given that mannose is a ligand
for the lectin receptor highly expressed on the surface of
macrophage cells, was evaluated by exploiting the emission
property of RhB in the red region of the light spectrum.

For this purpose, the mannosylated and unmannosylated
systems were incubated in the presence of the macrophage
and bronchial epithelial cells, and after 2, 6 and 24 h the intra-
cellular fluorescence was quantified (Fig. 5A) and highlighted
by fluorescence microscopy (Fig. 5B and C).

The results, reported in Fig. 5A, illustrate the normalized
fluorescence intensity (F.I.) per pg of proteins present in the
same cell lysate. In particular, Man-LPHNPs exhibited a signifi-
cant advantage in terms of internalization into macrophage
cells over the untargeted particles (p < 0.001), after just
2 hours of incubation, and this process is time-dependent, as
the fluorescence intensity increases over time reaching a
maximum uptake within 24 h. These differences in the uptake

394 | Biomater. Sci, 2024, 12, 387-401

within the epithelial cells were not significant among Man-
LPHNPs and LPHNPs, where a lower uptake is also observed.
Moreover, multi-channel fluorescence micrographs reinforced
our findings arising from the quantitative uptake study, high-
lighting that Man-LPHNPs more efficiently enter RAW 264.7
cell lines since a marked red fluorescence was registered at all
the incubation times (Fig. 5B). In contrast, concerning the
16-HBE uptake, the obtained data, in accordance with the
quantitative assay, show that a low fluorescence is observed for
all systems at the same incubation time (Fig. 5C), demonstrat-
ing the key role of mannose in the internalization process in
the macrophagic cells. These findings not only validate the
effectiveness of our targeting strategy but also confirm the
potentiality of the designed carriers for Rapa delivery directly
to the target cells, once inhaled, which is a crucial aspect for
applications in lung inflammation research.

Inhalable particle production

Given that these freeze-dried systems are re-dispersed in an
aqueous fluid very easily, without the formation of aggregates
(Table 1), a phenomenon which normally occurs with poly-
meric nanoparticle systems and that requires high quantities
of cryoprotectants, they could potentially be dispersed in a
physiological medium and administered by nebulization.

However, to administer Rapa@Man-LPHNPs as inhalable
powders (through the pulmonary route) microparticles of
water-dispersible excipients containing them have been pro-
duced using the nano into micro (NiM) strategy. Once inhaled,
the NiM might dissolve in contact with the pulmonary fluids,
releasing the nanosized structures, whose in vivo fate will
depend on the surface characteristics and/or the presence of
targeting moieties. In the case of the Rapa@Man-LPHNPs, the
hydrophilic shell could facilitate their diffusion through the
mucus to reach the pulmonary epithelium and the surface dec-
oration with mannose, and therefore their interaction with
airway macrophages.*?

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3bm01210g

Open Access Article. Published on 24 November 2023. Downloaded on 11/16/2025 7:52:36 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Biomaterials Science

View Article Online

Paper

A
50 [ 1.PHNPs/16 HBE ook
4 [C_Iman-LPHNPs/16 HBE
= Ps ;
= 40 - I LPHNPS/RAW 264.7 o
g [ Man-LPHNPS/RAW 264.7
2 304
e
13
o0 20
3
=
—
* 10
0 -
2 6 24
Time (hours)
B 6h
&
7
=
o
-
&
z.
=]
A
-
C
&
Z.
==
-9
-
&
:t::
=
g
-

Fig. 5 Cell uptake: quantitative fluorescence nanoparticle uptake (Panel A), fluorescence and bright microscopy images of Raw264.7 cells (Panel B)

and 16-HBE cells (Panel C) treated with Man-LPHNPs and LPHNPs after 2,

A mixture of polyvinyl alcohol (PVA) and 1-leucine (LEU) was
chosen as biocompatible excipients to form the microparticles
matrix, because of their easy processability via spray drying
(SD), and the good ability to improve the aerosolization
efficiency of microparticles and to reduce the aggregation of
entrapped particles.”>>*

To optimize the microparticle production process and find
the most suitable operating conditions for the realization of
NiMs, preliminary experiments were carried out. In particular,
microparticles (PVA:LEU_NT) were obtained by using a
mixture H,O : EtOH 90 : 10 (v/v) as feed liquid, a 5% dispersion
of PVA:LEU 75:25 wt:wt, a 150 pm nozzle, 110 °C as inlet
temperature and 15% flow rate.

