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Abstract
Purpose The aim of this study was to understand how coating with a pulmonary surfactant, namely Alveofact, affects the 
physicochemical parameters as well as in vitro behavior of polyethylenimine (PEI) polyplexes for pulmonary siRNA delivery.
Methods Alveofact-coated polyplexes were prepared at different Alveofact:PEI coating ratios and analyzed in terms of size, 
PDI and zeta potential as well as morphology by transmission electron microscopy. The biological behavior was evaluated in 
a lung epithelial cell line regarding cell viability, cellular uptake via flow cytometry and gene downregulation by qRT-PCR. 
Furthermore, a 3D ALI culture model was established to test the mucus diffusion and cellular uptake by confocal microscopy 
as well as gene silencing activity by qRT-PCR.
Results After optimizing the coating process by testing different Alveofact:PEI coating ratios, a formulation with suitable 
parameters for lung delivery was obtained. In lung epithelial cells, Alveofact-coated polyplexes were well tolerated and 
internalized. Furthermore, the coating improved the siRNA-mediated gene silencing efficiency. Alveofact-coated polyplexes 
were then tested on a 3D air-liquid interface (ALI) culture model that, by expressing tight junctions and secreting mucus, 
resembles important traits of the lung epithelium. Here, we identified the optimal Alveofact:PEI coating ratio to achieve 
diffusion through the mucus layer while retaining gene silencing activity. Interestingly, the latter underlined the importance 
of establishing appropriate in vitro models to achieve more consistent results that better predict the in vivo activity.
Conclusion The addition of a coating with pulmonary surfactant to polymeric cationic polyplexes represents a valuable 
formulation strategy to improve local delivery of siRNA to the lungs.
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Introduction

The recent authorization of the first mRNA vaccines for the 
prophylaxis of COVID-19 has shed the light on the advan-
tages of RNA-based therapeutics as potential treatment for a 
variety of diseases. Besides the mRNA vaccines, in the last 
four years we have witnessed the approval of four siRNA 
therapies [1, 2]. RNA interference, in fact, can theoreti-
cally be tuned to downregulate any target sequence, whether 

endogenously or exogenously produced [3]. Although the 
currently approved siRNA drugs are administered intrave-
nously and target the liver, research efforts are focused on 
the development of delivery systems that can target tissues 
beyond the liver and that are designed for local administra-
tion [4, 5]. Particularly pulmonary administration appears 
as a desirable route of delivery for siRNA. Due to its large 
surface area, low enzymatic activity and ease of access, the 
development of formulations for direct administration to 
the lung appears as a promising strategy [6]. Furthermore, 
the development of an siRNA therapy for direct adminis-
tration to the airways could be beneficial for treating sev-
eral pathological conditions affecting the lung for which 
no curing treatment is available yet, such as cystic fibrosis, 
asthma, acute lung injury, lung cancer but also viral infec-
tions as in the case of the recent SARS-CoV-2 outbreak 
[7–11]. Although two siRNA formulations reached clini-
cal trials for intranasal administration, no formulation for 
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direct administration to the lungs has been approved yet 
[12]. Despite the undeniable benefits offered by pulmonary 
administration, some major obstacles must be overcome to 
reach the target site as well as an efficient downregulation. 
Branching of the airways, mucus secretion and mucociliary 
clearance represent indeed crucial barriers hampering the 
activity of siRNA. For this reason, suitable delivery systems 
that can overcome the hurdles of the lung should be devel-
oped [13]. The nanocarrier, in fact, should not only protect 
the payload from degradation, but also diffuse through the 
mucus layer typical for the airways, particularly in the dis-
eased state [14]. While the upper airways are covered by a 
mucus layer rich in lipids and glycoproteins, particularly 
mucin, the lower tract is covered by a thin layer of lung 
surfactant. Lung surfactant is secreted by alveolar type II 
cells and is responsible for reducing surface tension as well 
as for first line defense against external intruders [15]. It 
is composed mainly of lipids such as phosphatidylcholine, 
phosphatidylglycerol and cholesterol, which account for 
about 90% of the total mass. The remaining 10% consists 
of proteins, to which the surfactant specific hydrophilic pro-
teins SP-A and SP-B belong that play a role in the innate 
immune and inflammatory response, and the hydrophobic 
SP-B and SP-C proteins, which help exerting the biophysi-
cal function of the lung surfactant. Pulmonary surfactant 
represents in fact the first biological fluid encountered by 
the delivery system when reaching the deep lung and it 
forms a biomolecular corona around the nanoparticles that 
can alter biodistribution, cellular uptake and cytotoxicity 
of the nanoparticles [16]. Although pulmonary surfactant 
can be considered an obstacle for delivering siRNA to the 
deep lung, previous studies suggest that it could represent 
an ally indeed [17]. Notably, pulmonary surfactant coat-
ing of polymeric delivery systems was reported to have a 
beneficial effect on siRNA delivery of different systems, 
such as PLGA-based nanoparticles [18] or dextran nanogels 
[19]. Additional studies also suggested that lung surfactant 
did not negatively influence the transfection efficiency of 
polymer-based delivery systems, while lipid-based delivery 
systems were in fact negatively affected [20]. On this basis, 
we decided to repurpose a broadly studied cationic polymer 
for siRNA delivery, polyethylenimine, with the addition of 
Alveofact coating, a commercially available pulmonary 
surfactant, following the formation of PEI/siRNA poly-
plexes. Although cationic polymers can efficiently condense 
and deliver siRNA to the cells, limitations are generally 
observed in terms of inadequate endosomal escape as well 
as high toxicity linked to the cationic nature of the polymer 
[21, 22]. In contrast, coating with pulmonary surfactant was 
shown to improve the safety as well gene silencing profile 
of non-viral delivery systems for siRNA [23]. Therefore, we 
have established a method for coating PEI polyplexes with 
Alveofact pulmonary surfactant at different PEI:Alveofact 

coating ratios. We tested the different formulations in terms 
of physicochemical behavior, stability and in vitro activ-
ity to identify the most promising one. We observed that 
Alveofact coating improved the gene silencing activity 
in comparison to uncoated polyplexes in a lung epithelial 
cell line. To further investigate the polyplexes in a more 
relevant in vitro setting, we developed an air-liquid inter-
face culture of the respiratory tract that retains tight junc-
tions as well as mucus secretion. ALI cultures represent 
a valid tool to reproduce some of the main features of the 
healthy as well as diseased respiratory tract in vitro and 
can be thus considered a more suitable instrument to test 
drug delivery systems for pulmonary delivery [24]. After 
testing Alveofact-coated polyplexes at ALI, we identified a 
formulation able to penetrate the mucus layer as well as to 
efficiently downregulate the expression of an endogenously 
expressed housekeeping gene. The experiment underlined 
the importance of testing delivery systems in appropriate 
in vitro models that better predict the in vivo behavior of 
the formulation. The resulting formulation is considered 
an efficient strategy to improve the delivery of siRNA 
to lung epithelial cells particularly in disease conditions 
accompanied with a deficiency of endogenous pulmonary 
surfactant, such as in patients suffering from acute respira-
tory distress syndrome (ARDS), or even in CARDS result-
ing from severe course of COVID-19 infection [25]. In this 
regard, Alveofact coating not only improved the transfection 
efficiency, but also helped drug spreading and absorption 
after pulmonary administration to more distal lung regions 
and thus lead to better therapeutic outcomes.

Materials and Methods

Materials

HEPES (4-(2-hydroxyethyl)–1-piperazineethanesulfonic 
acid), PEI 25 kDa, heparin sodium salt, paraformaldehyde 
solution, FluorSave™ Reagent, Eagle’s Minimum Essen-
tial Medium (EMEM), RPMI-1640 Medium, fetal bovine 
serum (FBS), Penicillin-Streptomycin solution, Dulbec-
co’s Phosphate Buffered Saline (PBS), trypsin-EDTA solu-
tion, 200 mM L-glutamine solution, Paraformaldehyde, 
Tween20, agarose and Alcian Blue solution (1% in 3% 
acetic acid pH 2.5) were purchased from Sigma-Aldrich 
(Darmstadt, Germany). Lipofectamine 2000, SYBR gold 
dye, AF488-anti-rabbit secondary antibody, rhodamine 
phalloidin, 4′,6–diamidino–2-phenylindole dihydrochlo-
ride (DAPI), Alexa Fluor™ 647 NHS ester and Alexa 
Fluor™ 488 NHS ester were obtained from Life technolo-
gies (Carlsbad, California, USA). Transwell® polyester 
membrane cell culture inserts (0.4 μm pore size) were 
purchased from Corning (New York, USA). PneumaCult 
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ALI differentiation medium, hydrocortisone and heparin 
were purchased from Stemcell Technologies (Vancouver, 
Canada). Alveofact was purchased from Lyomark Pharma 
(Oberhaching, Germany). ROTI®GelStain Red and bovine 
serum albumin were purchased from Carl Roth GmbH 
(Karlsruhe, Germany). Dicer substrate double-stranded 
siRNA (DsiRNA) targeting human GAPDH, non-specific 
DsiRNA and amine-modified siRNA were purchased from 
integrated DNA Technologies (Leuven, Belgium).

