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ABSTRACT

Alveoli are the functional area of respiratory system where the gaseous exchanges take place at
level of the alveolar-capillary barrier. The development of safe and effective therapeutic
approaches for treating lung disease is currently limited due to the lack of realistic preclinical
models for their testing and validation. In this work, tissue engineering approaches were exploited
to develop a biomimetic platform that provide an appropriate mimicking of the extracellular
environment and the multicellular architecture of human alveoli. Here, we propose the
implementation of two biomimetic in vitro models to reproduce the features of the main anatomic
portions of the physiological alveolar-capillary barrier. First, a co-culture barrier model was

obtained by integrating an electrospun polycaprolactone-gelatin (PCL-Gel) membrane in a
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modified transwell insert (PCL-Gel TW) to mimic the alveolar basement membrane (coded as thin
model). Alveolar epithelial (A549) and lung microvascular endothelial (HULEC-5a) cells were
cultured on the apical and basolateral side of the PCL-Gel membrane, respectively, under
physiologic air-liquid interface (ALI) conditions for 7 days. The ALI condition promoted the
expression of type I and type II alveolar epithelial cell markers and the secretion of mucus in A549
cells. Increased cell viability and barrier properties in co-cultures of A549 and HULEC-5a
compared to mono-cultures revealed the effectiveness of the model to reproduce in vitro
physiological-relevant features of the alveolar-capillary barrier.
The second portion of the alveolar-capillary barrier was developed implementing a tri-culture
model (coded as thick model) including a type I collagen (COLL) hydrogel formulated to host
lung fibroblasts (MRC-5). The thick barrier model was implemented by seeding HULEC-5a on
the basolateral side of PCL-Gel TW and then pouring sequentially MRC-5-laden COLL hydrogel
and A549 cells on the apical side of the electrospun membrane. The thick model was maintained
up to 7 days at ALI and immunofluorescence staining of tight and adherent junctions demonstrated
the formation of a tight barrier.
Lastly, the ability of models to emulate pathological inflammatory conditions was validated by
exposing the apical compartment of the PCL-Gel TW to lipopolysaccharide (LPS). The damage
of A549 tight junctions, the increase of barrier permeability and IL-6 pro-inflammatory cytokine
release was observed after 48 h exposure to LPS.
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53
54
55
56

57
58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

GRAPHICAL ABSTRACT
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1. INTRODUCTION

The recreation of physiologically relevant alveolar-capillary barrier within in vitro experimental
models is currently one of the main challenges of the scientific community as the alveolar-capillary
barrier is the primary region of exposure to toxic or harmful substances from the external
environment [1]. Indeed, the human alveolar-capillary barrier represents the site of gas exchanges,
separating the alveolar airspace from the capillary lumen [2,3]. It comprises two main portions: a
thin portion in which the air-exposed alveolar epithelium and pulmonary capillary endothelium
are separated by a fused common basement membrane, and a thick portion where an interstitial
space of connective tissue separates the alveolar epithelium and the pulmonary capillary
endothelium [3,4].

Several pathologies, such as lung cancer, fibrosis, inflammation and infection affect the function
and the structure of the alveolar-capillary barrier leading to serious and often fatal outcomes [5].

The knowledge of complex events that occurs during the development of alveolar diseases is

still constrained by the lack of effective in vitro alveolar models able to recreate in vitro the
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microanatomy and composition of both the thin and thick portion of the alveolar barrier. Indeed,
previously reported approaches for modelling the alveolar-capillary barrier rest on the co-culture
of epithelial and endothelial cells on the two sides of a porous membrane made of non-biomimetic
materials (such as polydimethylsiloxane (PDMS) [6] and polycarbonate (PC) [7]) that fail to
replicate the tissue function due to the lack of morphological, compositional and mechanical
similarity to the native alveolar extracellular matrix (ECM) [8,9]. Recently, tissue engineering
approaches have been exploited for the development of biomimetic in vitro models that provide
an appropriate mimicking of extracellular environment by replacing non-biomimetic membranes
with ECM-like bioinspired substrates [9—12]. For instance, Zamprogno et al. [9] presented an
innovative approach by designing a microfluidic device with an array of stretchable gold
hexagonal mesh filled with a collagen-elastin hydrogel for mimicking the structure of the alveoli.
A vacuum-driven system has been used to stretch primary human lung alveolar cells seeded on the
thin hydrogel by applying a negative pressure below the cell culture supports. The biomimetic
device was successful in mimicking the alveolar microenvironment by supporting the formation
of a functional epithelial barrier. A similar model has been proposed by Radiom et al. [10], with
the difference that hexagonal meshes are covered by a layer of electrospun Gel nanofibers and the
movement of membrane is mediated by an air pressure system in the apical chamber of the
microfluidic device. They proved that the combined effect of the topographic and mechanical
stimuli led to a remodeling of the cytoskeleton of the alveolar epithelial cells (A549) mono-
cultured on the electrospun membranes. Although these strategies represent an important progress
in the field of in vitro models, they still lack to closely emulate the complexity of in vivo tissue
microenvironment. Indeed, reported biomimetic models are limited by a support unable to closely