Furthermore, to modulate the chemical-physical properties
of the particles, ammonium bicarbonate (AB) was added to the
liquid feed immediately before being processed, at AB concen-

This journal is © The Royal Society of Chemistry 2024

6 and 24 h. The scale bar represents 10 pm.

trations of 10 wt% (PVA:LEU_AB10) and 20 wt%
(PVA: LEU_AB20) with respect to the total PVA:LEU mixture.
AB is a pore-forming agent widely used in the SD process to
obtain porous particles®>® as it decomposes above 50 °C
giving rise to the gas responsible for the formation of pores/
bubbles, which modulate the chemical-physical characteristics
as well as the aerodynamic properties of obtained particles.?”>”

In Table 2, the composition of the liquid feeds to obtain
each microparticle sample is reported.

SEM images of the PVA:LEU_NT sample, and those of
PVA:LEU_AB10 and PVA:LEU_AB20 samples, obtained in the
presence of 10 and 20 wt% AB, respectively, show powders
without aggregates (Fig. 6A).

The dimensional analysis of the obtained powders, carried out
on the SEM images (on a particle number > 500) by Image] soft-
ware, is reported as size distribution curves for each sample

Biomater. Sci,, 2024,12, 387-401 | 395
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Table 2 Composition of the liquid feed for each microparticle sample

Composition of the liquid feed

Sample name

PVA:LEU PVA:LEU AB? Man-LPHNPs
(Wt/v%) wt ratio (Wt%)  (Wt/v%)
PVA: LEU_NT* 5 75:25 0 —
PVA:LEU_AB10 5 75:25 10 —
PVA:LEU_AB20 5 75:25 20 —
NiM 5 75:25 10 1
NiMgrapa 5 75:25 10 1

“NT = no template. ” Porogen weight percentage of the PVA:LEU
weight.

(Fig. 6B). As can be seen, as the quantity of AB increases (from 0%
to 20%) there is a shift towards the right of the Gaussian, which
means larger particle size values, passing from 6.76 + 2.13 pm for
PVA:LEU_NT to 7.62 + 3.01 pm for PVA: LEU_AB20 (p < 0.001).

The complete decomposition of AB under the operating
conditions of the SD process was confirmed by FT-IR
(Fig. S37), since the spectra of the samples are superimposable
and do not show peaks attributable to AB.

Using the syringe method,>® the value of the tapped density
of each sample (pappea) Was determined and the theoretical

View Article Online

Biomaterials Science

aerodynamic diameter (d,.;) was calculated (Table S2}). The
comparison between the values of dgeom; Prappea and dyer is
shown in the graph reported in Fig. 6C.

As can be seen, in the presence of increasing amounts of
AB, the obtained particles show significant increase (p < 0.05)
of the d, value; at the same time, a significant reduction of the
Prappea Value is determined (p < 0.05). As a result of such vari-
ations, a significant effect on the particle d,. values is
obtained, which stabilizes at a value suitable for aerosoliza-
tion, ie. at about 5 pm. However, since the PVA: LEU_AB10
and PVA:LEU_AB20 samples do not exhibit significant differ-
ences in terms of pipped, dgeom aNd daer, the sample obtained
with AB at 10 wt% was selected for the production of NiM.

Two NiM samples were produced by incorporating in the
PVA:LEU_AB10 matrix the empty LPHNPs, and the
Rapa@Man-LPHNPs (both added at 1% w/v in the feed fluid),
which were indicated, respectively, as NiM and NiMgrapa
samples. The SEM images of the obtained samples are shown
in Fig. 7A, while the dimensional distributions are shown in
Fig. 7B. The yield values, ppped, @geom and dyer are also
reported in Table S2.

From the SEM images it is evident that the presence of
Man-LPHNPs (empty or containing Rapa) modifies the mor-
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phology of the microparticle samples, which appear to have a
more homogeneous surface than that of the PVA: LEU_AB10
sample (Fig. 7A).