Preparation of Alveofact‑Coated Polyplexes

Alveofact-coated polyplexes were formed by first pre-
paring dilutions of PEI 10 kDa in RNase free water at a 
concentration of 1 mg/ml. Stocks of polymer and siRNA 
were further diluted in 10 mM HEPES buffer pH 7.4 to 
reach the desired concentration. The polymer dilution was 
added to the siRNA dilution and incubated for 20 min to 
obtain polyplexes at a defined N/P ratio of 6. In the mean-
time, different dilutions of Alveofact were prepared for 
Alveofact:PEI ratios (w/w) of 0, 1:5, 1:2.5, 1:1, 2.5:1, 5:1, 
10:1, followed by sonication in a water bath without heat-
ing for 20 min. Two stocks of Alveofact were used, 0.2 mg/
ml and 2 mg/ml, to keep the volume for each formulation 
constant. Alveofact:PEI ratio of 0 equals to no Alveofact 
added. Once the polyplex incubation time was completed, 
polyplexes were gently mixed with post-sonicated solu-
tions of Alveofact and incubated for 10 min. The forming 
particles were subsequently subjected to a second soni-
cation step for 20 min in the water bath to establish the 
Alveofact outer coating.

Characterization of Polyplexes

Size, Polydispersity Index and Zeta (ζ) Potential 
of Alveofact‑Coated Polyplexes

Hydrodynamic size and polydispersity index (PDI) were 
measured by dynamic light scattering using a Zetasizer 
Nano ZS (Malvern Instruments, Malvern, UK). Polyplexes 
were prepared with siRNA in 10 mM HEPES pH 7.4 and 
100 μl were added to a disposable microcuvette for analy-
sis. Measurements were performed at 173° backscatter 
angle running 10 runs three times per sample. Results are 
shown as average size (± SD). For ζ-potential measure-
ments, the samples were further diluted to 700 μl with 
10 mM HEPES buffer pH 7.4 and added to a folded capil-
lary cell for ζ-potential measurement, which were analyzed 
by Laser Doppler Anemometry (LDA). A total of three 
runs per sample was performed, with each run consisting 
of 30–50 scans. Results are shown as mV ± SD.

TEM

The morphology of uncoated and coated polyplexes was 
analyzed at transmission electron microscopy. Briefly, 3.5 μl 
of freshly prepared polyplexes were applied to pre-coated 
Quantifoil holey carbon supported grids and negatively 
stained using 2% uranyl acetate. Micrographs were digitally 
recorded on a Tecnai G2 Spirit TEM at 120 kV. Data was 
collected under low dose conditions at a nominal magnifica-
tion of 90,000 X and a nominal defocus of – 0.9 μm using 
an TVIPS XF216 2048 × 2048 pixel CCD camera (TVIPS, 
Gauting, Germany).

SYBR Gold

SYBR Gold Assay was used to assess the percentage of free 
siRNA in the formulations after production of Alveofact-
coated polyplexes produced by different coating methods. 
Alveofact-coated polyplexes were prepared at N/P 6 with 
100 pmol siRNA at different Alveofact:PEI ratios (w/w). 
Of each polyplex suspension, 100 μL of was added to a 
white FluoroNunc 96-well plate. Subsequently, 30 μL of a 
4X SYBR Gold solution was added to each well, and the 
plate was incubated for 10 min in the dark. Fluorescence 
was measured on a FLUOstar OMEGA plate reader (BMG 
Labtech, Ortenberg, Germany) using a 492 and 555 nm exci-
tation and emission wavelength, respectively. Free siRNA 
was used as 100% value. Measurements were carried out 
in triplicate, and the results were shown as mean value ± 
SD (n = 3).

Release Study

Stability of polyplexes is influenced by the presence of 
anions in biological fluids and cell culture medium con-
taining serum. Therefore, heparin, a polyanion that poten-
tially competes with nucleotides, was used to investigate 
the release capacity of siRNA from polyplexes. Alveofact-
coated polyplexes were prepared in HEPES 10 mM pH 7.4 
at N/P 6 with 100 pmol at different Alveofact:PEI ratio 
(w/w). Heparin was dissolved in HEPES 10 mM pH 7.4 
to obtain the concentration of 0.2 USP units/μL, followed 
by 2-fold serial dilutions. Aliquots of 100 μL of each poly-
plexes solution were added to a white FluoroNunc 96-well 
plate with subsequent addition of 10 μL of heparin at dif-
ferent concentrations (0.125, 0.25, 0.5, 1, 2 USP units/
well). After 30 min of incubation, 30 μL of a 4X SYBR 
Gold solution was added to each well and the plate was 
incubated for 10 min in absence of light. Fluorescence 
determination and free siRNA calculation were performed 
similarly to SYBR Gold Assay as described above. Meas-
urements were executed in triplicate, and results were 
shown as mean value ± SD (n = 3).
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Gel Integrity Assay

To confirm the integrity of Alveofact-coated poly-
plexes after sonication, a gel retardation assay was per-
formed. A 1% Agarose gel was prepared and stained with 
ROTI®GelStain Red. Polyplexes were prepared with 
300 pmol siRNA at three different Alveofact:PEI ratios (0, 
2.5:1 and 5:1). As positive control, polyplexes were treated 
with 1 USP unit of heparin. 3 μL of low range ssRNA lad-
der (New England BioLabs, Ipswich, Massachusetts, USA) 
and 3 μL of siRNA were respectively diluted in 27 μL 
of RNA free water. 30 μL of each sample were mixed 
with 5 μL of loading dye (New England BioLabs, Ipswich, 
Massachusetts, USA), loaded into the slots of a gel, and 
electrophoresis was run at constant voltage of 200 V for 
15 min in Tris-borate EDTA buffer. The gel was visualized 
using a ChemiDoc MP imaging system (Bio Rad, Hercu-
les, California, USA).

Polyplexes Stability in Storage Condition

To evaluate the stability of Alveofact-coated polyplexes, 
batches at different coating conditions were prepared and 
stored at room temperature protected from light. At specific 
time points (0, 24, 48, 72, 96 and 168 h), hydrodynamic size 
was measured by dynamic light scattering. Briefly, 100 μl 
were added to a disposable microcuvette and measurements 
were performed at 173° backscatter angle performing 10 
runs three times per sample. Results are shown as average 
size (± SD).

Polyplexes Stability in Presence of Mucin

Stability of polyplexes in presence of mucin was evaluated 
by gel retardation assay. Briefly, a 1% Agarose gel stained 
with ROTI®GelStain Red was prepared as well as poly-
plexes loaded with 200 pmol siRNA at two Alveofact:PEI 
ratios (2.5:1 and 5:1). Two stock solutions of mucin were 
prepared at two different concentrations, 3 and 6 mg/mL, 
to achieve final mucin solutions of 1 mg/mL and 2 mg/mL 
respectively after the addition of polyplexes. 20 μL of each 
formulation was mixed with either 10 μL of HEPES 10 mM 
pH 7.4, 10 μL of mucin 3 mg/mL or 10 μL of mucin 6 mg/
mL and incubated for 30 minutes. As positive controls, 2 
USP units of heparin were subsequently added to samples 
containing 20 μL polyplexes and 10 μL of mucin 6 mg/mL. 
After incubation, each sample was mixed with 5 μL of load-
ing dye, loaded into gel and electrophoresis was run at 200 V 
for 15 min in Tris-borate EDTA buffer solution. The gel was 
visualized using a ChemiDoc MP imaging system (Bio Rad, 
Hercules, California, USA).

Cell Culture

The human non-small carcinoma cell line H1299 was 
cultured in RMPI-1640 medium supplemented with 10% 
FBS and 1% P/S. 16HBE14o- cells were grown in EMEM 
medium supplemented with 10% FBS and 1% P/S. Cells 
were passaged every 3 days with trypsin 0.25% and subcul-
tured in 75  cm2 flasks. Cells were maintained in a humidified 
atmosphere at 37°C and 5%  CO2.