recapitulate the fibrous topography of the alveolar basement membrane [11] or by alveolar
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epithelial cells cultured under non-physiological submerged conditions [9,12]. Moreover,
considering the complex multi-cellular architecture of the thick portion of the alveolar-capillary
barrier, the co-culture models are unable to fully resemble the layered architecture and to control
the cell-cell and cell-ECM interactions. Thus, tri-culture models which integrate alveolar epithelial
cells with fibroblasts and lung microvascular endothelial cells are pivotal to enhance the
physiologic complexity and relevance of in vitro alveolar models.

Here, we report the development of two biomimetic in vitro models to reproduce the
composition, multi-layered architecture and physiological microenvironment of the thin and thick
portion of the alveolar-capillary barrier. At first, a poly(E-caprolactone)-gelatin (PCL-Gel)
membrane was obtained through electrospinning technique to mimic the basement membrane of
the alveolar-capillary barrier. Then, a realistic thin barrier model was obtained by integrating PCL-
Gel membrane in ad-hoc modified transwell insert (coded as PCL-Gel TW) and culturing the
alveolar epithelial (A549) and lung microvascular endothelial (HULEC-5a) cells on the apical and
basolateral side of the electrospun membrane, respectively, under physiologic air-liquid interface
conditions (ALI). A549 cells are widely used as model for alveolar epithelium tissue models due
to the expression of phenotype similar to type II alveolar cells [13—15]. In this work, the behavior
of A549 cells under air-liquid interface (ALI) and liquid-liquid interface (LLI) conditions was
characterized, demonstrating that the exposure to air led to better replicate the property of the
alveolar epithelium. Furthermore, A549 were co-cultured with lung microvascular cells (HULEC-
5a), a cell line having a greater ability to create an alveolus-like endothelial layer compared to
human umbilical vein endothelial cells (HUVEC [16—-18] or EA.hy926 [19-21]), usually used to

fabricate alveolar-capillary barrier in vitro models.
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In addition, a thick barrier model was developed by combining PCL-Gel membrane and
fibroblasts (MRC-5)-laden collagen hydrogel and setting a tri-culture layering the alveolar
epithelial cells, lung fibroblasts and lung microvascular endothelial cells. MRC-5 lung fibroblasts
are frequently used to model the stromal cells of the alveolar barrier [22-24]. They are also
employed in the co-culture with lung epithelial cells [25-29] to reproduce interaction between
epithelium and stroma within the human alveoli and study physiological and pathological event
that occur at the alveolar level. Nevertheless, this co-culture models fail to resemble the 3D
architecture of the alveolar interstitial space presenting MRC-5 cells seeded on the basolateral side
transwell system as well as the complex interaction between cellular compound of the thick portion
of the alveolar-capillary barrier.

In this work, a type I collagen (COLL) hydrogel was formulated and extensively characterized
to closely recreate the composition and three-dimensional (3D) nature of the alveolar interstitial
space. In vitro analyses were carried out to investigate the cellular morphology and barrier
properties of the developed models. Then, the ability of these models to replicate the pathological
in vivo environment was investigated, by implementing a model of alveolar inflammation using
lipopolysaccharide (LPS), the major component of the wall of Gram-negative bacterial cells, as
microbial inducers of inflammation [30,31]. Following LPS treatment, the barrier properties and
cytokine levels were characterized.

