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ARTICLE INFO ABSTRACT

Keywords: In this work, a novel protonable copolymer was designed to deliver siRNA through the inhalation route, as an
siRNA, STAT6 innovative formulation for the management of asthma. This polycation was synthesized by derivatization of
Polyaspartamide a,p-poly(N-2-hydroxyethyl)D,L-aspartamide (PHEA) first with 1,2-Bis(3-aminopropylamino)ethane (bAPAE) and
E:l;amine then with a proper amount of maleimide terminated poly(ethylene glycol) (PEG-MLB), with the aim to increase
Polyplexes the superficial hydrophilicity of the system, allowing the diffusion trough the mucus layer. Once the complex-
Asthma ation ability of the copolymer has been evaluated, obtaining nanosized polyplexes, polyplexes were function-

alized on the surface with a thiolated TAT peptide, a cell-penetrating peptide (CPP), exploiting a thiol-ene
reaction. TAT decorated polyplexes result to be highly cytocompatible and able to retain the siRNA with a
suitable complexation weight ratio during the diffusion process through the mucus. Despite polyplexes establish
weak bonds with the mucin chains, these can diffuse efficiently through the mucin layer and therefore potentially
able to reach the bronchial epithelium. Furthermore, through cellular uptake studies, it was possible to observe
how the obtained polyplexes penetrate effectively in the cytoplasm of bronchial epithelial cells, where they can
reduce IL-8 gene expression, after LPS exposure. In the end, in order to obtain a formulation administrable as an
inhalable dry powder, polyplexes were encapsulated in mannitol-based microparticles, by spray freeze drying,
obtaining highly porous particles with proper technological characteristics that make them potentially admin-
istrable by inhalation route.

1. Introduction

Asthma affects about 300 million individuals around the world,
representing a serious health problem that affects all age groups, with a
constantly increasing incidence in many countries (Global Initiative for
Asthma - GINA, 2023).

The fundamental mechanism for the development and progression of
the disease, regardless of clinical severity, is represented by the in-
flammatory process (Williams and Jose, 2000), which mainly involves
eosinophils, neutrophils, CD4" T lymphocytes and mast cells (Kay,
2005).

The inflammatory process is generally limited to the conducting
airways, but consequently to disease progression, the inflammatory

infiltrates also reach the small airways and alveoli (Kraft et al., 1999).

Many possible factors can trigger the asthmatic response; after the
interaction of these factors with immune cells, a molecular cascade
begins which leads to an increase in the production and release of
inflammation mediators (IL- 3, IL-4, IL-5, IL-6, IL-9, IL-13 ed GM-CSF)
(Ying et al., 1997; Kay, 2006; Ryu et al., 2006).

The long-term goals in the management of asthma concern both the
control of symptoms, reducing the impact of the disease on the patient,
and the reduction of damage of airways that occurs with the progression
of the disease (Paggiaro, 2019).

In this regard, the administration of drugs by inhalation route offers
the possibility of a therapy targeted for lung diseases, reducing systemic
exposure to the drug, systemic side effects and therapy costs.
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To date, drugs approved for the treatment of asthma include bron-
chodilators (B2 agonists and anticholinergics) and corticosteroids. These
latter, although represent the most effective therapy for asthma, involve
a series of side effects (Heffler et al., 2018; Scherholz et al., 2019;
d’Ancona et al., 2020; Jackson and Bacharier, 2021) and are ineffective
in subjects resistant to steroid treatment (Chung et al., 2014; Beck et al.,
2009).

Regarding the innovative monoclonal antibody Omalizumab,
although it is effective in the management of uncontrolled asthma in
patients with allergic asthma from moderate to severe persistent
(Sulaiman et al., 2016), its use has been associated with anaphylaxis and
atherothrombotic events such as myocardial infarction and stroke (Ali
and Hartzema, 2012).

In the particular case of asthma, where the inflammatory cascade
includes a large number of proteins, a possible innovative alternative is
represented by small interfering RNA (siRNA) (Gorabi et al., 2020), small
double-stranded RNA able to induce the degradation of a specific mnRNA
(Cavallaro et al., 2017a), reducing thus the expression of a specific gene.

Among the possible targets of siRNAs involved in the pathogenesis of
asthma identified to date, some genes encode for cytokines (IL-4, IL-5,
IL-13) (Koli et al., 2014; Park et al., 2016), for the chemokine receptor
(CCR3), for the spleen tyrosine kinase (SYK) (Tabeling et al., 2017), for
signal transducers and activators of transcription such as STATI,
STAT5b, STAT6 (Healey et al., 2013; Zhu et al., 2013), GATA3 and NFiB
(nuclear factor (B) (Li et al., 2016).

Compared to traditional drugs, siRNAs show superior therapeutic
effects due to their high selectivity and potency, as well as they can be
designed to provide personalized therapy (Daka and Peer, 2012; Singh
and Peer, 2016).

However, it is known that to exploit the potential of this genetic
material, the use of particular vectors able to convey it to the site of
action is needed (Cavallaro et al., 2017a; Park et al., 2016). These vec-
tors not only increase the stability of nucleic acids against enzymatic
degradation by nucleases but, by neutralizing their negative charge,
they also allow cell internalization. Among the various existing vectors,
polymeric materials have numerous advantages, as they can load large
quantities of genetic material and can be chemically derivatized to
obtain systems headed towards particular target tissues (David et al.,
2010; Cooper and Putnam, 2016). However, any side effects can be
associated to the components of the polyplexes (polication, siRNA or
both). In particular, many of these effects are related to increased charge
density, which is predominantly associated with an excess of polycation
rather than the material. These effects can be avoided by using low-Mw
polymers with low charge density or by shielding the charge through
surface engineering, such as conjugation with hydrophilic polymers,
which represent a standard method to hinder nonspecific interaction
with proteins and capture by the mononuclear phagocyte system (Bal-
larin-Gonzalez and Howard, 2012).

Beyond these considerations, for the design of an inhalable formu-
lation, it is also necessary to take into account also the main barriers that
hinder inhaled particles.

The first barrier that is interposed between the inhaled particles and
their site of action is the mucus layer (He et al., 2019) that lines the
airways; the latter contains secreted glycoproteins, called mucins, which
form a network able to trap particles (Garcia-Diaz et al., 2018).

Another barrier to consider is the membrane of the epithelial cells of
the airways, as these cells are characterized by a low endocytotic effi-
ciency across the apical membrane and by tight intercellular junctions
that prevent the entry of substances (d’Angelo et al., 2014).

In light of these considerations, the aim of the present experimental
work was to realize a novel gene delivery system designed to deliver
siRNA through the inhalation route, as an innovative formulation for the
management of asthma.

In particular, as starting material for the realization of the polymer
carrier, we have chosen to use the «, p-poly-N-2-hydroxyethyl-DL-
aspartamide (PHEA) derivatized with 1,2-Bis(3-aminopropylamino)
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ethane (bAPAE) (PHEA-g-bAPAE) already synthesized by us previ-
ously (Craparo et al., 2020), as it has been shown to have excellent
complexing abilities, to be highly cytocompatible towards the target site
and to be able to transfect the cells of the bronchial epithelium.

In view of an administration by the inhalation route, the PHEA-g-
bAPAE was also derivatized with a proper amount of poly(ethylene
glycol) (PEG), to increase the superficial hydrophilicity of the system,
reducing interactions with the protein chains of the mucin, allowing the
diffusion trough the mucus layer (Dave et al., 2021; Murgia et al., 2018).

Therefore, polyplexes were prepared using a siRNA that silences the
expression of STAT6 (Darcan-Nicolaisen et al., 2009; Rippmann et al.,
2005), as it is one of the most important transcription factors that ini-
tiates an asthmatic attack (Georas et al., 2021; Gour and Wills-Karp,
2015), for example, inducing the release of IL-8 from human bronchial
epithelium cells (Tomita et al., 2012; Charrad et al., 2017), in response
to stimulation by others inflammation mediators (StiiZ et al., 1999;
Mullings et al., 2001).

Subsequently, once the best conditions for the formation of poly-
plexes have been established, polyplexes were functionalized on the
surface with TAT peptide, a cell-penetrating peptide (CPP) already
known for its ability to increase the uptake in the cells of the bronchial
epithelium (Kubczak et al., 2021), exploiting a thiol-ene reaction.
Therefore, the ability of these polyplexes to diffuse through the mucus
layer and to be internalized by the cells of the bronchial epithelium, as
well as their gene silencing activity was evaluated.