Cellular Uptake by Flow Cytometry

To evaluate the cellular uptake of Alveofact-coated poly-
plexes, amine-modified siRNA was labeled with succinimi-
dyl ester (NHS) AlexaFluor488 fluorescent dye according 
to the manufacturer’s protocol. The resulting AF488-siRNA 
was then purified via ethanol precipitation and spin column 
as previously described [26]. H1299 cells were seeded at a 
density of 50.000 cells/well in 500 μl medium and incubated 
for 24 h at 37°C and 5%  CO2. The day after, cells were trans-
fected with polyplexes prepared at different Alveofact:PEI 
coating ratios (0, 1:5, 1:2.5, 1:1, 2.5:1, 5:1) with 50 pmol 
AF488-siRNA. Positive controls consisted of Lipofectamine 
2000 lipoplexes, whereas untreated cells and samples treated 
with free siRNA were used as negative controls. Cells were 
incubated for 24 h at 37°C and 5%  CO2. Cells were then 
harvested, washed in PBS and resuspended in PBS/2 mM 
EDTA for analysis via flow cytometer (Attune NxT, Thermo 
Fisher Scientific, Waltham, Massachusetts, USA) for the 
median fluorescence intensity (MFI) of AF488-siRNA using 
488 nm excitation and a 530/30 nm bandpass emission fil-
ter. Samples were gated by morphology based on forwards/
sideward scattering with a minimum of 10.000 viable cells. 
Results are displayed as mean values ± SD.

In Vitro GAPDH Gene Knockdown

For gene silencing experiments, 100.000 16HBE14o- cells 
were seeded in a 12-well-plate in 1 ml medium and were 
incubated for 24 h at 37°C and 5%  CO2. The day after, cells 
were transfected with 100 μl of polyplexes prepared at dif-
ferent Alveofact:PEI coating ratios (0, 1:5, 1:2.5, 1:1, 2.5:1, 
5:1) with 100 pmol of GAPDH or scrambled siRNA. Posi-
tive controls consisted of Lipofectamine 2000 lipoplexes, 
while negative controls consisted of untreated cells. After 
24 h, cells were harvested and processed to isolate RNA 
using the PureLink RNA mini kit according to the manu-
facturer’s protocol (Life technologies, Carlsbad, USA) with 
additional DNase digestion. Afterwards, cDNA was synthe-
sized from total RNA using the high-capacity cDNA syn-
thesis kit (Applied Biosystems, Waltham, Massachusetts, 
USA). The obtained cDNA was then diluted 1:10 in water 
and amplified on QuantStudio 3 Real-Time PCR (Thermo 
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Fisher Scientific, Waltham, Massachusetts, USA) using the 
SYBR™ Green PCR Master Mix (Thermo Fisher Scien-
tific, Waltham, Massachusetts, USA) with primers of human 
GAPDH (Qiagen, Hilden Germany) and β-actin (Qiagen, 
Hilden Germany). The RT-qPCR template consisted of an 
initial denaturation step for 10 min at 95°C, subsequently 
40 cycles of 95°C for 15 s, annealing and elongation at 60°C 
for 1 min. Cycle threshold (Ct) values were obtained and 
GAPDH gene expression was normalized by correspond-
ing β-Actin expression for each sample. The qPCR results 
were analyzed using the  2−∆∆Ct method and presented as a 
relative quantity of transcripts. Values are given as mean 
values ± SEM.

In Vitro Cell Viability

To evaluate the cell viability after incubation with Alveo-
fact-coated polyplexes, an MTT assay was performed. 
16HBE14o- cells were seeded at a density of 10.000 
cells/well in 100 μl medium in a 96-well-plate. The day 
after, cells were then transfected with Alveofact-coated 
polyplexes at different Alveofact:PEI coating ratios (0, 
1:5, 1:2.5, 1:1, 2.5:1, 5:1) containing 20 pmol scrambled 
siRNA and incubated for 24 h at 37°C and 5%  CO2. After-
wards, medium was removed and replaced with 100 μl of a 
sterile 0.5 mg/ml 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) solution and incubated for 
3 h at 37°C and 5%  CO2. Medium was then removed and 
200 μl DMSO was added to dissolve formazan crystals. 
Absorbance was read at 570 nm using a microplate reader 
(Tecan, Männedorf, Switzerland). Results are given as 
mean values of triplicates ± SD.

Polyplexes Behavior in 16HBE14o‑ Cells Grown 
at ALI

16HBE14o‑ Characterization under ALI Conditions

16HBE14o- cells were seeded at the density of 3 ×  105 cell/
cm2 on the apical side of Transwell® polyester cell culture 
inserts (6.5 mm, 0.4 μm pore size) in 100 μl medium. The 
basolateral compartment was filled with 700 μl medium. 
After 72 h of incubation (day 3), medium was removed from 
the apical side while the medium on the basolateral side was 
replaced with PneumaCult™ ALI medium (Stemcell tech-
nologies, Vancouver, Canada) to obtain air-liquid interface 
conditions. Medium in the basolateral chamber was replaced 
every two days. To monitor the development of the polarized 
epithelial layer, transepithelial electrical resistance (TEER) 
was measured every day starting from day 1 after air-lift, 
using an EVOM epithelial volt/Ω meter (World Precision 
Instruments, Sarasota, USA). TEER values were corrected 
by subtracting the background of an empty Transwell® 

insert and medium. For the measurement, 200 μl and 700 μl 
of medium were added to the apical and basolateral side 
of the insert respectively, and TEER values were recorded 
using an STX2 electrode following the manufacturer’s 
instructions.

To evaluate the secretion of mucus by 16HBE14o- cells 
under ALI conditions, an alcian blue staining was per-
formed. 7 days after air-lift, the cell layer was washed three 
times with PBS and fixed using 4% (v/v) paraformaldehyde 
for 15 min. Afterwards, the cell layer was washed again with 
PBS, incubated with 100 μL of alcian blue solution (1% in 
3% acetic acid, pH 2.5) (Sigma-Aldrich) for 15 min and then 
washed again 3 times with PBS. The membrane was cut 
with a sharp point scalpel, mounted on glass slides using 
FluorSave™ reagent (Merck Millipore, Billerica, USA) and 
analyzed with a BZ-8100 (Biozero) fluorescence microscope 
(Keyence, Osaka, Japan).

To confirm the development of tight junctions under ALI 
conditions, the expression of zonula occludens protein-1 
(ZO-1) was investigated by immunohistochemical staining. 
On day 7 after air-lift, the cell layer was washed 3 times 
with PBS and fixed in 4% paraformaldehyde for 15 min. 
After that, the cell layer was rinsed 3 times with PBS and 
permeabilized with 200 μL 0.3% Tween20 for 10 min. After-
wards, 200 μL of 5% BSA blocking buffer was added to the 
insert and incubated for 60 min. The membrane was then 
cut with a sharp point scalpel, placed in a 24-well-plate and 
incubated overnight with 300 μL of rabbit ZO-1 antibody 
solution (1:100 dilution in blocking buffer) at 4°C. On the 
following day, the membrane was washed 3 times with PBS 
and incubated with 300 μL of AF488 anti-rabbit secondary 
antibody (1:500 dilution in blocking buffer) for 60 min in 
the dark. The membrane was then washed 3 times with PBS 
and incubated with a 0.5 μg/ml 4′,6-diamidino-2-phenylin-
dole (DAPI) solution for 15 min. Afterwards, the membrane 
was rinsed 3 times with PBS, mounted using FluorSave™ 
reagent on glass slides and analyzed with an SP8 inverted 
confocal scanning laser microscope (Leica Camera, Wetzlar, 
Germany). The images were exported from the Leica Image 
Analysis Suite and processed with the Fiji distribution of 
ImageJ.

Cell Uptake Study

To evaluate the cellular uptake of Alveofact-coated poly-
plexes in ALI culture, amine-modified siRNA was labelled 
with succynimidyl ester (NHS) modified AlexaFluo647 dye 
according to the manufacturer’s protocol and subsequently 
purified via ethanol purification as previously reported [26].