2. MATERIALS AND METHODS
2.1 FABRICATION AND CHARACTERIZATION OF BIOMIMETIC ELECTROSPUN
MEMBRANES
A blended solution (total polymer concentration of 15 % wt./v) was prepared by dispersing PCL

(Mn=80 kDa, Sigma Aldrich) and Gel (Type A, Sigma Aldrich) in a weight ratio of 80:20 wt./wt.
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in a mixture of acetic acid (Fisher Scientific) and formic acid (Sigma Aldrich) (50:50 v/v),
according to a protocol recently optimized by our group [32]. Briefly, the solution was maintained
for 24 hours under stirring (350 rpm). Then, 40 minutes before the electrospinning process, 3.68
% v/v of (3-Glycidyloxypropyl) trimethoxysilane (GPTMS, >98 %, Sigma Aldrich) crosslinker
was added to the polymer solution [32]. The blended electrospun membrane (coded as PCL-Gel)
was fabricated through the electrospinning system (Novaspider V5) in vertical configuration. The
solution was loaded in 5 mL luer-lock plastic syringe with a 21-G needle. The syringe was mounted
inside the housing of the volumetric pump, set to deliver the solution at a flow rate of 500 uL h'..
A high voltage of 20 kV was imposed between the needle and a plane collector (placed at a distance
of 12 cm) where the fibers were sequentially collected.

The morphology of PCL-Gel electrospun mat was investigated through scanning electron
microscopy (SEM, Tescan Vega). Before analysis, the membrane was cut into pieces of about 1
cm? and coated with a thin platinum layer using a sputter (Q150S, Quorum Technologies). Image
J software was used to quantify the average diameter of fibers (n=100 measurements).

The chemical composition of the electrospun mats was evaluated using a Fourier transform

infrared-attenuated total reflectance (ATR-FTIR) spectrometer (Nicolet iS50 FTIR Spectrometer,
Thermo Scientific) equipped with a diamond crystal. Spectra were obtained over a wavenumber
range 4000 cm™! — 500 cm™!, at a resolution of 4 cm™ and 32 scans.
2.2 TRANSWELL INSERT MODIFICATION (ENGENEERED TRANSWELL
INSERT) AND CHARACTERIZATION OF ELECTROSPUN MEMBRANE AFTER
INSERT MODIFICATION

CellQART® 12-Well transwell inserts (SABEU GmbH & Co. KG) were specifically engineered

to house the PCL-Gel electrospun membrane. The PCL-Gel membrane was cut on 3 cm x 3 cm
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square specimens. Sylgard 184 Polydimethylsiloxane (PDMS, VWR) solution was prepared by
mixing the polymeric base with curing agent in a ratio of 10:1 wt./wt. The PET membrane of the
insert was removed by a scalpel and the PCL-Gel membrane was attached on the external wall of
the transwell insert through a thin layer of PDMS. The PCL-Gel TW insert was incubated for 10
minutes at 70 °C, allowing the complete crosslinking of PDMS. The morphology and chemical
properties of the PCL-Gel electrospun membrane were investigated through SEM and ATR-FTIR
spectroscopy after the sealing process, to ensure that the mat behaviors were not altered by the
heat treatment. PCL-Gel membrane was detached from the insert and analyzed as previously
described in par 2.1. Then, the average diameter (n = 100 measurements) and the spectrum of PCL-
Gel fibers after treatment were compared to those of the untreated fibers, respectively.
2.2.1 IN VITRO CELL CULTURES AND CELL DENSITY OPTIMIZATION ON
PCL-Gel TW
Human alveolar basal epithelial cells (A549, ATCC) were cultured in Roswell Park Memorial
Institute (RPMI) 1640 medium supplemented with 10 % fetal bovine serum (FBS, Gibco), 1 % L-
glutamine (L-Glu, Gibco) and 1 % penicillin/streptomycin (P/S, Gibco). Human lung
microvascular endothelium cells (HULEC- 5a, ATCC) were cultured in MCDBI131 (Gibco)
supplied with 10% FBS, 10 mM L-Glu, 1 pg/mL hydrocortisone (Sigma Aldrich), 10 ng/mL
Epidermal growth factor (EGF, Gibco) and 1 % P/S. Cells were maintained at 37 °C in a
humidified atmosphere of 5 % CO: on tissue culture plates (TCP). Before cell tests, the PCL-Gel
TW inserts were incubated in 1 % antibiotic-antimycotic solution (Sigma Aldrich) overnight and
then sterilized with UV light for 1 hour.
A549 or HULEC-5a cells at 80-90 % of confluency were harvested and seeded on the apical

compartment of the PCL-Gel TW. Starting from the cell densities used by Higuita-Castro et al.
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[12], three different cell densities (1.4 x 10° cells/cm?, 1.6 x 10° cells/cm? and 1.8 x 10° cells/cm?)
were tested for both cell lines to investigate the optimal cell densities to achieve a complete
coverage of the substrate after 3 days. Indeed, as previously reported in literature, cells have to
reach the confluence and form a uniform layer before establishing the air liquid interface
conditions [33,34]. The CellTiter-Blue® viability assay (Promega) and the staining of cell nuclei
were used to define the optimal cell density. Briefly, the CellTiter-Blue® assay was performed
after 1, 3, 7, 14 days of cell culture. CellTiter-Blue® reagent was mixed with complete medium,
as recommended by the supplier. After each time point, the cell culture medium was removed from
each sample (n =3 for each cell density) and replaced with 300 pL of medium containing CellTiter-
Blue® reagent. After 1h of incubation at 37 °C, 100 uL were placed in a black 96-well plate and
the metabolic activity of cells was detected by measuring the fluorescence at 590 nm using
SYNERGYTM HTX multimode plate reader (BioTeK, Winooski, VM, USA).