Finally, as a proof of concepts, to obtain a formulation administrable
as a dry powder that allows the deposition in the deep airways, poly-
plexes have been encapsulated within water-soluble porous micropar-
ticles using the spray-freeze-drying technique.

2. Materials and methods
2.1. Materials

Bis (4-nitrophenyl) carbonate (BNPC), N, N’-dimethylformamide
anhydrous (a-DMF), 1,2-Bis (3-aminopropylamino) ethane (bAPAE),
dichloromethane, acetone, diethyl ether, 2,4,6 -trinitrobenzene sulfonic
acid (TNBS), agarose, ethidium bromide, mucin from pig stomach,
acetone, mannitol, Poly (ethylene oxide) standards, Dulbecco’s phos-
phate buffer saline (DPBS), NaOH, HEPES, MES, NaCl, Ester N 4-malei-
midobutyric acid hydroxysuccinimide (MLB-NHS), amino-PEG-
carboxylic acid (H2N-PEG3(0o-OCH,-COOH), HIV-1 TAT(47.57) peptide
(Tyr-Gly-Arg-Lys -Lys-Arg-Arg-Gln-Arg-Arg-Arg), N-hydroxysuccini
mide ester of 3- (2-pyridyldithium) propionic acid, 1,4-dithiothreitol,
acetonitrile, were purchased from Sigma-Aldrich (Milan, Italy).

HCI, Diethylamine (DEA), triethylamine (TEA), were purchased from
Fluka (Italy).

All reagents used are analytical grade.

The duplex siRNA and duplex siRNA-Cy5 were purchased from
Biomers.net (Ulm, Germany). The sequences (5'—3 ’) are: CAGUUC
CGCCACUUGCCAA (sense), UUGGCAAUGGCGGAACUG (antisense).

a, B-poly (N-2-hydroxyethyl) -D, L-aspartamide (PHEA) was syn-
thesized by reaction of polysuccinimide (PSI) with ethanolamine in DMF
solution and purified according to the procedure reported (Giammona
et al., 1987). The spectroscopic data are in agreement with the attrib-
uted structure.

'H NMR (300 MHz, D20, 25 °C, TMS): 8 2.71 (m, 2H PHEA,
—COCHCH2CONH—), § 3.24 (m, 2H PHEA, —NHCH>CH»0—), § 3.55
(m, 2H PHEA, —NHCH,CH,0H), & 4.59 [m, 1H PHEA, —NHCH(CO)
CHy—1.

2.2. Cell culture
Human bronchial epithelial cells (16-HBE) were furnished by Istituto

Zoo-profilattico of Lombardia and Emilia Romagna. 16-HBE cells were
maintained in a humidified atmosphere of 5 % CO5 in air at 37 °C,
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cultured as adherent monolayers in Dulbecco’s Modified Eagle’s me-
dium (DMEM) (EuroClone), supplemented with 10 % fetal bovine serum
(FBS) (Gibco), 2 mM l-glutamine (EuroClone), 100 U/mL penicillin, 100
g/mL streptomycin, and 0.6 g/mL amphotericin B (Sigma-Aldrich,
Milan, Italy).

2.3. Synthesis of the PHEA-g-bAPAE graft copolymer

Derivatization of PHEA with 1,2-Bis (3-aminopropylamino)ethane
(bAPAE) was performed using Bis (4-nitrophenyl) carbonate (BNPC) as
coupling agent. 200 mg of PHEA (corresponding to 1.26 mmol of
repeating units) were solubilized in 4 mL of a-DMF; after complete
solubilization, 230 mg of solid BNPC were added. The solution was kept
under continuous stirring at 40 °C for 4 h. At the same time, 922.71 pL of
bAPAE were mixed with 7 mL of a-DMF. After the activation time, the
resulting polymer solution was added dropwise and slowly to the bAPAE
solution. The reaction was kept under continuous stirring at 25 °C for 20
h. The quantities of each reagent were determined considering the
following stoichiometric ratios: R1 = (mmol of BNFC / mmol of func-
tionalizable UR of PHEA) = 0.6 and R2 = (mmol of bAPAE / mmol of
functionalizable UR of PHEA) = 4.

After the reaction time, the polymer was isolated from the reaction
mixture by precipitation in a 2: 1 v / v diethyl ether/dichloromethane
mixture and the supernatant was removed by centrifugation at 4 °C for 8
min, at 9800 rpm. The solid product obtained was washed with acetone
until the pH of the acetone waters mixture (1:1) was neutral. Then, the
obtained product was dried under vacuum. The solid residue was solu-
bilized in double distilled water and the solution was purified by
exhaustive dialysis (SpectraPor Dialysis Tubing, at MWCO 25 kDa), two
days against basic water (NaOH) and other three days against double
distilled water. After lyophilization, the PHEA-g-bAPAE copolymer was
obtained with a yield of 80 % by weight to the initial PHEA amount.

'H NMR (300 MHz, D;0 pD 5, 25 °C, TMS): & 1.70 - 2.20 (m,
4Hpppar, —NHCH,CH2CH,NHCH,CHoNHCH,CHCHoNH—), 8 2.73 (m,
2Hpygps, —COCHCH2CONH—), & 3,12 (m, 8Hppapap, —NHCH2CH,
CH,NHCH,CH,NHCH,CH,CH,NH,), & 3.23 (m, 2Hpura, —NHCH,
CH,0—), 3,38 (m, 4Hpapas, —CONHCH,CHy—, —CH,CH,CHoNH,),
63.54 (Il‘l, ZHPHEA,—NHCHchon), 5 3.60 (m, 4HPEG,—[OCH2_
CH20]44-), 54.02 (Il’l, 2HPHEA’ *NHCH2CH20CO*), 54.62 (III, 1HPHEA’
-NHCH(CO)CHj-).

The amine content was also determined by the TNBS colorimetric
assay (Cavallaro et al., 2017b), as follow: 950 ml of PHEA-bAPAE (0.25
mg/ml) in NapB407-H20 0.1 M, pH 9.3 were mixed with 50 ml of 0.03 M
TNBSA solution. After 120 min incubation, absorbance at 1 500 nm was
measured and compared with that estimated for the reaction of
HoN-PEG—OCH3 (—NH; in the range between 0.01 and 0.001
mmol/ml) with TNBSA.

2.4. Synthesis of the MLB-PEG-COOH polymer

The synthesis of the MLB-PEG-COOH polymer was carried out by
exploiting the reactivity of the terminal amino group of amino-PEG-acid
(NH,-PEG-COOH) towards the succinimide ester of 4-Maleimidobutyric
acid (MLB-NHS). 100 mg of NH2-PEG-COOH (0.0476 mmol) were sol-
ubilized in 600 pL of DPBS and mixed with 16 mg of MLB-NHS (0.0571
mmol), previously solubilized in 1.4 mL of a DPBS: DMSO mixture
(86:14 v / v), considering the stoichiometric ratio: R1 = (mmol of MLB-
NHS /mmol of PEG) = 1.2.

The reaction was maintained under continuous stirring at 25 °C
overnight and subsequently, the reaction product was purified by size
exclusion chromatography, using a Sephadex G15 as the stationary
phase and bidistilled water as the mobile phase. The collected fractions
are, therefore, frozen and freeze-dried, obtaining a yield of 95 % by
weight with respect to the total amount of the reagents used.

'H NMR (300 MHz, DO 25 °C, TMS): & 1.8 (2Hmp,
—CH3CH2CH2—COOH), 8 2.2 (2Hpp, —CH2CH2CH;—COOH), § 3.70
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(m, 4HpEG, - [OCHzCH20]44-), 5 6.8 (m, 2HMLB,-CO—CHZCH—CO).

2.5. Synthesis of the PHEA-g-bAPAE-PEG-MLB copolymer

The derivatization of PHEA-g-bAPAE with MLB-PEG-COOH was
performed using 1-ethyl-3- (dimethylaminopropyl) carbodiimide chlo-
ride (EDC - HCI) and N-hydroxysuccinimide (NHS) as conjugating
agents.