Differentiated 16HBE14o- cells were transfected with 
polyplexes prepared at different Alveofact:PEI coating ratios 
(0, 2.5:1, 5:1) with 100 pmol AF647-siRNA and incubated 
for 24 h at 37°C and 5%  CO2. Afterwards, cells fixed in 4% 
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PFA for 15 min, washed 3 times with PBS and permeabi-
lized with PBS + 0.3% Tween20 for 10 min. Cytoskeleton 
was then stained by incubation with rhodamine phalloidin for 
60 min, followed by nuclei staining with 0.5 μg/ml solution of 
4′,6-diamidino-2-phenylindole (DAPI) for 15 min. The mem-
brane was then cut and mounted using FluorSave™ reagent 
on a glass slide and analyzed with an SP8 inverted confocal 
scanning microscope (Leica Camera, Wetzlar, Germany). The 
images were exported from the Leica Image Analysis Suite 
and processed with the Fiji distribution of ImageJ.

Mucus Penetration Study

To test the ability of Alveofact-coated polyplexes to cross 
the mucus layer secreted by 16HBE14o- cells, cells were 
transfected with Alveofact-coated polyplexes at different 
Alveofact:PEI ratios (0, 2.5:1, 5:1) containing 100  pmol 
AF647-siRNA and incubated for 24 h at 37°C and 5%  CO2. 
Once the incubation time was completed, AF488-wheat germ 
agglutinin was added to the cells and incubated for 15 min at 
37°C and 5%  CO2 to stain the mucus layer. Afterwards, cells 
were washed 2 times with PBS and the membrane was cut and 
mounted on glass slides using FluorSave™ reagent. Mem-
branes were immediately analyzed with a SP8 inverted confocal 
laser scanning microscope (Leica Camera, Wetzlar, Germany). 
The images were exported from the Leica Image Analysis Suite 
and processed with the Fiji distribution of ImageJ.

GAPDH Knockdown in 16HBE14o‑ Cells at ALI

To measure the transfection efficiency of polyplexes in a 
mucus-presenting environment, 16HBE14o- cells grown 
at ALI conditions were transfected with Alveofact-coated 
polyplexes at different Alveofact:PEI ratios (0, 2.5:1, 5:1) 
containing 100 pmol GAPDH or scrambled siRNA and 
incubated for 24 h at 37°C and 5%  CO2. Positive controls 
consisted of Lipofectamine2000 lipoplexes while negative 
controls consisted of blank/untreated cells. Once the incu-
bation time was completed, cells were detached from the 
membranes and RNA was extracted using PureLink RNA 
mini kit (Life technologies, Carlsbad, USA) according to 
the manufacturer’s protocol. Samples were then processed 
for cDNA synthesis and qPCR as described above. Values 
are given as the mean of triplicates ± SEM.

Statistics

Statistical analysis was performed with GraphPad Prism 5 
software using One-Way ANOVA with Bonferroni post-
hoc test, with p > 0.05 considered not significant (ns), and 
*p < 0.05. **p < 0.01, ***p < 0.005, **** p < 0.001 consid-
ered significantly different.

Results and Discussion

Physico‑Chemical Characteristics 
of Alveofact‑Coated Polyplexes

Size and surface charge of polyplexes regularly requires opti-
mization to achieve efficient delivery to their target cells. In 
the case of pulmonary administration, the development of a 
delivery system able to deliver the payload to lung epithelial 
cells while penetrating the mucus barrier covering the epi-
thelium is a prerequisite not only in the diseased state. In this 
regard, we aimed at developing Alveofact-coated polyplexes 
with optimized properties for pulmonary administration.

To achieve a successful coating of polyplexes, we 
included two sonication steps, a first one for Alveofact 
alone and a second one after adding Alveofact to siRNA/
PEI polyplexes. In a preliminary formulation screening, 
we tried initially coated polyplexes with a single Alveo-
fact sonication step prior to incubation with siRNA/PEI 
polyplexes. However, only polyplexes with unfavorable 
physicochemical properties were obtained (Supplemen-
tary Fig. 1). Conversely, the inclusion of a sonication step 
following incubation with lung surfactant resulted indeed 
in polyplexes with promising physicochemical parameters 
(Fig. 1A). An explanation for this observation could be the 
fact that Alveofact tends to self-assemble into multilamel-
lar bodies and vesicles, leading to aggregation phenom-
ena that prevent a homogeneous coating of polyplexes, 
consequently resulting in poor physicochemical param-
eters [27]. The inclusion of a sonication step seemed to 
favor the formation of smaller and more homogeneous 
surfactant vesicles, which are better incorporated in the 
hybrid delivery system [28]. First, we investigated the 
optimal Alveofact:PEI coating ratio required to achieve 
appropriate physicochemical characteristics. Polyplexes 
were prepared at different Alveofact:PEI coating ratios 
(0, 1:5, 1:2.5, 1:1, 2.5:1, 5:1, 10:1) and investigated in 
terms of size, PDI and ζ-potential. An N/P ratio of 6 was 
kept constant throughout the formulation study as it was 
previously shown to be ideal for pulmonary administration 
of siRNA/PEI polyplexes [29]. As presented in Fig. 1A, 
polyplexes prepared with a coating ratio between 1:5 and 
5:1 showed desirable values in terms of size, PDI and 
ζ-potential. Sizes ranged from 90 to 120 nm, while PDI 
presented values around 0.2, similarly to uncoated poly-
plexes. However, polyplexes prepared at a coating ratio 
of 10:1 displayed extremely increased sizes and PDI as 
well as a decreased zeta-potential. We hypothesized that 
the excess of Alveofact used led to agglomeration phe-
nomena, which caused loss of stability of the formulation. 
Furthermore, we observed that Alveofact coating did not 
influence the encapsulation efficiency of polyplexes. At 
N/P 6, only negligible siRNA release less than 0.3% of 
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the encapsulated siRNA was detected for both coated and 
uncoated polyplexes (Supplementary Table 1). To confirm 
the presence of the Alveofact coating, TEM pictures were 
acquired for uncoated polyplexes and coated polyplexes at 
the representative Alveofact:PEI ratio of 2.5:1 (Fig. 1C, 

D). The pictures underlined a clear difference between 
coated and uncoated polyplexes. While Fig. 1C represents 
uncoated polyplexes as dark, homogenous, rounded dots, 
coated nanoparticles (Fig. 1D) present a lighter corona 
around the dark polymeric core, which can be assumed 

Fig. 1  Physico-chemical properties of Alveofact-coated polyplexes. (A) Hydrodynamic diameter and polydispersity index, and (B) ζ-potential 
of Alveofact-coated polyplexes prepared at N/P 6 in HEPES 10 mM pH 7.4 at different Alveofact:PEI coating ratios. (C, D) TEM images of 
uncoated and Alveofact-coated and polyplexes, respectively. (E) Agarose gel electrophoresis for integrity tests of Alveofact-coated polyplexes 
prepared with 100 pmol siRNA. Positive controls consisted of free siRNA, uncoated polyplexes, and Alveofact-coated polyplexes (2.5:1 and 5:1) 
in 1 USP unit of heparin.
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to be Alveofact coating. However, the surfactant layer 
is not as defined as the polymeric core, probably due to 
irregular coating of the polyplexes. The micrographs also 
reflect the presence of some empty vesicles, which could 
be a source of increased polydispersity. Nevertheless, the 
implementation of microfluidics could potentially help 
in the future to eliminate empty vesicles and to reduce 
polydispersity [30]. A similar experiment was performed 
by Mousseau et al., where a supported lipid bilayer from 
Curosurf was deposited onto silica nanoparticles [31]. The 
latter study resulted in comparable TEM images. How-
ever, while physico-chemical features of silica nanopar-
ticles can be accurately tuned by synthesis, resulting in 
analogously spherical-shaped nanoparticles, polyplexes 
are more dynamic in terms of size, shape and morphology 
due to the fact that electrostatic interaction is the main 
driving force for polyplex formation.

Since a sonication step was included for preparing Alveo-
fact-coated polyplexes, any detrimental effect of sonication 
on siRNA integrity was assessed by a gel integrity assay. 
In this experiment we tested the integrity of siRNA after 
sonication of uncoated polyplexes and two representative 
coated formulations (2.5:1 and 5:1). As positive controls, 
free siRNA and polyplexes incubated in presence of 1 USP 
unit of heparin were included in the gel (Fig. 1E), which 
was previously identified as the heparin concentration neces-
sary to achieve a complete release of siRNA (Supplementary 
Fig. 2). The experiment confirmed the integrity of siRNA 
and complete encapsulation following sonication.