The staining of cell nuclei was performed after 3 days of cell culture. Briefly, the culture medium
was removed, and each PCL-Gel TW was washed with phosphate buffer saline (PBS, Gibco). The
samples were fixed by incubating at room temperature (RT) with paraformaldeide 4 % in PBS
(PFA, Alfa Aesar) for 40 minutes. A549 and HULEC-5a cell nuclei were stained with a 4',6-
Diamidino-2-Phenylindole, Dihydrochloride (DAPI, Invitrogen) solution (1:1000 dilution in
PBS). After staining, the samples were mounted on glass coverslips using Fluoromount ™
Aqueous Mounting Medium (Sigma- Aldrich) and imaged using ZOE Fluorescent cell imager
(Bio-Rad).

2.3 THIN BARRIER MODEL
2.3.1 CELL MONO-CULTURES
A549 cells were seeded on the apical chamber of PCL-Gel TW inserts in 300 L A549 medium

at the optimized cell density (par 2.2.1). Then 600 pL of A549 cell medium was added to the
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basolateral chamber and cells were cultured for 3 days at liquid-liquid interface (LLI). At the third
day, the culture medium was removed from the apical chamber to establish the air-liquid interface
(ALI). The medium in the basal chamber was refreshed each 2 days and the culture at ALI were
performed for additional 7 days. In order to compare the behavior of A549 cells at ALI and LLI,
samples at LLI were also cultured for 10 days. To this end, the samples were fixed with 4 % PFA
and dehydrated through a series of incubations with graded ethanol solutions
(30/50/70/80/90/95/100 % v/v ethanol in water). Then, the morphology of A549 cells at ALI and
LLI was investigated through SEM as previously described (par 2.1)

HULEC-5a cells were harvested and resuspended on complete medium at the selected cell
density (par 2.2.1). Then, 300 pL of cell suspension was poured in the apical chamber while 600
pL of HULEC-5a medium was added to basolateral chamber. HULEC-5a were cultured for 10
days.

2.3.2 OPTIMIZATION OF A549 CELL CULTURE MEDIUM FOR CELL CO-

CULTURES

The viability of A549 cells with different cell culture media was evaluated to select the optimal
media for the co-culture at ALI (Fig. S1). To this end, A549 cells on 48-well plate and cultured in
A549 medium (supplemented RPMI medium) for 3 days. Then, RPMI medium was replaced with
HULEC-5a medium (supplemented MCDB-131 medium). A549 cells cultured in EMEM medium was
used as control. CellTiter-Blue® assay was used to evaluate the viability of A549 cells, 6 and 10 days
after seeding.

2.3.3 CELL CO-CULTURE

The PCL-Gel TW inserts were flipped upside down and the HULEC-5a cells were seeded on
the basolateral side of the PCL-Gel membranes. Samples were incubated for 4 hours at 37 °C to

promote the cell attachment. Thus, the inserts were flipped over in 12-well plates and 600 pL of
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HULEC-5a medium was added to the basolateral chambers. A549 cells were seeded on the apical
chamber of the inserts at the selected cell density in 300 pL of A549 medium. The cells were co-
cultured for 3 days at LLI. Then, the ALI condition was established by removing the medium in
the apical compartment; the co-culture was maintained for additional 7 days at ALI, feeding cells
with HULEC-5a medium in the basolateral chamber (Fig S1 in supplementary material). The
medium in the basolateral chamber was refreshed each 2 days. As previously reported by Wu et
al., 7 days of co-culture at ALI is an optimal an optimal window for the expression of the alveolar
properties of A549 cells at ALI, in terms of the expression of tight junction proteins (ZO-1) as well
as the typical epithelial cell markers.
2.3.4 CELL VIABILITY ASSAY

The viability of mono- and co-cultured cells were assessed by CellTiter-Blue® assay. The
medium on each PCL-Gel TW (n=3 for each condition) was removed and the membranes were
washed with sterile PBS. Then, 300 uL and 600 pL of CellTiter-Blue® reagents were added to the
apical and basolateral chamber, respectively. After 1 hour of incubation at 37 °C, the fluorescence
intensity at 590 nm was measured using SYNERGYTM HTX multimode plate reader (BioTeK,
Winooski, VM, USA).