50 mg of MLB-PEG-COOH were solubilized in 300 pL of 0.1 M MES
(2- (N-morpholino) ethanesulfonic acid) buffer, 0.5 M NaCl, pH 6.0.
Subsequently, 3.84 mg of EDC - HCl and 2.83 mg of NHS previously
solubilized in 100 uL of 0.1 M MES buffer, 0.5 M NaCl, pH 6.0 were
added.

The mixture was kept under continuous stirring for 4 h at 25 °C; at
the same time, 100 mg of PHEA-g-bAPAE were solubilized in 1 mL of
DPBS, adjusting the pH around 7 using 30 % HCI.

After the activation time of 4 h, the PEG solution was slowly added
under continuous stirring to the solution of PHEA-g-bAPAE; the ob-
tained mixture was kept at 25 °C overnight and finally, it was purified by
exhaustive dialysis using acidic water (pH 5) as the exchange medium.

The quantities of each reagent were determined considering the
following stoichiometric ratios: R1 = (mmol of EDC/mmol PEG) = 1.1,
R2 = (mmol of NHS/mmol PEG) = 1.1, R3 = (mmol of PEG/mmol of UR
of PHEA-g-bAPAE) = 0.05.

After lyophilization, the PHEA-g-bAPAE-PEG-MLB copolymer was
obtained with a yield of 70 % by weight with respect to the sum of the
initial quantities of PHEA-g-bAPAE and MLB-PEG-COOH.

'H NMR (300 MHz, D20 pD 5, 25 °C, TMS): § 1.70-2.20 (m, 4HpapaEk,
—NHCH,CH,CH,NHCH,CHoNHCH,CHoCHoNH—), § 2.73 (m, 2Hpppa,
—COCHCH2CONH—), 6 3.12 (m, 8Hpapar, —NHCH3CH>CHoNHCH,
CHzNHCHchchzNHz), 8 3.23 (m, ZHPHEA: *NHCHzCHzO*), 3,38
(m, 4HbAPAE, —CONHCHchz—, —CH2CH2CH2NH2), 63.54 (I'Il,
2Hpyga, —NHCH2CH20H), § 3.60 (m, 4Hpgg, -[OCH2CH20]44-), & 4.02
(Il’l, 2HPHEA: —NHCHQCHZOCO—), S 4.62 (rn, 1HPHEA: _NHCH(CO)
CHy—).

2.6. Functionalization of TAT peptide with the succinimide ester of 3- (2-
pyridyldithium) propionic acid (SPDP)

10 mg of TAT(47.57) peptide (corresponding to 6.41 umoles) were
solubilized in 1 mL of 50 mM sodium phosphate buffer, 0.15 M NaCl, pH
7.2 and subsequently 442 uL of a 20 mM SPSP solution were added in
DMSO (corresponding to 8.77 umoles).

The reaction mixture was kept at 25 °C overnight; subsequently, the
mixture was diluted with 1 mL of DMSO and purified by exhaustive
dialysis (SpectraPor Dialysis Tubing, at MWCO 100-500 Da) using
double distilled water as the exchange medium.

After lyophilization, the TAT-SPDP conjugate was obtained with a
yield of 80 % by weight with respect to the initial quantity of TAT.

The product obtained was characterized by FT-IR spectroscopy and
by HPLC analysis using a Phenomenex Luna C18 column; the chro-
matographic separation was carried out using gradient elution with 2
solvents: H5O + 0.1 % TFA (solvent A) and ACN + 0.1 % TFA (solvent B)
with a flow rate of 1 mL min~!. The initial ratio between the mobile
phases A: B was 90:10 and the amount of solvent B was gradually
increased until 100 % of B in 60 min. 'H NMR (300 MHz, D,0:DMSO,
25 °C, TMS): & 1.4 (4HLys, CHy—CHo—CH2—NH3), § 1.55-1.7 (20Hag
CO—CH—CHy—CHz—; 8Hyys CH—CHy—CHp; 2Hg), CH;—CO—NHy).
8 -2.25 (2Hgln -CH2—CHy—CO—NHby), & 2.86 (4Hpys CH>—CH—NHb),
8 3.1 (10Hagz—NH—CHy—CHy—1y,—CH—CHy—C—), § 4.2 (2Hgy CO-
CHy—NH—), 6 4.2 (SHpg—NH—CH—CO—;2Hpys—NH—CH—CO—;
1Hg,—NH—CH—CO—), & 6.8 (2Hryy CH—C—CH—), 8 7.0 (2Hry,

CH—C—CH—), & 7.2 (1Hgppp—N—CH—CH—CH—CH), & 7.7
(2Hgppp—N—CH—CH—CH—CH), & 8.3 (1Hgppp—N—CH—CH—
CH—CH).
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2.7. Deprotection of the thiol group in the TAT-SPDP conjugate

Deprotection of the thiol group introduced into the TAT peptide was
carried out using dithiothreitol (DTT) as a reducing agent.

7.5 mg of TAT-SPDP were solubilized in 500 pL of 0.1 M sodium
acetate buffer, 0.1 M NaCl, at pH 4.5 and mixed with 325 pL of 20 mg
mL~! DTT in 0.1 M sodium acetate, 0.1 M NaCl, pH 4.5. The mixture was
kept at 25 °C for one hour and was subsequently purified by exhaustive
dialysis (SpectraPor Dialysis Tubing, at MWCO 100-500 Da) using
acidic water (pH 5) as the exchange medium, protected from light.

The product was obtained with a yield higher than 95 % and was
stored in an inert atmosphere at -20 °C.

The deprotection was confirmed by a colorimetric assay for the
quantitative analysis of thiols (Ellman’s assay).

2.8. Size exclusion chromatography

Weight-average molecular weight (Mw), polydispersity (Mw/Mn), of
copolymers was determined by a size exclusion chromatography (SEC)
analysis, performed using PolySep-GFC-P4000 columns (PHENOM-
ENEX) connected to an Agilent 1260 Infinity Multi-Detector GPC/SEC
system (Santa Clara, United States), equipped with a refractive index
detector and a light scattering detector.

Analyses were performed with buffer citrate/phosphate 0.15M+
0.1MNaCl pH 5 as eluent with a flow of 1 mL min~", using poly(ethylene
oxide) standard (40 kDa) as standard. The column temperature was set
at 30 °C.

2.9. Complexation study

Complexation studies were carried out by gel retard assay.

The polyplexes were formed by adding a copolymer dispersion (10
uL), with different concentrations, to the same volume of siRNA solution
(10 uL) with a fixed concentration, to obtain different polymer / siRNA
weight ratios (R); the mixture was mixed gently by pipetting and incu-
bated 30 min at room temperature before each analysis.

The polyplexes were formed in 10 mM HEPES nuclease free buffer, at
pH 7.4, containing 5 % glucose (w / v). The siRNA concentration used
was 0.1 mg mL~"! and the polymer / siRNA weight ratios (R) were: 0, 1,
2,25,3,3.5,4,5.

15 uL of each sample were then loaded onto a 1.5 % agarose gel
containing 70 pL of ethidium bromide and run at 100 V in tris acetate /
EDTA bulffer (TAE) at pH 8 for 20 min. The gels were then visualized via
a UV transilluminator and photographed using a digital camera.

2.10. Preparation of TAT coated nanocomplexes

The polyplexes (200uL) were prepared by mixing 100 uL of siRNA
solution (0.2 mg mL™!) and 100 uL of polymer dispersion, in order to
obtain polymer / siRNA weight ratios (R) equal to 10; the mixture was
mixed gently by pipetting and incubated for 30 min.

Subsequently, a double amount of TAT peptide (50 pL, 60.5 nmol)
with respect to that necessary to functionalize all the PEG chains (30.25
nmol) was added; the mixture was mixed by gently pipetting and
incubated for 2 h at 37 °C.

The amount of conjugated peptide was subsequently determined by
the difference between the total amount of the added peptide and the
amount of unreacted residual peptide, determined by the colorimetric
assay for the quantitative analysis of thiols (Ellman’s assay).