Stability of Polyplexes

One of the main hurdles involved in local administration 
to the lungs is represented by the mucus barrier of the res-
piratory tract [32]. The mucus layer, especially in chronic 
obstructive diseases, has a strong impact on the stability of 
the formulation as well as on the efficient delivery of the 
cargo to the cells located below that layer. On this basis, 
we established a modified gel integrity assay to test the sta-
bility of Alveofact-coated polyplexes in presence of mucin, 
a negatively charged glycoprotein and one of the main 
components of pulmonary mucus (Fig. 2A, B). Due to its 
negative charge, mucin can potentially negatively impact 
the stability of polyplexes by replacing siRNA in the for-
mation of the electrostatic interactions with the polymer. In 
this experiment, uncoated and coated polyplexes (2.5:1 and 
5:1 Alveofact:PEI, which represent the coating ratios show-
ing the best performance in terms of activity in vitro) were 
incubated at two different mucin concentrations. As positive 
controls, polyplexes were incubated with 2 USP heparin to 
obtain a full release of siRNA. Heparin and mucin are both 
negatively charged macromolecules or contain such macro-
molecules. In the reported experiments, heparin was used 
as a model molecule at concentrations high enough to dis-
rupt polyplexes, a mechanism driven by the replacement of 
siRNA in the formation of the electrostatic interactions with 
the cationic PEI (Supplementary Fig. 2). Therefore, while the 
heparin concentration was intentionally used at a concentra-
tion able to disrupt polyplexes, for mucin a physiologically 

Fig. 2  Stability of Alveofact-coated polyplexes. Agarose gel electrophoresis of Alveofact-coated polyplexes encapsulating 100 pmol of siRNA 
with Alveofact:PEI ratio of 2.5:1 (A) and 5:1 (B) in HEPES, mucin 1 mg/ml and mucin 2 mg/ml. Positive controls consisted of polyplexes in 
mucin 2 mg/ml and Heparin 2 USP units. (C, D) Hydrodynamic diameter and PDI of Alveofact polyplexes measured at 0 h, 24 h, 48 h, 72 h, 
96 h, 168 h at room temperature with exclusion of light.
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relevant and not an exaggerated concentration was selected 
to estimate stability of polyplexes in the lung.

From this experiment, we observed that no free siRNA 
was detected after incubation with mucin, thereby confirm-
ing the stability of polyplexes in presence of increasing con-
centrations of mucin. Moreover, Alveofact coating did not 
negatively affect the stability of the formulation in a physi-
ologically relevant condition, confirming the suitability for 
pulmonary administration.

To assess the colloidal stability of polyplexes over time, the 
size of polyplexes prepared at different coating ratios was meas-
ured at different time points up to 1 week. As it can be observed 
from Fig. 2C, D, the formulations showed constant sizes and 
PDI over the entire period, with values ranging from 80 to 
130 nm and 0.1–0.3, respectively. This experiment confirmed 
the stability of the formulation over a period of time suitable 
for formulation studies and excluded any negative influence of 
Alveofact coating on the stability of the formulation. The results 
are in line with previous studies suggesting that pulmonary sur-
factant coating improved the colloidal stability of polymer-based 
delivery systems and prevented release of siRNA in presence of 
competing polyanions such as mucin [19]. Further studies will 
be intended to investigate the stability of the formulation for 
longer times and to develop a spray dried powder for prolonged 
stability and inhalation based on our previously established 
spray-drying methodology for siRNA polyplexes [33].

In Vitro Cellular Uptake

To investigate the cellular internalization, a human lung epi-
thelial cell line (H1299) was transfected with Alveofact-coated 
polyplexes at different Alveofact:PEI coating ratios encap-
sulating Alexa Fluor 488-labeled siRNA. The samples were 

analyzed by flow cytometry to obtain median fluorescence 
intensity (MFI) values of the transfected cells. Negative con-
trols consisted of untreated cells as well as free AF488-siRNA, 
while positive controls consisted of Lipofectamine2000 lipo-
plexes. The experiment showed a slight improvement in MFI 
when increasing the Alveofact content for polyplex coating, 
approximately 10–20% higher in comparison to uncoated poly-
plexes, yet the differences were not significant. In this regard, 
De Backer et al. [19] reported the reduction in cellular uptake 
of Curosurf-coated siRNA-loaded nanogels in murine alveolar 
macrophage cell line due to the anionic pulmonary surfactant 
shell. Given that our coated polyplexes retained an overall posi-
tive charge, it can be deduced that the electrostatic interaction 
between coated polyplexes and cell membranes was not influ-
enced by the presence of pulmonary surfactant shielding. Unde-
niably, an increased particle size hampered the internalization 
process, leading to a sharp drop in MFI at Alveofact:PEI ratio 
of 10:1. In addition, trypan blue quenching was performed to 
eliminate extracellular fluorescent signals resulting from siRNA 
bound to the cell membrane but not internalized by cells. The 
experiment resulted in no significant MFI differences between 
quenched and unquenched samples, confirming the cellular 
internalization of the different formulations tested (Fig. 3).

In Vitro Transfection Efficacy in Lung Epithelial Cells

After confirming the cellular uptake of Alveofact-coated 
polyplexes, we further evaluated their ability of silencing the 
endogenously expressed housekeeping gene GAPDH in a 
more relevant lung epithelial cell line. We chose the human 
bronchial epithelial cells (16HBE14o-) as they more closely 
represent the main features of the pulmonary epithelium, par-
ticularly since they present tight junction properties, which 

Fig. 3  Cellular uptake of Alveofact-coated polyplexes in H1299 cells. Cellular uptake was evaluated after 24 h of transfection with polyplexes 
encapsulating 50 pmol of AF488-siRNA. Median fluorescence intensity (MFI) was determined by flow cytometry. Negative controls consisted 
of untreated cells and samples treated with free siRNA. Positive controls consisted of Lipofectamine2000 lipoplexes. Data points indicate 
mean ± SEM (n = 3).
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play a critical role in the barrier of airway lining [34]. We 
anticipated that Alveofact coating might have an impact on 
tight junction proteins, namely Zonula occludens-1 (ZO-1) and 
occludin through hydrophobic and hydrophilic interaction [35, 
36]. It is reported that phospholipid content of surfactant might 
increase epithelial permeability, thus opening tight junctions 
[37]. Furthermore, the proteins present in lung surfactant, like 
the hydrophobic SP-B and SP-C, play also an important role 
in increasing cytosolic delivery [38]. Consequently, the pres-
ence of lung surfactant could be beneficial for improving the 
internalization of our delivery system might, and siRNA could 
thereby reach the cytosol more efficiently. Indeed, as illustrated 
in Fig. 4, while Lipofectamine displayed about 41% GAPDH 
gene silencing, polyplexes at Alveofact:PEI ratios of 2.5:1 and 
5:1 significantly mediated GAPDH gene silencing capacity of 
72% and 83% respectively. Interestingly, low Alveofact content 
(Alveofact:PEI ratios of 1:5, 1:2.5, 1:1) did not improve the 
downregulation efficiency in comparison to uncoated poly-
plexes but increased GAPDH expression. Therefore, we can 
conclude that well defined concentrations of Alveofact coating 
improved the efficiency of the delivery system by mediating a 
significant downregulation of the target gene.

In Vitro Cell Viability on Lung Epithelial Cells

To test the compatibility of Alveofact coated polyplexes 
with lung epithelial cells, an MTT assay was performed 
after incubation with the polyplexes prepared at the different 

Alveofact:PEI ratios. Viable cells can metabolize the water-
soluble MTT into formazan crystals, which serves as an indi-
cator of cell viability [39]. Untreated cells and cells treated 
with 20% DMSO were assigned as 100% cell viability and 
100% cell death, respectively. Figure 5 shows the results from 
the viability assay. All tested formulations showed an overall 
safe profile in comparison to the cells receiving no treatment. 
At 10:1 ratio, the large hydrodynamic diameter together with 
the high concentration of Alveofact, not only hampered the 
cellular uptake as described above, but also played a deleteri-
ous effect on cell growth, resulting in a significant reduction 
of cell viability. Nonetheless, the formulations with the best 
performance in terms of activity, 2.5:1 and 5:1 Alveofact:PEI 
ratio, showed safe profiles with about 85% cell viability.