2.3.5 PERMEABILITY ASSAY

The permeability of PCL-Gel TW with A549 and HULEC-5a cells mono- and co-cultured and
without cells were tested (n = 3 samples for each condition) following the protocol previously
reported in literature [35]. Briefly, a solution of 1 mg/mL FITC-dextran were prepared by
dispersing FITC-dextran powders (Sigma Aldrich) in cell culture medium. Then, 600 pL complete
medium was added to the basolateral chamber while 300 pL. FITC-dextran solution was added to
the apical chamber and the samples were incubated at 37 °C for 1 hour. 100 pL of medium were

withdrawn from the basolateral chamber and placed into black 96-well microplates. The
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fluorescence intensity at 528 nm was recorded and the apparent permeability (Papp) was calculated

according to the following equation:

b AQ *V,
WP A% At * C,

where AQ is the variation of concentration in the basolateral chamber, Vj is the initial volume of
culture medium in the basolateral chamber, A is the cell culture surface area (1.12 cm?), At is the
incubation time (1 hour) and C is the initial concentration in the upper chamber. AQ was calculated
using a calibration curve obtained by measuring the fluorescence intensity of concentration series
of FITC-dextran solutions (0-1 mg/mL).

24  FORMULATION AND CHARACTERIZATION OF COLLAGEN HYDROGEL

Pre-hydrogel solution was obtained by dispersing bovine type I collagen (COLL, freeze-dried
powders, Blafar Ltd) in 0.5 M acetic acid in Eagle's Minimum Essential Medium (EMEM, ATCC)
(AA: EMEM). The suspension was maintained under stirring at 4 °C for 12 hours, obtaining a
homogenous solution with a COLL concentration of 1 % wt./v. The acid pH of the solution was
adjusted to approximately 7.5 by adding a 10 M NaOH solution dropwise at 4 °C.

The influence of pH and temperature on COLL fibrillogenesis was investigated through a
fluorescence method exploiting the ability of thioflavin T (ThT) fluorescent dye to bind to collagen
fibrils as previously described by Morimoto et al. [36]. Briefly, COLL powders were dispersed in
50 uM ThT solution, obtained by solubilizing ThT powders (Sigma Aldrich) in 0.5 M AA: EMEM.
After neutralizing the pH of the solution, 100 pL of samples (n = 3) were poured into black 96-
well plate and incubated at 37 °C for 30 minutes (coded as COLL-ThT-7.5). The fluorescence

emission at 485 nm (excitation at 421 nm) of COLL-ThT-7.5 was measured and compared with
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COLL incorporated ThT solution with an acid pH and maintained at 4°C (coded as COLL-ThT-
3) as well as with ThT solution (final concentration of 50 uM in 0.5 M AA-EMEM) and EMEM
medium. The fluorescence emission spectra of the samples were obtained using Varioskan LUX
Multimode Microplate Reader (ThermoFisher scientific), over a wave wavelength range 450 - 600
nm, with a step of 1 nm and an excitation bandwidth of 5 nm.

The kinetics of COLL hydrogel fibrillogenesis was investigated by measuring of the turbidity. The
pre-hydrogel solution (100 pL) at pH 7.5 were poured into 96-well plate (n = 3) and put inside the
Varioskan LUX Multimode Microplate Reader (ThermoFisher scientific), pre-heated to 37 °C.
The absorbance at 310 nm of the COLL samples was recorded, obtaining the turbidity versus time
curves. The test was stopped when the absorbance values reached a plateau. The final value of
absorbance was used to calculate the half-time (t }2) that corresponded to the time value in which
the absorbance reached half of the final value [37].

The rheological characterizations were performed using the MRR320 rotational rheometer
(Anton Paar) equipped with two parallel plane plates with a diameter of 25 mm and a Peltier system
to control temperature. Samples de-hydration was prevented by a water trap. Strain sweep tests
were performed to evaluate the linear viscoelastic region (LVE), allowing to determine the %strain
range in which further rheological characterizations can be performed without sample breakage.
For this test, the pre-hydrogel solution (600 nL) was placed in the bottom plate and held at 37 °C
for 30 minutes to promote the sol-gel transition. The test was carried out under %strain values
between 0.01 and 500 %. The time sweep test was performed to evaluate the kinetics of the sol-
gel transition of the hydrogel. The pre-hydrogel solution was placed in the bottom plate of the
rheometer at 0 °C. Thus, the temperature increases to 37 °C was imposed and the test was

performed until the curves of storage modulus (G’) and loss modulus (G’’) reached the plateau.
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The same sample was used to perform the frequency sweep test. For this test, the frequency was
varied from 0.1 to 100 rad/s. For all the measurements, the gap between the plate was maintained
to 0.8 mm and a solvent trap system was used to prevent the samples from drying out. To evaluate
the viscoelastic behavior of COLL hydrogel, the tan 6, defined as the ratio of G’” and G’ [38], was
calculated. Three samples were analyzed for each test.