2.11. Stability to polyanionic exchange of polyplexes in the presence of
mucins

The stability of the polyplexes to polyanion exchange was deter-
mined after incubation of the polyplexes with mucin dispersion. The
polyplexes were prepared as previously described, in order to obtain
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polymer / siRNA weight ratios (R) equal to 5 and 10, and adding sub-
sequently 10 uL of TAT 150 uM or 10 pL of 10 mM Hepes; after 2 h, the
resulting polyplexes (30 uL) were mixed with 5 pL of mucin dispersion
(7 mg mL™Y), in order to have a final mucin concentration of 1 mg mL ™,
and the samples were been incubated at room temperature for 5 h. Gel
electrophoresis was then performed as described in the complexation
study.

2.12. Dynamic light scattering (DLS) measurements

For DLS studies, the polyplexes were formed in 10 mM Hepes
nuclease free buffer, at pH 7.4, obtaining a polymer / siRNA (R) weight
ratio of 10, using a concentration of siRNA equal to 0.2 mg mL L. After
30 min of incubation, the obtained polyplexes (40 uL) were mixed with
the TAT peptide (20 pL 300 uM) or with 10 mM Hepes and were incu-
bated for 2 h.

The DLS measurement was performed on 60 uL of sample at 25 °C
with a Malvern Zetasizer NanoZS equipped with a 633 nm laser with a
fixed scattering angle of 173°, using Dispersion Technology Software
7.02.

Subsequently, for the zeta potential, the polyplexes were diluted
with nuclease free water up to 900 pL before measurement. Zeta po-
tential measurements were performed by aqueous electrophoresis
measurements, recorded at 25 °C using the same apparatus as the DLS.
The zeta potential (mV) values were calculated from electrophoretic
mobility using the Smoluchowski relation.

2.13. Evaluation of polyplexes-mucin interactions

The evaluation of the possible interactions between polyplexes and
mucins was carried out by turbidimetric assay. 40 uL of polyplexes were
prepared by mixing equal volumes (20 pL) of siRNA (0.1 mg mL ™) and
copolymer solutions, obtaining a polymer / siRNA weight ratio (R) equal
to 10.

After 30 min of incubation, the obtained polyplexes (40 uL) were
mixed with the TAT peptide (20 pL, 150 uM) or with 10 mM Hepes and
incubated for 2 h.

Subsequently, 60 uL of mucin dispersion (2 mg mL ™" in 10 mM Hepes
buffer pH 7.4) were added. After incubation at 37 °C, turbidity was
measured every 50 min up to approximately 6 h. The absorbance at A of
500 nm was recorded by the microplate reader (Multiskan Ex, Thermo
Labsystems, Finland).

Similarly, the absorbance at A of 500 nm was recorded for polyplexes
mixed with 60 pL of buffer, in order to subtract the absorbance owing to
scattering phenomena of the polyplexes, and for mucin dispersion (1 mg
mL~! in 10 mM Hepes buffer pH 7.4).

Results were expressed as % of trasmittance [(Abs500 mucins /
Abs500 samples) x 100].

2.14. Evaluation of the mucopenetrant ability of polyplexes

To evaluate the ability of polyplexes to diffuse through a mucus
layer, a custom-made system was used, consisting of a donor and an
acceptor (GrieBinger et al., 2015).

The polyplexes were formed by mixing equal volumes (125 pL) of
siRNA-Cy5 (0.105 mg mL ') and copolymer, obtaining a polymer /
siRNA weight ratio (R) equal to 10. After 30 min of incubation, the
obtained polyplexes (250 uL) were mixed with the TAT peptide (50 pL
375 uM) and incubated for 2 h.

For the realization of the system, inserts for cell plates (Scaffdex,
CellCrownTM48) were used, equipped with a hydrophilic poly-
propylene membrane with 0.45 um pores.

Subsequently, the inserts were placed in 24-well plates, containing 1
mL of DPBS, using plastic support so that the membrane is in contact
with the surface of the liquid.

100 pL of a mucin dispersion 1 mg mL™! were placed on the
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membrane and then the previously obtained polyplexes (300 uL) have
been deposited on the mucin layer.

The system was then placed in an incubator at 37 °C under contin-
uous stirring (50 rpm). The fluorescence intensity at A of 665 nm of the
acceptor compartment was measured every hour up to 5 h. The emission
spectra were recorded by a spectrofluorimeter (Shimadzu RF-5301PC)
(Milan, Italy) at the excitation wavelength of 600 nm.

For comparison, the same experiment was repeated in the absence of
mucin.

2.15. Cell viability test

Cell viability was evaluated by an MTS assay on 16-HBE cells, using a
commercially available kit (cell proliferation test with an aqueous so-
lution of Titer 96, Promega cell solution) containing 3- (4,5-dime-
thylthiazol-2 -yl) -5- (3-carboxymethoxyphenyl) -2- (4-sulfophenyl)
-2H-tetrazolium (MTS) and phenazine ethosulfate. 16-HBE cells were
incubated in a 96-well plate with a density of 15,000 cells per well in
DMEM containing 10 % FBS. After 24 h of incubation, the medium was
removed and then the cells were incubated with 200 pL per well of OPTI-
MEM containing polyplexes. The polyplexes were prepared with weight
ratios of 3, 5, 10 and 15, adding or not the TAT peptide and obtaining a
final siRNA concentration of 200 nM.

Similarly, cells were incubated with PHEA-g-bAPAE-PEG-MLB
copolymer at concentrations ranging from 0.5 mg mL! to 0.005 mg
mL~L.

All the reagents used were sterilized by filtration with a 220 nm
cellulose acetate filter before the formation of the complexes. After 24
and 48 h of incubation, the solutions were removed and each well was
washed with sterile DPBS; subsequently, the cells of each well were
incubated with 100 pL of fresh DMEM and 20 pL of an MTS solution and
the plates were incubated for 2 h at 37 °C.

The absorbance at 490 nm was read using a plate reader (Multiskan
Ex, Thermo Labsystems, Finland). Relative cell viability (percent) was
expressed as (Abs490 treated cells / Abs490 control cells) x 100, based
on three experiments. Cells incubated with OPTI-MEM medium only
were used as a negative control.

2.16. Cell uptake study

The cellular internalization ability of the polyplexes was evaluated
by uptake studies on 16-HBE.

Cells were plated on an 8-well plate with a density of 10,000 cells per
well in DMEM containing 10 % FBS. After 24 h of incubation, the me-
dium was removed and then the cells were incubated with 200 pL per
well of OPTI-MEM containing polyplexes PHEA-g-bAPAE-PEG-MLB /
siRNA-Cy5, obtained with a weight ratio equal to 10, adding or not the
TAT peptide and obtaining a final siRNA concentration of 200 nM.

After 4 or 24 h, the cells were washed with 300 pL of sterile DPBS and
fixed with 4 % formaldehyde for 10 min. Subsequently, the formalde-
hyde solution was removed and the nuclei were stained with 100 pL of 4
’, 6-diamidino-2-phenylindole (DAPI) in DPBS at a concentration of 5 x
10-3 mg mL~!. After 3 min of incubation, the DAPI solution was
removed and the cells were washed three times with DPBS and observed
by an Axio Vert.Al (Zeiss) fluorescence microscope. The images were
recorded using an Axio Cam MRm (Zeiss).

For the quantitative determination of cell uptake, 16-HBE cells were
seeded in a 24-well plate with a density of 100,000 cells per well. After
24 h of incubation, the medium was removed and then the cells were
incubated with 300 pL per well of OPTI-MEM containing polyplexes
PHEA-g-bAPAE-PEG-MLB / siRNA-Cy5, obtained with a weight ratio
equal to 10, adding or not the TAT peptide and obtaining a final siRNA
concentration of 200 nM.

After 4 or 24 h of incubation, the cells were extensively washed with
sterile DPBS and lysed in 100 pL of lysis buffer (2 % SDS, 1 % Triton X-
100, in sterile DPBS). The lysates were divided into two parts: the first
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(75 pL) was used to measure the fluorescence intensity by a Shimadzu
RF-5301PC spectrofluorophotometer (Aex: 600 nm; Aem: 665 nm); the
second (25 pL) was used to evaluate the total amount of protein through
the BCA assay. The results were expressed as the ratio of fluorescence
intensity per milligram of protein.

All the reagents used were sterilized by filtration with a 220 nm
cellulose acetate filter before the formation of the complexes.