On the other hand, the size distributions reported in
Fig. 7B clearly showed that with the addition of the empty and
the drug-loaded Man-LPHNPs, there is a shift towards the left
of the Gaussian, which means lower particle size values,
passing from 7.70 + 3.60 pm for PVA:LEU_AB10 to 4.52 +
3.47 pm for NiMggrapa (p < 0.001).

The DSC analysis of PVA:LEU_AB10 and NiMggrapa
samples, as reported in Fig. 2, confirms that the presence of
Man-LPHNPs in the matrix modifies the properties of the
matrix excipients, given that the melting temperature values of
the PVA:LEU_AB10 microparticle sample (respectively at
215.0 °C and 272.3 °C) shifted to lower values (respectively
at 203.8 and 245.0 °C) in the NiMggrapa sample. On the
other hand, these endothermic peaks obtained from the
PVA: LEU_AB matrix are perfectly comparable to those obtained
from the thermogram of the PVA:LEU physical mixture at
75:25 wt:wt, and corresponding, respectively, to the melting
point of PVA and LEU alone.

Furthermore, from the analysis of dgeom, Prapped aNd daer
values reported in Fig. 7C, by comparing PVA: LEU_AB10 and

This journal is © The Royal Society of Chemistry 2024

NiMgrapa samples, the values of dy.om decrease (7.70 vs.
4.52 pm) while peappeq values increase (0.420 vs. 0.523 g ml™).
These variations lead to an overall reduction in the d,;, from
5.00 pm for the PVA:LEU_AB10 sample to 3.26 pm for the
NiM@rapa sample, indicating that the presence of Man-
LPHNPs determines a decreasing effect on the aerodynamic
characteristics of the obtained particles. This value falls per-
fectly within the ideal size range for effective aerosolization
and inhalation of these particles into the lungs.

To further investigate the aerosolization behavior, the
microparticles were then tested using the DPI Breezhaler®
connected to the NGI, and the drug deposition (using RhB as
tracking agent) and aerodynamic parameters were determined.
As can be seen in Fig. 8, PVA: LEU_NT and PVA:LEU_AB10
samples show a similar behavior in terms of deposition on the
NGI, accumulating predominantly in the first stages, whereas,
the increase in the porogen concentration (PVA:LEU_AB20)
leads to a lower deposition in the these stages (Fig. 8), indicat-
ing a deterioration of their aerosolization properties.
Interestingly, although they show significant differences in
morphology, dgeom, and dyer values, the NiM particles showed
an analogous deposition to the corresponding microparticles
made only of excipients (PVA: LEU_AB10).
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Table 3 Aerodynamic parameters of the tested samples: emitted dose (ED%), fine particle dose (FPD), fine particle fraction (FPF), mass median
aerodynamic diameter (MMAD), geometric standard deviation (GSD) and dispersibility index (DI). Each symbol indicates a couple of values that are

statistically different (p < 0.05)

PVA: LEU_NT PVA: LEU_AB10 PVA : LEU_AB20 NiMgrapa
ED% 82.4 + 3.8%§ 71.2 * 5.4% 77.4 +7.2§ 70.3+8
FPD (mg) 6.2+1.2 6.2+1.2 5.9+ 0.5 5.6 0.5
FPF (%) 26.0 + 4.8 28.2 + 6.1 26.2 +0.7 27.5+1.9
MMAD (um) 4.7+0.2 4.5+0.2 41402 43402
GSD 2.6+ 0.2 2.9+0 2.9+0.1 2.7+0
DI 0.9 0.9 0.8 0.9

The resulting aerodynamic parameters (Table 3) revealed
that all the tested samples reached a high ED - and thus high
aerosolization efficiency — with slightly lower and superimpo-
sable values for PVA: LEU_AB10 and NiMggrapa Samples. With
respect to the FPF%, values ranging from 26 to ~28 were
observed, with no significant difference among the samples.
Lastly, the MMAD resulted in being lower than 5 pm in all cases
with resulting DI values lower than unitary, proving the feasi-
bility of the produced microparticles to be administered to the
lungs. These results, in terms of FPF and MMAD, show a better
aerosolization behavior for these particles than those described
elsewhere as carriers for Rapa, obtained using both mannitol-
based NiM particles®> and polymeric microparticles.?”