Field emission scanning electron microscopy (FESEM, ZEISS MERLIN) analysis was used to
evaluate the presence fibrillar structure on COLL hydrogel. COLL hydrogel was freeze-dried
overnight and then sliced into small samples. Before analysis, the sample was coated with 10 nm
chrome layer using a sputter (Q150S, Quorum Technologies). FESEM images were analyzed using
Image J software, to characterize the average fiber diameter (n = 50 measurements).

24.1 IN VITRO CELL CULTURES AND CELL ENCAPSULATION DENSITY
OPTIMIZATION IN THE COLLAGEN HYDROGEL

MRC-5 fibroblasts (MRC-5, ATCC) were cultured in EMEM medium supplemented with 10 %
FBS and 1 % P/S. MRC-5 were maintained at 37 °C in a humidified atmosphere of 5 % CO2 on
tissue culture plates (TCP). For biological characterizations, the COLL powders were sterilized
with UV light for 30 minutes in ice and AA:EMEM solution were filtered using 0.22 um filters.
After adjusting the solution pH with a sterile NaOH solution, MRC-5 fibroblasts (80-90 % of
confluency) were harvested and suspended in pre-hydrogel solution at two cell densities: 0.8 x 10
®and 1.5 x 10 ® cells/mL. Cellularized solutions (130 uL) were plated into 48-well plates (n = 3
samples for each condition) and incubated at 37 °C for 30 minutes. Following sol-gel transition,
300 pL of complete medium were added to each well.

Cell viability and proliferation of MRC-5 encapsulated in COLL hydrogel were evaluated

through the CellTiter-Blue® assay. After each time point (2, 3, 7 and 14 days), the cell culture
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medium was removed from each sample and replaced with 200 uL of reagent. After 4 hours of
incubation at 37 °C, 100 pL were placed in a black 96-well plate and the metabolic activity of cells
was detected by measuring the fluorescence at 590 nm.

The morphology of MRC-5 fibroblast encapsulated inside the COLL hydrogel was investigated
by staining cell nuclei and cytoskeletons. After 14 days of culture, samples were rinsed in PBS
and fixed using 4 % PFA for 40 minutes. Then, cells were permeabilized using 0.5 % v/v Triton
X-100 (Sigma Aldrich) for 10 minutes and blocked in 1 % v/v bovine serum albumin (BSA, Sigma
Aldrich) solution for 40 minutes. The cytoskeletons of MRC-5 fibroblasts were stained with 1:60
Alexa Fluor 488 phalloidin (FITC-labelled, Biolegend) in 1 % BSA solution, while the nuclei were
stained with DAPI (1:100) in PBS solution. After staining, the samples were mounted on glass
coverslips using Fluoromount ™ Aqueous Mounting Medium. The cells were imaged through
ZOE Fluorescent cell imager and Eclipse Ti2 confocal microscope (Nikon).

2.5 THICK BARRIER MODEL
2.5.1 OPTIMIZATION OF CELL CULTURE MEDIA FOR CELL TRI-CULTURES

The viability of A549 and MRC-5 cells cultured with different cell culture media was evaluated to
select the optimal cell culture media for the cell grow in the different windows of the tri-culture (Fig.
S2). To this end, A549 cells were harvested and seeded at 2 x 10* cells/well on 48-well plate with
MRC-5 medium (supplemented EMEM medium). A549 cells cultured in A549 medium (supplemented
RPMI medium) were used as control. Cell viability was evaluated after 1 and 3 days of culture through
CellTiter-Blue® assay.

Moreover, MRC-5 cells were seeded at 2 x 10* cells/well on 48-well plate and cultured in supplemented
EMEM medium for 3 days. Then, EMEM medium was replaced with HULEC-5a medium
(supplemented MCDB-131 medium). MRC-5 cells cultured in EMEM medium was used as control.