2.17. Gene silencing assay

The evaluation of the gene silencing capacity was evaluated by ELISA
test, using IL-8 Human

ELISA Kit kits from Life Technologies. For this study PHEA-g-bAPAE-
PEG-MLB / siRNA polyplexes (130 pL) were prepared in 10 mM Hepes
nuclease free buffer at pH 7.4, by mixing the same volume (65 pL) of
polymer and siRNA dispersion (1 pM), obtaining a polymer / siRNA (R)
weight ratio of 10. After 30 min of incubation, 9 pL of TAT dispersion in
Hepes buffer (150 pM) and incubated for another 2 h and then diluted
with OPTIMEM up to 650 pL.

Uncoated polyplexes were prepared in the same way, adding 9 pL of
Hepes buffer instead of TAT.

16-HBE cells were plated on a 96-well plate at a cell density of
20,000 cells/well in DMEM containing 10 % FBS. After 24 h of incu-
bation, the medium was removed and then the cells were incubated with
200 pL of a polyplexes dispersion (0.01 nmol of siRNA/ well).

After 48 h supernatant was removed and the cells were incubated
with 100 pL of LPS 10 pg mL™! for 24 h. After this time 50 pL of su-
pernatant were treated following the protocol provided, while the cells
were washed with DPBS and cell viability was evaluated as described for
cell viability test.

The test was also repeated using a siRNA whose sequence is not
active in the cellular pathway studied.

All the reagents used were sterilized by filtration with a 220 nm
cellulose acetate filter before the formation of the complexes.

2.18. Preparation of microparticles by spray freeze drying technique

Microparticles containing polyplexes were prepared by atomization
of a water polyplexes dispersion into liquid nitrogen under continuous
stirring, using the atomizer apparatus of Nano Spray Dryer B-90 (Buchi,
Milan, Italy).

PHEA-g-bAPAE-PEG-MLB / siRNA polyplexes (1 mL) were prepared
in 10 mM Hepes nuclease free buffer at pH 7.4, by mixing the same
volume (500 pL) of polymer (2 mg mL™!) and siRNA dispersion (0.2 mg
mL 1), obtaining a polymer / siRNA (R) weight ratio of 10. After 30 min
of incubation, 1 pL of TAT dispersion in Hepes buffer (150 pM) and
incubated for another 2 h and then 50 mg of mannitol was added,
obtaining mannitol concentrations equal to 5 % (% w/v); after the
complete solubilization of mannitol, the mixture was filtered with 450
nm cellulose acetate filter and subsequently it was atomized into liquid
nitrogen under continuous stirring. The obtained frozen droplets were
quickly transferred into the chamber of a freeze dryer system.

2.19. siRNA quantification in microparticles

The quantification of siRNA content encapsulated into the micro-
particles, after the spray-freeze-dying process, was performed using an
ethidium bromide (EtBr) exclusion assay as described elsewhere
(Segura and Hubbell, 2007; Itaka et al., 2003).

According to the theoretical content of siRNA, a proper amount of
microparticles was dispersed in one ml of nuclease free water to achieve
a concentration of approximately 0.02 mg/ml of siRNA. 250 pl of this
aqueous dispersion was mixed thoroughly with 250 pl of an EtBr
aqueous solution (0.02 mg mL_l), and the obtained mixture was incu-
bated for 5 min in the dark at room temperature. Afterwards, the fluo-
rescence of the mixture was measured at Aex of 527/20 nm and Aem of
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585/20 nm using a Microplate reader (Multiskan Ex, Thermo Labsys-
tems, Finland) and compared to a fresh polyplexes sample, prepared as
described before, incubated with EtBr aqueous solution. The assay was
performed in 96 black well plate in triplicate.

2.20. Evaluation of microparticles gene silencing capacity

The evaluation of the gene silencing capacity of microparticles was
evaluated by ELISA test, using IL-8 Human ELISA Kit kits from Life
Technologies. For this study, 1.36 mg of microparticles (or pure
mannitol) were dispersed in 2 ml of Optimem/water mixture (85:15).

16-HBE cells were plated on a 96-well plate at a cell density of
20,000 cells/well in DMEM containing 10 % FBS. After 24 h of incu-
bation, the medium was removed and then the cells were incubated with
200 pL of a sample dispersion (0.01 nmol of siRNA/ well).

After 48 h supernatant was removed and the cells were incubated
with 100 pL of LPS 10 pg mL ™! for 24 h. After this time 50 pL of su-
pernatant were treated following the protocol provided, while the cells
were washed with DPBS and cell viability was evaluated as described for
cell viability test.

2.21. Scanning electron microscopy (SEM) analyses

To evaluate the morphology and size of microparticles, small amount
of the powder was mounted on a specimen stub with double-sided car-
bon tape and was coated with gold using a sputter coater; the sample
was observed by using a PRO X PHENOM Desktop SEM (Thermo Fisher
Scientific, Milan, Italy) and using the ImageJ program to evaluate the
size distribution.

2.22. Surface analysis and porosity

The specific surface area and the pore size distribution of the sample
were determined using BET equipment from Quantachrome instruments
Autosorb iQ and ASiQwin. A weighted sample amount was degassed for
24 h at 40 °C, followed by analysis at -196 °C with N2 as the adsorbate
gas.

The nitrogen isotherm was fitted with the Brunauer-Emmett-Teller
(BET) model to evaluate the surface area. The pore size distribution and
the cumulative pore volume were calculated by the Bar-
rett-Joyner-Halenda (BJH) method.

3. Result and discussion
3.1. Synthesis and characterizations of polymers

The design of a siRNA delivery system must take into account various
aspects, such as the ability to bind siRNA and release it into the cytosol
of target cells, first passing the cell membrane and then the endosomal-
lysosomal membrane.

Synthetic polymeric cations (polycations) represent, in principle,
valid candidates in this field, since these can be synthetized with
adequate structural and functional properties, conferring specific char-
acteristics necessary for a vector of genetic material (Cavallaro et al.,
2017a).

In the present work an a, B-poly (N-2-hydroxyethyl) -D, L-asparta-
mide (PHEA) derivate has been developed, conjugating 1,2-Bis (3-ami-
nopropylamino) ethane (bAPAE) to the polymeric backbone of PHEA,
obtaining the graft copolymer PHEA-g-bAPAE. In this way, a copolymer
having protonable amines in the side chain was obtained; the latter
confers the ability to complex the genetic material thanks to electrostatic
interactions.

Considering that the aim of this work was the delivery of siRNA by
inhalation route and therefore locally to the lung, it was decided to
functionalize the PHEA-g-bAPAE with Polyethylene glycol, in order to
minimize both the phenomenon of aggregation among polyplexes and
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the interactions with the mucus components of the lungs (Craparo et al.,
2016).

Furthermore, considering that the polyplexes must also be able to
penetrate the epithelial cells, the surface of polyplexes was functional-
ized with the TAT peptide, exploiting a thiol-ene reaction, which being
classified as click chemistry is fast, efficient and does not produce by-
products.

The synthesis of the PHEA-g-bAPAE copolymer (Scheme 1 step a)
involved the activation of the free PHEA hydroxyl groups with bis-
nitrophenyl carbonate (BNPC), choosing a stoichiometry of the re-
agents in order to obtain a ratio between the moles of BNPC and moles of
repetitive units of PHEA equal to 0.6.

In the second step of the reaction, a large excess of bAPAE was used,
in order to avoid the cross-linking that could occur due to multiple
nucleophilic attacks of the side chains since the used oligoamine has two
primary amino groups (-NH3). Under these experimental conditions, a
degree of derivatization in bAPAE (DDpapag) of the PHEA-g-bAPAE
copolymer of about 35% by moles was obtained. The latter was calcu-
lated by 'H NMR analysis (Fig. S1) using the ratio between the integral
of the signals corresponding to 4H of bAPAE (a § 1.70 and 2.20 ppm),
and the integral of the signal corresponding to 2H of PHEA repeating
unit (at § 2.73 ppm); this was also confirmed by the TNBS colorimetric
assay, which provides a DD% value superimposable to that obtained by
the 'H NMR analysis (Di Gioia et al., 2015).

The successful conjugation of 1,2-Bis (3-aminopropylamino) ethane
(bAPAE) was also demonstrated by the shift of the signal at about 6 4.1,
attributed to the side chain CHy of the functionalized PHEA repeating
unit (NHCH2,CH20CO—) near the OCONH bond.