In Vitro Delivery of Alveofact‑Coated Polyplexes 
to an Air‑Liquid Interface Culture System

After confirming the activity of the Alveofact-coated poly-
plexes on a lung epithelial cell line, we evaluated their 
behavior in an experimental setup more closely resembling 
the in vivo environment typical of the airways. When consid-
ering pulmonary administration, it is indeed very important 
to establish an in vitro model that includes the hurdles found 
in the lungs, especially regarding the mucus barrier. In this 
view, air-liquid interface cultures represent a valid tool for 
recreating the main features of the respiratory tract in vitro. 
By exposing the cells to the culturing medium on one side 

Fig. 4  GAPDH gene knockdown of Alveofact coated polyplexes in 16HBE14o- cells. GAPDH gene knockdown efficiency was evaluated 24 h 
after transfection with polyplexes. Blank samples consisted of 16HBE14o- cells treated with HEPES 10 mM pH 7.4. Negative controls consisted 
of polyplexes encapsulating scrambled-sequence siRNA. Positive controls consisted of Lipofectamine2000 lipoplexes. GAPDH expression was 
normalized with β-Actin expression and quantified by qRT-PCR. Downregulation efficiency was displayed by the relative of GAPDH/β-Actin 
expression of targeting samples normalized to the GAPDH/β-Actin expression after treatment with negative control siRNA in the same formula-
tion. Data points indicate mean ± SEM (n = 3). One way ANOVA, * p < 0.05, ** p < 0.01.
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and to the air on the other, they can form a pseudostrati-
fied epithelium with tight junctions between cells as well 
as secreting mucus [40]. Many studies have shown the suit-
ability of ALI cultures as tools for mimicking healthy and 
diseased states of the lung, such as cystic fibrosis, asthma or 
viral infections [24]. The 16HBE14o- cell line is also suit-
able for ALI culture [41]. Therefore, we established an ALI 
3D culture model with this cell line to test Alveofact-coated 
polyplexes in a more sophisticated environment. First, we 
confirmed the formation of the epithelial barrier by meas-
uring TEER values. On day 2 after air-lift, TEER values as 
high as 1500 Ω*cm2 were observed, though slightly decreas-
ing after 7 days (Fig. 6A). This phenomenon was already 
reported by previous studies in literature, suggesting that the 
decline in TEER values did not reflect a compromised cell 
layer barrier, but was rather caused by increased transcel-
lular conductance [42]. Therefore, we confirmed the estab-
lishment of a stable epithelial cell layer suitable for further 
studies. The results were also supported by the expression 
of tight junctions between cells, as observed by confocal 
microscopy following ZO-1 staining (Fig. 6B). Furthermore, 
we confirmed the secretion of mucus 7 days after air-lift by 
alcian blue staining (Fig. 6C). By showing the development 
of high TEER values, tight junctions and mucus secretion, 
we confirmed the establishment of a 3D in vitro model suit-
able for further investigation of Alveofact-coated polyplexes.

After the establishment of a 3D air-liquid interface cul-
ture of the lung epithelium, we evaluated the behavior of 
Alveofact-coated polyplexes in terms of cellular uptake, 
mucus penetration and transfection efficacy. Cell layers 
were transfected with the formulations showing the best 
performance in terms of activity in 2D culture (2.5:1 and 
5:1 Alveofact:PEI coating ratio) as well as uncoated poly-
plexes and Lipofectamine2000 lipoplexes as controls. To test 
the ability of the polyplexes to diffuse through the mucus 

layer, polyplexes were loaded with a labelled AF647-siRNA, 
while mucus was stained with AF488-wheat germ agglutinin 
and the samples were analyzed at a confocal scanning laser 
microscope. In this study, Lipofectamine2000 lipoplexes 
as well as PEI polyplexes appeared to great extent trapped 
in the mucus mesh (Fig. 7A, B). On the other hand, 2.5:1 
Alveofact-coated polyplexes (Fig. 7C), showed the best per-
formance in terms of mucus diffusion. In fact, while the 
5:1 ratio showed a partial entrapment in the mucus mesh 
similarly to the samples treated with lipofectamine and 
uncoated polyplexes (Fig. 7D), the ones treated with 2.5:1 
ratio displayed only negligible entrapment in the mucus. To 
support these findings, a further staining was performed to 
better understand the fate of siRNA after crossing the mucus 
barrier. Here, nuclei (blue) and cytoskeleton (green) were 
stained, while AF647-siRNA is represented by red dots. In 
line with the previous results, the best cellular uptake was 
observed for 2.5:1 Alveofact:PEI coating ratio, followed by 
lipofectamine lipoplexes, which also reached the cells to 
some extent (Fig. 7E–G). On the contrary, almost no siRNA 
was detected in the cells after treatment with uncoated poly-
plexes and 5:1 Alveofact:PEI coated polyplexes (Fig. 7H).

After investigating the influence of the mucus layer on 
the delivery of siRNA to the cells, the consequences on 
the activity of the formulation were yet to be understood. 
Therefore, we transfected the cells with an siRNA sequence 
against GAPDH, as previously tested in 2D culture. Thus, 
we directly compared the impact of the cellular model on 
the activity of the formulation. As it can be observed in 
Fig. 7J, the results were in fact quite surprising. While the 
activity of uncoated polyplexes and Lipofectamine2000 
lipoplexes were related to the one observed in the sub-
merged culture, that was not the case for Alveofact-coated 
formulations. While the 2.5:1 coating retained its activ-
ity and achieved about 50% GAPDH downregulation, the 

Fig. 5  Evaluation of cell 
viability following the incuba-
tion of 16HBE14o- cells with 
Alveofact-coated polyplexes by 
MTT assay. 100% cell viability 
consisted of cells treated with 
HEPES 10 mM pH 7.4 buffer, 
while 0% cell viability consisted 
of cells treated with 20% 
DMSO. Data points indicate 
mean ± SEM (n = 3). One way 
ANOVA, ns = not significant, 
**** p < 0.001.
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5:1 coating, which showed the best activity in the sub-
merged culture, showed no activity at all. This result can 
be explained by comparing the activity results to the mucus 
diffusion study. While the 2.5:1 coating ratio showed an 
acceptable mucus penetration, the 5:1 formulation seemed 
to be almost completely entrapped in the mucus mesh, 
therefore explaining the complete loss of activity in the 
3D culture model. The discrepancy observed between the 
results from ALI experiments and 2D culture (Supplemen-
tary Fig. 3) as well as in the physicochemical characteri-
zation can be explained by the fact that while in the latter 
the stability of polyplexes were tested in a more artificial 

and less sophisticated environment, in the former a more 
complex environment was established for the experiment. 
In this way, harsher conditions allowed to better define sta-
bility and gene silencing efficiency profiles of the differ-
ent formulations. This study underlines the importance of 
adopting appropriate models for testing the activity of the 
formulations, which better predict the in vivo activity, such 
as air-liquid interface cultures [43]. Nonetheless, we identi-
fied a formulation with potential for pulmonary administra-
tion of siRNA, thanks to its improved mucus penetration 
activity as well as transfection efficacy in a relevant in vitro 
model closely resembling the respiratory tract.

Fig. 6  Characterization of 16HBE14o- cell line at the air-liquid interface. (A) TEER values of 16HBE14o- cells at ALI culture for 12 days. Cells 
were seeded onto Transwell at day 0, inserts were exposed to air (Air-lift) at day 3, and TEER values were measured from day 5. Data points 
indicate mean ± SD (n = 5). (B) ZO-1 staining of 16HBE14o- cells in ALI culture after 7 days of air-lift, bar = 20 μm. Green color corresponds 
to ZO-1 stained with rabbit ZO-1 antibody as primary antibody and AF488-anti-rabbit as secondary antibody (green), while nuclei were stained 
with DAPI (blue). (C) Mucus staining of 16HBE14o- cells in ALI culture after 7 days of air-lift. Blue color corresponds to mucus.
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Conclusion

In this study, PEI polyplexes were coated with Alveofact, a 
commercially available pulmonary surfactant, to achieve a 
formulation for pulmonary administration of siRNA. The 
coating process was optimized to achieve a formulation 
with desirable physicochemical parameters and stability. 
Alveofact coated polyplexes efficiently delivered siRNA to 
lung epithelial cells and were well tolerated. Furthermore, 
an ALI culture of the lung epithelium was established and 
used to assess the behavior of the newly developed delivery 
system in a more sophisticated 3D cell culture model. From 
this study, we identified a formulation able to penetrate the 

mucus layer as well as to mediate an efficient gene silencing. 
In summary, these findings show that Alveofact coating of 
cationic polymers such as PEI represents an appealing strat-
egy to improve the delivery of siRNA to the lungs. Coating 
with Alveofact could in fact improve two important aspects 
of PEI-mediated siRNA delivery, that are mucus diffusion 
and gene silencing activity. The combination of these two 
aspects led to an overall improved outcome in comparison to 
uncoated polyplexes, which reinforces the rationale behind 
using lung surfactant for drug delivery. In conclusion, this 
study confirms the potential of Alveofact-coated polyplexes 
for targeting lung epithelial cells and it offers a new formula-
tion strategy for efficient siRNA delivery to the lung.