CellTiter-Blue® assay was used to evaluate the viability of MRC-5 cells, 6 and 10 days after seeding.
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2.5.2 CELL TRI-CULTURES

HULEC-5a cells were seeded in the basolateral compartment of PCL-Gel TW at optimized cell
density. After 4 hours, the PCL-Gel TW was flipped upside down and MRC-5-laden COLL pre-
hydrogel solution (180 pL) was poured in the apical compartment. The PCL-Gel TW was
incubated at 37 °C for 30 minutes to promote the sol-gel transition. Then, A549 cells were
suspended in 0.3 mL EMEM medium at selected cell density and seeded atop the COLL hydrogel.
After 3 days, the medium in the apical chamber was removed and the tri-culture was maintained
at ALI for additional 7 days feeding cells with HULEC-5a medium in the basolateral chamber (Fig
S2 in supplementary material). The medium in the basolateral chamber was refreshed each 2
days.
2.6 FLUORESCENCE AND IMMUNOFLUORESCENCE STAINING

The fluorescence and immunofluorescence staining were performed for both thin and thick
barrier model after 7 days of culture at ALI. For the fluorescence staining, the PCL-Gel TW insert
was rinsed with PBS and fixed in 4 % PFA for 40 minutes. After washing the sample with PBS,
0.5 % v/v Triton X-100 solution in PBS was added in both apical and basolateral compartment.
After 10 minutes, the sample was blocked in 1 % v/v BSA in PBS for 1 hour. Then, TRITC-
phalloidin solution (1:400 dilution in 1 % v/v BSA) was poured in the basolateral compartment
while FITC-phalloidin solution (1:60 dilution in 1 % v/v BSA in PBS) was added in the apical
chamber and the sample was kept at room temperature (RT) in the dark. Subsequently, DAPI
(1:1000 in PBS) solution was added in both compartment and sample was incubated for 5 minutes.

The expression of AQP-5, SP-C, ZO-1 and E-cadherin of A549 and VE-cadherin and ZO-1 of
HULEC-5a cells was investigated through immunofluorescence staining. After fixing the samples
in 4 % PFA, the cells were permeabilized using 0.2 % v/v Triton X-100 solution in PBS. Then, the

samples were blocked in 2 % v/v BSA solution in PBS for 1 hours at RT. The PCL-Gel TW inserts
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were incubated overnight at 4 °C with primary antibody solutions (Table 1) diluted in PBS with 1
% v/v BSA and 0.1 % v/v Tween 20. The next day, the samples were washed in the solution
consisting of PBS with 1 % v/v BSA and 0.1 % v/v Tween 20, incubated with secondary antibodies
(Table 1) diluted in the same solution, and kept for 1 hour at RT. The cell nuclei were stained with
DAPI (1:1000 in PBS).

Table 1. List of primary and secondary antibodies used in immunofluorescence staining.

Antibody IgG subclass Source Dilution
Primary mouse Santa Cruz Biotechnology .
anti- AQP-5 (D-7) IgGi 1:50
Primary mouse Santa Cruz Biotechnology .
anti- SP-C (H-8) IgG2b 1:30
Primary rabbit Abcam .
anti- ZO-1 IeG 1:100
Primary mouse Invitrogen
anti- E-cadherin IgGi 1:2000
(HECD-1)
Primary mouse Santa Cruz Biotechnology
anti- VE-cadherin IgGi 1:50
(F-8)
Secondary Cyan5 1gG (H-L) Invitrogen 1:1000
goat anti-mouse
Secondary Alexa Invitrogen
Fluor 488 goat 1gG (H+L) 1:1500
anti-mouse
Secondary Alexa Invitrogen
Fluor 555 goat IgG (H+L) 1:1000

anti-rabbit

After both fluorescence and immunofluorescence staining, the PCL-Gel membranes were peeled
from the inserts and then mounted on glass coverslips using Fluoromount ™ Aqueous Mounting
Medium. Immunofluorescence images were captured using Eclipse Ti2 Nikon confocal

microscope.
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The AQP-5 and SP-C stain-positive area were measured through Image] software and
normalized to the cell number. Five image fields of three samples for each condition (LLI or ALI)
were analyzed and reported as mean + standard deviation (std dev).

2.7 INFLAMMATION MODEL, EVALUATION OF ITS EFFECT ON BARRIER

PROPERTIES AND QUANTIFICATION OF CYTOKINE IL-6 BY ELISA TEST

Lipopolysaccharide (LPS) treatment was performed for both thin and thick barrier model after
7 days of culture at ALI Briefly, the cell medium in the basolateral chamber was removed and
samples were washed with sterile PBS. Afterwards, the apical compartment was exposed to 4
ug/mL lipopolysaccharide (LPS, Sigma Aldrich), while HULEC-5a medium was added to the
basolateral chamber. Untreated samples were used as control. The effect of LPS treatment on
barrier properties was assessed after 2 days by permeability assay (n = 3 samples for each
condition) and immunostaining for ZO-1 marker.