In our previous work (Craparo et al., 2020), through potentiometric
titrations, it was possible to determine the pKa of the primary amine and
of the two secondary amines (which were found to be 10.9, 7.9 and 4.8
respectively) after the conjugation to the polymeric backbone. Thanks to
these characteristics, the PHEA-g-bAPAE copolymer has been shown to
have an efficient buffering ability in the pH range 7-5, important for
endosomal escaping with proton sponge effect (Patel et al., 2019).
Furthermore, thanks to its different degree of protonation as a function
of pH, when the copolymer is in an acid environment (i.e. endosomal), it
is able to destabilize biological membranes, offering an additional
mechanism for the endosomal escape process (Miyata et al., 2008; Gao
et al., 2015).

In order to insert into PHEA-g-bAPAE structrure PEG chains, able to
minimize both aggregation events among polyplexes and the interaction
with mucins, NH,—PEG—COOH derivative was chosen and first func-
tionalized with succinimide ester of 4-Maleimidobutyric acid (MLB-
NHS).

This reaction allows to introduce a C—C double bond at the terminal
of the PEG aviable for the subsequent thiol-ene reaction.

Furthermore, to avoid the nucleophilic attack of the amino group on
the double bond of the maleimide, the pH of the reaction is kept around
7 using DPBS as the reaction solvent.

The successful conjugation was demonstrated by 'H NMR analysis
(Fig. S2); in particular, by comparing the integral of the peaks relative to
the butyric moiety of the MLB (at 1.87 and 2.27 ppm), corresponding to
2H, with the integral of the peak relative to the repetitive unit of the PEG
(at 8 3.72 ppm), corresponding to 176H, it was confirmed that the PEG
was functionalized with maleimide moiety, obtaining MLB-PEG-COOH
derivative.

The conjugation of the MLB-PEG-COOH to the PHEA-g-bAPAE
copolymer (Scheme 1, step c) first involved the activation of the car-
boxylic group of the PEG-MLB through the use of EDC and NHS, main-
taining the pH of the reaction mixture around 6, and subsequently the
nucleophilic attack of primary amino groups of the PHEA-g-bAPAE
copolymer to the succinimide ester of the NHS-PEG-MLB, keeping the
pH of the reaction mixture around 7.

The successful conjugation was demonstrated by 'H NMR analysis
(Fig. 1); in particular, the degree of derivatization in PEG (DDopgg),
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Scheme 1. Synthesis scheme of PHEA-g-bAPAE (a), PEG-MLB (b) and PHEA-g-bAPAE-PEG-MLB copolymer (c). Reagents and experimental conditions: (a) a-DMF,
BNPC, 4 h at 40 °C, 20 h at 25 °C; (b) DPBS overnight at 25 °C; (c) MES pH 6, EDC, NHS, 4 h a 25 °C, overnight at 25 °C.

calculated as the ratio between the integral of the signals corresponding
to the protons of the repeating unit of PEG (at & 3.60 ppm), with the
integral of the protons corresponding to 2H of the PHEA repeating unit
(at & 2.7 ppm), was founded equal to 4.7 % mol/mol.

All polymers were analyzed by SEC (Table 1). The M,, of PHEA-g-
bAPAE copolymers undergoes a strong reduction when compared with

the M,, of PHEA, due to the experimental condition to achieve a high
degree of functionalizations (Craparo et al., 2020), as the use of a high
amount bAPAE (needed to avoid crosslinking) could break some amide
bound in the main chain and thus leading to a shorter polymeric chains.

For PHEA-bAPAE-PEG-MLB graft copolymer an increase in Mw is
observed which is compatible with the obtained PEG functionalization.
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Fig. 1. 'H NMR spectrum in D,0 of PHEA-bAPAE-PEG-MLB.

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

Copolymers Molecular weight Degree of derivatization
(DD%)
M, (g/mol) M,/M, DDprg  DDpapar
PHEA 67,500 1.24 — —
PHEA-g-bAPAE 20,921 1.41 — 35
PHEA-g-bAPAE-g-PEG-MLB 35,100 1.51 4.7 35

3.2. Introduction of thiol group in TAT peptide

To exploit a thiol-ene reaction, to functionalize the polyplexes on the
surface with the TAT peptide, a thiol group was introduced into TAT
peptide structure.

The introduction of the thiol group was carried out by exploiting the
reactivity of the amino groups present in the peptide towards the suc-
cinimide ester of 3- (2-pyridyldithium) propionic acid (SPDP).

Functionalization was confirmed by H NMR analysis (Fig. S3).
Comparing the peaks corresponding to 4H at the aromatic ring of 3- (2-
pyridildithio) propionic acid (4H) (6 8.3, 7.7 and 7.2 ppm) with the
peaks corresponding to 4H of the p-hydroxy benzyl moiety of tyrosine (&
7.1 and 6.8 ppm) it is possible to confirm the complete functionalization
of the peptide.

The product obtained was also analyzed by FT-IR spectroscopy;
comparing the IR spectrum of the TAT-SPDP conjugate with that of the
unmodified TAT peptide (Fig. 2), a reduction of the characteristic NH
bending band at1650 cm™! is observed, indicating a reduction of free
primary amino groups present in the peptide. In addition, a new band is
observed at 529 cm ™!, attributable to the disulfide bridge (Masnabadi
et al., 2017) of the SPDP, not present in the original structure of TAT
peptide.

In addition, an HPLC analysis was conducted on the obtained

derivative which showed a longer retention time (13.87 min) than the
unmodified peptide (6.77 min).

The deprotection of the thiol group occurred due to the cleavage of
the disulfide bond by the reducing agent dithiothreitol (DTT).

3.3. Complexation study

To evaluate the complexation efficiency of the synthesized copol-
ymer, an agarose gel electrophoresis was performed. In this regard,
equal volumes of two dispersions were mixed, one containing siRNA at a
fixed concentration and the other containing an increasing concentra-
tion of the PHEA-g-bAPAE-PEG-MLB copolymer, in order to obtain
different polymer / siRNA weight ratios (R) between 1 and 5.

As it can be seen in Fig. 3, the PHEA-g-bAPAE-PEG-MLB copolymer
was able to complex strongly the siRNA strands starting from an R equal
to 3 (corresponding to an N / P ratio of 3), a ratio quite low if compared
with other synthetic copolymers proposed as non-viral vectors for siRNA
delivery (Cavallaro et al., 2017a); this result indicates that the synthe-
sized polymer has an excellent complexing ability of the genetic mate-
rial, which will allow the use of small quantities of vector for the
delivery of the siRNA.

Subsequently, the possibility to functionalize these polyplexes on the
surface with the TAT peptide was explored by using the thiol-ene type
reaction.

The functionalization efficiency was evaluated by the reaction of a
known excess of the peptide (60.5 nmol) with a known amount of pol-
yplexes that contain an amount of maleimide able to bind 50 % of the
added peptide (30.25 nmol).

Considering that the reaction between the unsaturation of maleimide
and the thiol group reduces the content of thiol groups, the remaining
amount of thiol group was determined by Ellman’s assay.

As shown in Fig. S4, the absorbance at 410 nm is reduced to about 60
% of the initial value after 2 h of incubation of the peptide with the
polyplexes, indicating that almost 40 % of the TAT peptide has been
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conjugated to the polyplex. Considering that the maximum conjugable
amount was 50 % (due to the experimental conditions used), it can be
considered that the functionalization reaction proceeds efficiently for
about 80 %.

3.4. Cell viability

Considering the potential pulmonary administration of polyplexes,
the cytocompatibility of the PHEA-g-bAPAE-PEG-MLB copolymer was
evaluated by MTS assay on 16HBE cells, after 24 and 48 h of incubation,
expressing the data as % of cell viability respect to control experiment,
in which cells are incubated only with OPTI-MEM medium (Fig. 4).

As can be seen, both after 24 and 48 h of incubation, only for the
highest tested concentration (0.5 mg mL ™) show viability slightly lower
than 80 %, while the other concentrations tested show cell viability
higher than 80 %, indicating good cytocompatibility.

Considering that siRNAs exert their inhibitory effect in quantities of
the order of picomoles (Cavallaro et al., 2017a), the amount of polymer
required for the delivery of a therapeutic quantity of siRNA is very low
(<0.001 mg mL’l), a quantity for which the PHEA-g-bAPAE-PEG-MLB
copolymer shows excellent cytocompatibility.