Fig. 7  Evaluation of Alveofact-coated polyplexes on 16HBE14o- cells grown at air-liquid interface culture. (A, B, C, D) 3D construction of 
mucus penetration in 16HBE14o- cells 24 h after transfection with Lipofectamin2000 lipoplexes, uncoated polyplexes, Alveofact-coated poly-
plexes ratio of 2.5:1 and 5:1, respectively. Green represents mucus layer stained with AF488-labeled wheat germ agglutinin, red corresponds 
to AF647-siRNA. (E, F, G, H) Cellular uptake in 16HBE14o- cells 24 h after transfection with Lipofectamine2000 lipoplexes, uncoated poly-
plexes, Alveofact-coated polyplexes ratio of 2.5:1, and 5:1, respectively. Analysis was performed with confocal light scanning microscopy and 
images were presented in XY and XZ viewing direction, bar = 20 μm. Green corresponds to actin stained with rhodamine phalloidin, red to 
AF647-siRNA, and blue corresponds to nuclei stained with DAPI. (J) GAPDH gene knockdown efficiency of Alveofact coated polyplexes in 
16HBE14o- cells grown in ALI culture 24 h after transfection with siGAPDH and scrambled siRNA as negative controls. Blank samples con-
sisted of 16HBE14o- cells treated with HEPES 10 mM pH 7.4. Positive controls consisted of Lipofectamine2000 lipoplexes. GAPDH expression 
was normalized with β-Actin expression and quantified by qRT-PCR. Downregulation efficiency was displayed by the relative of GAPDH/β-
Actin expression of targeting samples over negative controls. Data points indicate mean ± SEM (n = 3). One-way ANOVA, *** p < 0.005.
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Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s11095- 022- 03443-3.

Acknowledgments The authors would like to thank Otto Berning-
hausen from the Gene Center Munich for help with TEM analysis.

Funding Open Access funding enabled and organized by Projekt 
DEAL. This project was funded by the European Research Council 
(ERC) under the European Union’s Horizon 2020 research and innova-
tion program (Grant agreement No. ERC-2014-StG637830).

Declarations 

Conflict of Interest The authors declare no conflict of interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Zhang MM, Bahal R, Rasmussen TP, Manautou JE, Zhong X bo. 
The growth of siRNA-based therapeutics: Updated clinical studies 
Biochem Pharmacol 2021;189:114432.

 2. Lamb YN. Inclisiran: first approval. Drugs [Internet]. 
2021;81(3):389–95. Available from: https:// doi. org/ 10. 1007/ 
s40265- 021- 01473-6.

 3. Tieu T, Wei Y, Cifuentes-Rius A, Voelcker NH. Overcoming 
barriers: clinical translation of siRNA nanomedicines. Adv Ther. 
2021;4(9):1–24.

 4. Vicentini FTMDC, Borgheti-Cardoso LN, Depieri LV, De Mac-
Edo MD, Abelha TF, Petrilli R, et al. Delivery systems and 
local administration routes for therapeutic siRNA. Pharm Res. 
2013;30(4):915–31.

 5. Mendes BB, Conniot J, Avital A, Yao D, Jiang X, Zhou X, et al. 
Nanodelivery of nucleic acids. Nat Rev Methods Prim. 2(1):1–
21. https:// doi. org/ 10. 1038/ s43586- 022- 00104-y.

 6. Kandil R, Merkel OM. Pulmonary delivery of siRNA as a novel 
treatment for lung diseases. Ther Deliv. 2019;10(4):203–6.

 7. Keil TWM, Baldassi D, Merkel OM. T-cell targeted pulmonary 
siRNA delivery for the treatment of asthma. Wiley Interdiscip Rev 
Nanomed Nanobiotechnol. 2020;12(5):1–11.

 8. Bohr A, Tsapis N, Foged C, Andreana I, Yang M, Fattal E. Treat-
ment of acute lung inflammation by pulmonary delivery of anti-
TNF-α siRNA with PAMAM dendrimers in a murine model. Eur 
J Pharm Biopharm [Internet]. 2020;156(April):114–20. Available 
from: https:// doi. org/ 10. 1016/j. ejpb. 2020. 08. 009.

 9. Conte G, Costabile G, Baldassi D, Rondelli V, Bassi R, Colombo D, 
et al. Hybrid lipid/polymer nanoparticles to tackle the cystic fibrosis 
mucus barrier in siRNA delivery to the lungs: does PEGylation make 
the difference? ACS Appl Mater Interfaces. 2022;14(6):7565–78.

 10. Baldassi D, Ambike S, Feuerherd M, Cheng C-C, Peeler DJ, 
Feldmann DP, et al. Inhibition of SARS-CoV-2 replication in the 
lung with siRNA/VIPER polyplexes. J Control Release [Internet]. 

2022;345(March):661–74. Available from: https:// doi. org/ 10. 
1016/j. jconr el. 2022. 03. 051.

 11. Kumar V, Yadavilli S, Kannan R. A review on RNAi therapy 
for NSCLC: opportunities and challenges. Wiley Interdiscip Rev 
Nanomed Nanobiotechnol. 2021;13(2):1–26.

 12. Saw PE, Song EW. siRNA therapeutics: a clinical reality. Sci 
China Life Sci. 2020;63(4):485–500.

 13. Ding L, Tang S, Wyatt TA, Knoell DL, Oupický D. Pulmonary 
siRNA delivery for lung disease: review of recent progress and 
challenges. J Control Release. 2021;330(November 2019):977–91.

 14. Duncan GA, Jung J, Hanes J, Suk JS. The mucus barrier to inhaled 
gene therapy. Mol Ther. 2016;24(12):2043–53.

 15. Goerke J. Pulmonary surfactant: functions and molecu-
lar composition. Biochim Biophys Acta Mol Basis Dis. 
1998;1408(2–3):79–89.

 16. Hu Q, Bai X, Hu G, Zuo YY. Unveiling the molecular structure 
of pulmonary surfactant Corona on nanoparticles. ACS Nano. 
2017;11(7):6832–42.

 17. De Backer L, Cerrada A, Pérez-Gil J, De Smedt SC, Raemdonck 
K. Bio-inspired materials in drug delivery: Exploring the role 
of pulmonary surfactant in siRNA inhalation therapy. J Control 
Release [Internet]. 2015;220:642–50. Available from: https:// doi. 
org/ 10. 1016/j. jconr el. 2015. 09. 004.

 18. Benfer M, Kissel T. Cellular uptake mechanism and knock-
down activity of siRNA-loaded biodegradable DEAPA-PVA-
g-PLGA nanoparticles. Eur J Pharm Biopharm [Internet] 
2012;80(2):247–256. Available from: https:// doi. org/ 10. 1016/j. 
ejpb. 2011. 10. 021.

 19. De Backer L, Braeckmans K, Stuart MCA, Demeester J, De 
Smedt SC, Raemdonck K. Bio-inspired pulmonary surfactant-
modified nanogels: A promising siRNA delivery system. J 
Control Release [Internet]. 2015;206:177–86. Available from: 
https:// doi. org/ 10. 1016/j. jconr el. 2015. 03. 015.

 20. Ernst N, Ulrichskötter S, Schmalix WA, Rädler J, Galneder 
R, Mayer E, et al. Interaction of liposomal and Polycationic 
transfection complexes with pulmonary surfactant. J Gene Med. 
1999;1(5):331–40.

 21. Kandil R, Xie Y, Heermann R, Isert L, Jung K, Mehta A, et al. 
Coming in and finding out: blending receptor-targeted delivery 
and efficient endosomal escape in a novel bio-responsive siRNA 
delivery system for gene knockdown in pulmonary T cells. Adv 
Ther. 2019;2(7):1–14.

 22. Taranejoo S, Liu J, Verma P, Hourigan K. A review of the devel-
opments of characteristics of PEI derivatives for gene delivery 
applications. J Appl Polym Sci. 2015;132:42096.

 23. Garcia-Mouton C, Hidalgo A, Cruz A, Pérez-Gil J. The Lord 
of the lungs: the essential role of pulmonary surfactant upon 
inhalation of nanoparticles. Eur J Pharm Biopharm [Internet]. 
2019;144(September):230–43. Available from: https:// doi. org/ 
10. 1016/j. ejpb. 2019. 09. 020.