Given the optimal results in terms of nebulization perform-
ances, the NiMggrapa particles were then further studied to
evaluate their ability, once deposited on the lungs, to release
the Rapa@Man-LPHNPs without aggregates and to modify the
characteristics of the pathological mucus.

The re-dispersion test, made by dispersing a known
amount of NiMggapa in milliQ H,O, showed mean size values
lower than 200 nm and {-potential value superimposable to
that obtained by analyzing the freshly prepared Man-LPHNPs.

398 | Biomater. Sci, 2024, 12, 387-401

Therefore, the SD process does not modify the Rapa@Man-
LPHNPs aggregation state, giving a homogeneous dispersion
that is free of aggregates.

Finally, to evaluate the effect of the NiMgRrapa On the rheologi-
cal properties of the artificial mucus, a frequency sweep analysis
was carried out, and the complex viscosity (i7) was determined as
a function of the applied shear stress on the mucus alone, and in
the presence of NiMggapa Or PVA: LEU_AB10 microparticles. The
artificial mucus was prepared according to a previously published
paper.*® Results are reported in Fig. 9.

As can be observed, the 1 value of the artificial mucus has
an almost constant trend, with a slight reduction as a function
of the applied shear stress. In the presence of the NiMgRrapa
sample, the n decreases significantly at higher values of
applied shear stress (*p < 0.05). Although a change in the
complex viscosity trend is also recorded in the presence of
particles that do not contain Man-LPHNPs
(PVA: LEU_AB10 microparticles), this is not significant with
respect to the mucus alone. Therefore, the presence of the
Man-LPHNPs decreases the viscosity of the mucus, ie., redu-
cing the interactions between the mucus components and
potentially favoring their diffusion through its meshes.

This journal is © The Royal Society of Chemistry 2024
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Fig. 9 Complex viscosity (1) as a function of the applied shear stress of
the mucus alone, or in the presence of the PVA:LEU_AB10 or the
NIM@rapa Samples (*p < 0.05).

4. Conclusions

In this work, inhalable nano into micro (NiM) particles con-
taining rapamycin (Rapa) have been prepared to obtain a new
targeted delivery system potentially useful for the treatment of
COPD-related inflammation.

Firstly, Rapa-loaded lipid-polymer hybrid nanoparticles
(Man-LPHNPs) were prepared, consisting of a polymeric core,
obtained by starting from the copolymer PHEA-g-RhB-g-PLGA,
and a lipid shell containing DPPC and DSPE-PEG,,o-mannose
as phospholipid components.

The core-shell structure was confirmed by TEM investi-
gation. These systems showed colloidal size and slightly nega-
tive zeta potential. Furthermore, the obtained Man-LPHNPs
showed a significant capability to load rapamycin, effectively
shielding the payload from hydrolytic degradation, and
ensuring controlled drug release in simulated pulmonary
fluid. Additionally, the surface functionalization with
mannose allows higher internalization by macrophage cell
lines.

To produce inhalable microparticles, the Man-LPHNPs
were subsequently incorporated by spray drying (SD) into a
micrometer matrix consisting of PVA-LEU. Ammonium car-
bonate (AB) at 10 wt% has been successfully used to amelio-
rate the chemical-physical and technological properties
of the obtained particles. The SEM investigation confirms
the production of homogeneous microparticles without
aggregates.

A nebulization test with NGI showed high values of FPF%
and MMAD below 5 pm of the obtained particles, confirming
their potential applicability for the administration of Rapa as
inhalable dry powder. Furthermore, rheological analyses indi-
cated that the system does not appear to be mucoadhesive,
given the reduced ability of NiM systems to interact with the
mucus.

This journal is © The Royal Society of Chemistry 2024
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In conclusion, the overall results proved that NiM systems
are to be considered as a promising and innovative approach
for inhalation therapy as they show adequate properties in
terms of characteristics for aerosolization, low interaction with
mucus and drug release profile from the Man-LPHNPs incor-
porated into NiMggrapa-
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