The viability assay carried out on cells incubated with polyplexes

R25 R2 R1
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O NH Q‘r’
o ()
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Fig. 3. (a) Agarose gel electrophoresis of the polyplexes obtained in 10 mM HEPES at various weight ratios PHEA-g-bAPAE-PEG-MLB / siRNA (R); (b) Schematic

representation of surface functionalization.
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(obtained in order to have a final concentration of siRNA equal to 100
nM), both functionalized with TAT peptide and non-functionalized,
shows excellent cell viability values for all weight ratios. tested, both
after 24 and 48 h of incubation (Fig. 4).

3.5. Stability to polyanionic exchange

Since the polyplexes are designed to be administered by inhalation, it
was necessary to evaluate their stability in presence of mucins.

In particular, given the polyanionic nature of the mucin (due to the
presence of sialic acid residues), a polyanionic exchange can occur be-
tween siRNA and mucin. Therefore, a study was carried out evaluating
the electrophoretic mobility of siRNA in polyplexes, obtained with R
equal to 5 and 10, functionalized or not with the TAT peptide, in the
presence of mucin in the dispersion medium. Before performing elec-
trophoresis, polyplexes were incubated for 5 h in a mucin dispersion
having a final concentration of 1 mg mL™>.

As a comparison, the electrophoretic run was performed both on
siRNA naked (RO) and polyplexes not incubated with mucin previously.

As can be seen in Fig. 5, only the polyplexes prepared with the
highest weight ratio (R = 10) avoid the polyanion exchange between
siRNA and mucin, preserving from premature release of siRNA;
furthermore, the presence of the TAT peptide, despite being a cationic
peptide that could increase the stability of the polyplexes, does not seem
to influence this phenomenon.

Therefore, considering that only the polyplexes obtained with a
weight ratio equal to 10 (R10) are stable in the presence of mucin,
subsequent studies have been carried out exclusively on these
polyplexes.

10
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3.6. Dynamic light scattering

The average dimensions and the surface charge of the polyplexes,
obtained with R equal to 10, were evaluated by dynamic light scattering
measurements.

As reported in Table 2, the PHEA-g-bAPAE-PEG-MLB / siRNA poly-
plexes have sizes slightly larger than 100 nm and a slightly positive
surface charge, which however allows to avoid aggregation phenomena.

After functionalization with TAT peptide, a slight increase in the
hydrodynamic radius of about 17 nm and an increase in the surface
charge of about 10 mV is observed, correlated to the presence of the
different guanidine groups present in the peptide.

These dimensions are appropriate to allow diffusion through mucus
layer, as it is estimated that airway mucus has pore sizes of about 200 nm
(Duncan et al., 2016a). At the same time, however, it should be noted
that the diffusion process depends on various factors, so it is necessary to
carry out further investigations in this regard.

3.7. Evaluation of interaction with mucins

Considering that the negative charge of the mucin can not only give
rise to polyanionic exchange, but also may lead to the formation of
aggregates between polyplexes and mucins, a turbidimetric analysis was
conducted as a function of the incubation time, considering that the
occurrence of polyplexes-mucin interactions, involves a reduction in the
transmittance of the dispersion. The data, shown in Fig. 5, are expressed
as a percentage of transmittance (respect to the transmittance of a mucin
dispersion 1 mg mL™!) as a function of the incubation time.

For the polyplexes obtained with PHEA-g-bAPAE-PEG-MLB, the
approximately linear reduction of the% of transmittance indicates a
tendency to interact with mucin, in particular in the first 200 min;
otherwise, for longer incubation times, the inversion of this trend is
observed, indicating that the polyplexes-mucin interactions are reduced
over time.

For polyplexes obtained with PHEA-g-bAPAE-PEG-MLB functional-
ized on the surface with TAT peptide, the tendency to interact with
mucin is more evident in the first incubation times (% transmittance
equal to 55); this behavior is related to the higher positive charge due to
the presence of the TAT, as suggested by the zeta potential data.

As for non-functionalized polyplexes, a variation of the % of trans-
mittance is observed over time; in particular the % of transmittance is
almost static (about 55 %) up to 100 min and subsequently a slow and
gradual increase of the same is observed.

The reduction of polyplexes-mucin interactions as a function of time
indicates that these interactions are reversible and therefore could, in
principle, not hinder the diffusion of polyplexes in the mucus.

To verify if these interactions could reduce the diffusion of poly-
plexes throw the mucus layer, a mucopenetration test was performed
following a protocol reported in the literature (Lock et al., 2018), using
inserts for cell plates, equipped with a hydrophilic polypropylene
membrane with pores of 0.45 ym, upon which a mucin dispersion has
been deposited to have a thickness of about 1.3 mm.

The dispersion containing the PHEA-g-bAPAE-PEG-MLB / siRNA
polyplexes functionalized with TAT peptide was deposited on the mucin
dispersion and the fluorescence intensity at A 665 nm in the recipient
compartment was measured at scheduled times.

As shown in Fig. 5, the presence of mucins upon the membrane is not
able to hinder the passage to the recipient compartment, but only to
slow down the diffusion of polyplexes if compared to the simple diffu-
sion (evaluated with the same system, but in the absence of mucin).

In particular, it is observed that the polyplexes functionalized with
TAT peptide can cross effectively the barrier represented by the mucin
network, reaching the receiving compartment within 5 h in quantities
corresponding to about 90 % of the total.

However, it should be noted that commercially available purified
mucins do not readily form a viscoelastic gel with rheological properties
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Fig. 5. (a) Evaluation of the electrophoretic mobility of siRNA in the polyplexes obtained with R10 and R5, functionalized and non-functionalized with TAT, after 5h
of incubation with and without mucin; (b) transmittance at 500 nm of dispersions containing mucin in the presence of PHEA-g-bAPAE-PEG-MLB / siRNA (R10)
polyplexes, non-functionalized (red line) and functionalized with TAT (blue line) (Data are reported as means SD, n = 3); (c) schematic representation of the system
used and quantification of polyplexes (%) that reach the recipient compartment in the mucopenetration test, compared with diffusion through hydrophilic poly-
propylene membrane (Data are reported as means SD, n = 3). (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

Table 2
Z-average, polydispersity index (PDI), Z potential of polyplexes.

Polyplexes Z-average PDI Z potential
(nm) (mV)
PHEA-g- bAPAE-PEG-MLB/ siRNA  107+14 0.366 + +10.9 + 5.7
(R10) 0.109
PHEA-g- bAPAE-PEG-MLB/ siRNA 124 + 21 0.531 + +21.0 + 13.8
(R10) + TAT 0.043

comparable to native mucus samples at physiological concentrations
(Duncan et al., 2016b). For this reason, only the effects that electrostatic
interactions have on the passage of the polyplexes through the mucin
layer are taken into account in this study.

3.8. Cell uptake studies

To assess the ability of polyplexes to be endocytosed by the cells of
the bronchial epithelium, uptake studies were conducted on 16HBE
cells.

As can be seen in Fig. 6, after 4 h of incubation the polyplexes
functionalized with the TAT peptide begin to be present in the cytoplasm
of the cells, as indicated by the weak visible fluorescence; differently, the
non-functionalized polyplexes and the siRNA naked are not visible. After
24 h of incubation, an increase in fluorescence is observed, implying that
cell internalization in 16-HBE is time dependent. Furthermore, for pol-
yplexes functionalized with the TAT peptide, the fluorescence is higher
when compared with that recorded for non-functionalized polyplexes,
indicating a greater cellular internalization. At the same time, the
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fluorescence recorded for non-functionalized polyplexes is in any case
higher than that recorded for cells incubated with siRNA naked.

Subsequently, quantitative uptake studies were carried out after 4
and 24 h of incubation, evaluating the fluorescence of the siRNA-Cy5
contained in the cell lysate.

Fig. 6 shows the normalized fluorescence intensity per mg of proteins
contained in the same cell lysate.

After 4 h of incubation, the amount of internalized siRNA after in-
cubation with polyplexes functionalized with the TAT peptide is
approximately 3 times higher than that internalized after incubation
with non-functionalized polyplexes.