 24. Baldassi D, Gabold B, Merkel OM. Air−liquid Interface cul-
tures of the healthy and diseased human respiratory tract: prom-
ises, challenges, and future directions. Adv NanoBiomed Res. 
2021;1(6):2000111.

 25. Herman L, De Smedt SC, Raemdonck K. Pulmonary surfactant 
as a versatile biomaterial to fight COVID-19. J Control Release 
[Internet]. 2022;342(July 2021):170–88. Available from: https:// 
doi. org/ 10. 1016/j. jconr el. 2021. 11. 023.

 26. Merkel OM, Librizzi D, Pfestroff A, Schurrat T, Béhé M, Kissel 
T. In vivo SPECT and real-time gamma camera imaging of bio-
distribution and pharmacokinetics of siRNA delivery using an 
optimized radiolabeling and purification procedure. Bioconjug 
Chem. 2009;20(1):174–82.

 27. Schmiedl A, Krug N, Hohlfeld JM. Influence of plasma and 
inflammatory proteins on the ultrastructure of exogenous sur-
factant. J Electron Microsc. 2004;53(4):407–16.

https://doi.org/10.1007/s11095-022-03443-3
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s40265-021-01473-6
https://doi.org/10.1007/s40265-021-01473-6
https://doi.org/10.1038/s43586-022-00104-y
https://doi.org/10.1016/j.ejpb.2020.08.009
https://doi.org/10.1016/j.jconrel.2022.03.051
https://doi.org/10.1016/j.jconrel.2022.03.051
https://doi.org/10.1016/j.jconrel.2015.09.004
https://doi.org/10.1016/j.jconrel.2015.09.004
https://doi.org/10.1016/j.ejpb.2011.10.021
https://doi.org/10.1016/j.ejpb.2011.10.021
https://doi.org/10.1016/j.jconrel.2015.03.015
https://doi.org/10.1016/j.ejpb.2019.09.020
https://doi.org/10.1016/j.ejpb.2019.09.020
https://doi.org/10.1016/j.jconrel.2021.11.023
https://doi.org/10.1016/j.jconrel.2021.11.023


Pharmaceutical Research 

1 3

 28. García-Mouton C, Hidalgo A, Arroyo R, Echaide M, Cruz A, 
Pérez-Gil J. Pulmonary surfactant and drug delivery: an Inter-
face-assisted carrier to deliver surfactant protein SP-D into the 
airways. Front Bioeng Biotechnol. 2021;8(January):1–12.

 29. Merkel OM, Beyerle A, Librizzi D, Pfestroff A, Behr TM, 
Sproat B, et al. Nonviral siRNA delivery to the lung: investiga-
tion of PEG-PEI polyplexes and their in vivo performance. Mol 
Pharm. 2009;6(4):1246–60.

 30. Tomeh MA, Zhao X. Recent advances in microfluidics for the 
preparation of drug and gene delivery systems. Mol Pharm. 
2020;17(12):4421–34.

 31. Mousseau F, Puisney C, Mornet S, Le Borgne R, Vacher A, 
Airiau M, et al. Supported pulmonary surfactant bilayers on 
silica nanoparticles: formulation, stability and impact on lung 
epithelial cells. Nanoscale. 2017;9(39):14967–78.

 32. Murgia X, Loretz B, Hartwig O, Hittinger M, Lehr CM. The role 
of mucus on drug transport and its potential to affect therapeu-
tic outcomes. Adv Drug Deliv Rev [Internet]. 2018;124:82–97. 
Available from: https:// doi. org/ 10. 1016/j. addr. 2017. 10. 009.

 33. Keil TWM, Zimmermann C, Baldassi D, Adams F, Friess W, 
Mehta A, et al. Impact of crystalline and amorphous matrices 
on successful spray drying of siRNA polyplexes for inhalation 
of nano-in-microparticles. Adv Ther. 2021;4(6):1–15.

 34. Wan H, Winton HL, Soeller C, Stewart GA, Thompson PJ, 
Gruenert DC, et al. Tight junction properties of the immor-
talized human bronchial epithelial cell lines Calu-3 anmd 
16HBE14o-. Eur Respir J 2000;15(6):1058–1068.

 35. Itoh M, Nagafuchi A, Moroi S, Tsukita S. Involvement of ZO-1 
in cadherin-based cell adhesion through its direct binding to α 
catenin and actin filaments. J Cell Biol. 1997;138(1):181–92.

 36. Traweger A, Fang D, Liu YC, Stelzhammer W, Krizbai IA, Fresser 
F, et al. The tight junction-specific protein occludin is a func-
tional target of the E3 ubiquitin-protein ligase itch. J Biol Chem. 
2002;277(12):10201–8.

 37. Han X, Zhang E, Shi Y, Song B, Du H, Cao Z. Biomaterial-
tight junction interaction and potential. J Mater Chem B. 
2019;7(41):6310–20.

 38. Merckx P, De Backer L, Van Hoecke L, Guagliardo R, Echaide 
M, Baatsen P, et al. Surfactant protein B (SP-B) enhances the 
cellular siRNA delivery of proteolipid coated nanogels for inhala-
tion therapy. Acta Biomater [Internet]. 2018;78:236–46. Available 
from: https:// doi. org/ 10. 1016/j. actbio. 2018. 08. 012.

 39. van Meerloo J, Kaspers GJL, Cloos J. Cell sensitivity assays: the 
MTT assay. Cancer cell Cult Methods Mol Biol. 2011;731:237–45.

 40. Souza C De, Daum N, Lehr C. Carrier interactions with the 
biological barriers of the lung : Advanced in vitro models and 
challenges for pulmonary drug delivery ☆. Adv Drug Deliv Rev 
[Internet]. 2014;75:129–40. Available from: https:// doi. org/ 10. 
1016/j. addr. 2014. 05. 014.

 41. Forbes B, Shah A, Martin GP, Lansley AB. The human bronchial 
epithelial cell line 16HBE14o- as a model system of the airways 
for studying drug transport. Int J Pharm. 2003;257(1–2):161–7.

 42. Callaghan PJ, Ferrick B, Rybakovsky E, Thomas S, Mullin JM. Epi-
thelial barrier function properties of the 16HBE14o- human bronchial 
epithelial cell culture model. Biosci Rep. 2020;40(10):1–16.

 43. Nahar K, Gupta N, Gauvin R, Absar S, Patel B, Gupta V, et al. 
In vitro , in vivo and ex vivo models for studying particle deposi-
tion and drug absorption of inhaled pharmaceuticals. Eur J Pharm 
Sci [Internet] 2013;49(5):805–818. Available from: https:// doi. 
org/ 10. 1016/j. ejps. 2013. 06. 004.

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.addr.2017.10.009
https://doi.org/10.1016/j.actbio.2018.08.012
https://doi.org/10.1016/j.addr.2014.05.014
https://doi.org/10.1016/j.addr.2014.05.014
https://doi.org/10.1016/j.ejps.2013.06.004
https://doi.org/10.1016/j.ejps.2013.06.004

	Optimization of Lung Surfactant Coating of siRNA Polyplexes for Pulmonary Delivery
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusion 

	Introduction
	Materials and Methods
	Materials
	Preparation of Alveofact-Coated Polyplexes
	Characterization of Polyplexes
	Size, Polydispersity Index and Zeta (ζ) Potential of Alveofact-Coated Polyplexes
	TEM
	SYBR Gold
	Release Study
	Gel Integrity Assay

	Polyplexes Stability in Storage Condition
	Polyplexes Stability in Presence of Mucin
	Cell Culture
	Cellular Uptake by Flow Cytometry
	In Vitro GAPDH Gene Knockdown
	In Vitro Cell Viability
	Polyplexes Behavior in 16HBE14o- Cells Grown at ALI
	16HBE14o- Characterization under ALI Conditions
	Cell Uptake Study
	Mucus Penetration Study
	GAPDH Knockdown in 16HBE14o- Cells at ALI

	Statistics

	Results and Discussion
	Physico-Chemical Characteristics of Alveofact-Coated Polyplexes
	Stability of Polyplexes
	In Vitro Cellular Uptake
	In Vitro Transfection Efficacy in Lung Epithelial Cells
	In Vitro Cell Viability on Lung Epithelial Cells
	In Vitro Delivery of Alveofact-Coated Polyplexes to an Air-Liquid Interface Culture System

	Conclusion
	Acknowledgments 
	References