After 24 h of incubation, an increase in fluorescence intensity is
recorded in both cases, confirming the time-dependent behavior
observed by fluorescence microscopy (Fig. 6) and confirming that pol-
yplexes functionalized with TAT peptide were internalized more effi-
ciently than non-functionalized polyplexes.

3.9. Gene silencing assay

Once demonstrated that these polyplexes are stable and could be
effectively administered by inhalation, as they can penetrate through
the mucin layer and be internalized by the cells of the bronchial
epithelium, the gene silencing capacity of obtained polyplexes was
evaluated by in vitro ELISA test upon 16HBE cells.

Cells were treated with: (a) naked siRNA and (b) polyplexes and (c)
polyplexes decorated with TAT, both obtained with R equal to 10, and
then exposed to an inflammatory agent, such as LPS. Relative IL-8
production (percentage) was expressed as (Abs treated cells/Abs posi-
tive control cells) x 100. Obtained values are reported in Fig. 7.
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Fig. 6. Qualitative uptake of PHEA-g-bAPAE-PEG-MLB / siRNA-Cy5 polyplexes on human bronchial epithelium cell culture (16HBE) after 4 h (a) and 24 h (b) 100X;
(c) quantitative uptake of PHEA-g-bAPAE-PEG-MLB / siRNA-Cy5 polyplexes on human bronchial epithelial cell culture (16HBE) after 4 h and 24 h (Data are reported

as means SD, n = 3).

Obtained results show that cells incubated with naked siRNA pro-
duce an IL-8 amount non significantly different from that obtained with
control cells. Differently, when cells are incubated in the presence of
polyplexes, there is a reduction of about 30 % in the expression of IL-8.

More promising results have been obtained with the polyplexes
decorated with TAT peptide, since the silencing efficiency is almost
doubled (-60 % of IL-8 expressed). This higher silencing efficiency is
correlated to the higher cellular internalization efficiency when poly-
plexes are functionalized on the surface with TAT peptide, as demon-
strated in previous uptake studies.

Furthermore, the viability of the treated cells was found to be close to
100 %, thus demonstrating that the reduction in IL-8 production is not
caused by cell death.

In parallel, the same experiment was conducted using a siRNA
sequence inactive on the cell line used, not recording any reduction in
the amount of IL-8 produced and therefore correlating the

pharmacological activity to the specific siRNA sequence.

3.10. Microparticles preparation and characterization

Powders of nanosized particles are not suitable for direct inhalation,
since dimensions are not suitable for bronchial deposition (d’Angelo
et al., 2014). To overcome this problem, one of the possible strategies is
the Nano into Micro strategy (NiM), where the nanosystems are
encapsulated in water-soluble microparticles, which dissolve once in
contact with lung fluids, releasing nanosystems (Drago et al., 2021).

In particular, here, spray freeze drying was chosen as an easy tech-
nique which allow to produce highly porous dry powder particles from
an aqueous sample solution (Okuda et al., 2018), allowing to work at
low temperatures, thus preserving the integrity of siRNAs (Liang et al.,
2018).

As matrix material to produce inhalable microparticles, mannitol
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Fig. 8. SEM micrographs of the mannitol porous microparticles containing polyplexes obtained by spray freeze drying.
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Fig. 9. BET nitrogen adsorption-desorption linear isotherm of the sample. Inset
graph represents the pore size distribution calculated using the BJH method
according to the desorption isotherm.

was chosen because of its ability to induce the influx of water from the
epithelial cell layer to the mucus (thanks to its osmotic nature), with a
consequent change in the viscoelastic properties of the mucus (Craparo
et al., 2016; Porsio et al., 2017; Daviskas et al., 2010).

First, we quantified the siRNA content into the microparticles and
compared it with that of fresh polyplexes preparation, using an ethidium
bromide (EtBr) exclusion assay as described in the experimental part.
The data obtained showed that no siRNA losses, due to degradation,
occur.

Then, the actual ability of this system to induce gene silencing, even
after spray freeze-drying, was then assessed using in vitro assays that
quantified IL-8 released by treated cells after exposure to LPS. In
particular, polyplexes were found to retain excellent silencing capacity,
reducing IL-8 release by approximately 50 % (Fig. S5).

The spray freeze-drying technique is therefore an excellent drying
method for nucleic acid-based drug delivery systems, as it avoids nucleic
acid degradation which leads to a reduction in the pharmacological
effect.

In consideration that the properties of inhaled powders critically
influenced the aerosolization efficiency of DPIs and consequently the
deposition site in the respiratory tract, the morphology, the specific
surface area and the porosity were further investigated by Scanning
Electronic Microscopy and by gas physisorption.

The SEM micrographs of the obtained powder (Fig. 8) show that the
particles obtained with this technique have an irregular but almost
spherical shape, with an average physical diameter of about 7 um, and
are characterized by high porosity.

Therefore, in order to investigate the surface characteristics of the
particles, the Brunauer-Emmett-Teller (BET) method is applied to
calculate the specific surface area, while the Barrett, Joyner and
Halenda (BJH) model was used to calculate the pore size distribution.

Fig. 9 shows the nitrogen adsorption-desorption isotherm and the
corresponding Barret-Joyner-Halenda (BJH) pore size distribution
curve of the obtained sample.

According to IUPAC classification, the sample exhibits a type IVa
isotherm with a H3-type hysteresis loop characteristic of mesoporous
materials and attributable to particles with lamella-shaped pores
(Thommes et al., 2015; Sun et al., 2017). This fits with the obtained pore
size distribution (Fig. 9 inset) which shows that the pores are mostly
mesoporous, falling into the range of 2-50 nm.

The external surface area, calculated by the BET equation from ni-
trogen adsorption data, was 47.269 m’g~! (multi-point BET). In
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addition, the total pore volume was 0.135 (cm® g’l).

Considering that particles of the same size (7 um), perfectly spher-
ical, consisting of pure mannitol (dmannitol= 1-49 cm ™), havea specific
surface area of about 0.57 m? g%, our particles have a specific surface
area about 80 times higher, having a high porosity that could allow
powder aerosolization.

4. Conclusions

In this work, polyplexes able to release siRNA in the bronchial
epithelium as a possible treatment of asthma were designed using a
cationic copolymer derived from PHEA.

To obtain a protonable copolymer, PHEA was first conjugated with
the oligoamine bAPAE and subsequently with an appropriate amount of
PEG, which, as widely known, modulating the hydrophilicity and
shielding the charge of the nanocomplexes, confer the ability to pene-
trate through the mucus layer.

Furthermore, considering that these polyplexes must be able to cross
not only the mucus barrier, but also the barrier represented by the
bronchial epithelium, polyplexes were functionalize on the surface with
the TAT peptide, exploiting a thiol-ene reaction, by introducing thiol
group in TAT structure and introducing a double bond to the PEG chain.

The introduction of a double bond at the PEG terminal was obtained
using a derivative of maleimide, obtaining the MLB-PEG-COOH deriv-
ative which was subsequently conjugated to the PHEA-g-bAPAE copol-
ymer, using EDC and NHS as condensating agents. The introduction of
the thiol group into the peptide structure was achieved by using the
succinimide ester of 3- (2-pyridyldithium) propionic acid (SPDP).

Therefore, nanometric (=~ 124 nm) polyplexes decorated on the
surface with the TAT peptide have been obtained; these results to be
cytocompatible and able to retain the siRNA with a suitable complexa-
tion R during the diffusion process through the mucus.

Despite polyplexes establish weak bonds with the mucin chains,
these can diffuse efficiently through the mucin layer and therefore they
are potentially able to reach the bronchial epithelium.

Furthermore, through cellular uptake studies, it was possible to
observe how the obtained polyplexes penetrate effectively in the cyto-
plasm of bronchial epithelial cells, where they can reduce IL-8 gene
expression of 30 % and 60 %, respectively for nude polyplexes and TAT
decorated polyplexes, after LPS exposure.

In the end, polyplexes were encapsulated in water soluble mannitol-
based microparticles, by spray freeze drying, obtaining highly meso-
porous structures of about 7 um and a specific surface area equal to
47.269 m%g !, characteristics that make them potentially administrable
by inhalation route.

'H NMR spectra of PHEA-bAPAE copolymer, MLB-PEG-COOH de-
rivative and TAT-SPDP conjugate. Quantitative determination of surface
functionalization with TAT peptide.
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