The level of IL-6 inflammatory cytokine in the supernatants was evaluated by IL-6 ELISA kit
(Invitrogen), following the manufacturer’s instructions. To quantify the release of IL-6 cytokine,
the absorbance at 450 nm was recorded using SYNERGYTM HTX multimode plate reader
(BioTeK, Winooski, VM, USA).

2.8 STATISTICAL ANALYSIS
Statistical analyses were performed through t-test or one-way ANOVA using GraphPad Prism
8.3.0 software (San Diego, CA, USA). For each experiment, samples were tested in triplicate (n =
3).

3. RESULTS AND DISCUSSION
3.1 Engineered transwell system

3.1.1 Characterization of biomimetic electrospun membrane
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SEM image (Fig. 1a) shows the randomly oriented nanofibrous morphology of the PCL-Gel
membrane. The blended mat had thin and homogeneous defect-free nanofibers, displaying an
average diameter of 110 + 22 nm as measured by analyzing SEM images through ImageJ software.
The small dimension of PCL-Gel fibers was ascribed to the presence of Gel within the blended
solution that caused the increase of solution conductivity. Indeed, Gel is a polyampholyte that has
functional groups (such as amine and carboxylic groups) sensitive to ionization in an acidic
environment [39]. Furthermore, the use of a polar solvent like formic acid (AF), contributed to the
increase of solution conductivity and therefore to the presence of small fibers [32].

The developed PCL-Gel electrospun membrane was integrated in a transwell insert (engineered
transwell insert) through a thin layer of PDMS. The complete polymerization of PDMS was
favored by incubating the systems at 70 °C for 10 minutes. SEM and ATR-FTIR analysis were
performed to assess, the morphology and physico-chemical properties of the PCL-Gel membrane
after heat treatment. The morphology of PCL-Gel electrospun nanofibers after heat treatment was
evaluated (Fig. 1 a): no significant morphological and fiber size (117 + 32 nm) changes were
observed, demonstrating that the process did not affect the nanofibrous mat structure.

In Fig. 1 b, the ATR-FTIR spectra of the PCL-Gel membrane before and after treatment show
no significant differences between the spectra of PCL-Gel before and after treatment, confirming
that the incubation did not change the chemical composition of the membranes. Indeed, the two
spectra showed the characteristic bands of PCL, Gel and GPTMS-Gel crosslinking. In particular,
the peaks located at 2943 cm™!, 2862 cm™ and 1724 cm™ were attributed to the asymmetric and
symmetric stretching of CH2 groups [40] and to the stretching of C=0O and C-O groups [41],
respectively. Furthermore, the peaks situated at 3274 cm™, 1640 cm™ and 1530 cm™! were assigned

to amide A, amide I and amide II respectively [42,43], while the peaks located at 1050 cm™ and

19



433

434

435
436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

912 cm™ were ascribed to Si-O-Si bonds and Si-OH stretching respectively, confirming the

GPTMS-Gel crosslinking [44].
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Fig. 1. Characterization of PCL-Gel membrane. a) Representative SEM images of PCL-Gel
membrane before (pre-treatment) and after (post-treatment) incubation at 70 °C. Scale bar =5 um.
b) ATR-FTIR spectra of PCL-Gel membrane before and after incubation at 70°C. The arrows
indicate the characteristic absorption peaks of PCL, Gel and GPTMS-Gel crosslinking.

3.1.2 Characterization of A549 cells under ALI conditions

Immunofluorescence staining assay was used to validate the use of A549 cells for the recreation
of an effective model of the alveolar-capillary barrier. A549 cells were seeded at optimized cell
density (Fig. S3) and cultured on the apical side of PCL-Gel TW for 10 days under ALI or LLI.
The expression of type I and type II cell specific markers was evaluated by immunostaining for
AQP-5 and SP-C proteins, respectively. As shown in Fig. 2 a, a stronger fluorescence intensity of
both AQP-5 and SP-C markers were detected for A549 cells cultured under ALI condition and
compared to LLI. Furthermore, semi-quantitative analysis (Fig. 2 b) of the stain-positive area
confirmed the increase of AQP-5 and SP-C markers in ALI condition. These results demonstrated
that the air exposure promoted the differentiation of A549 cells into alveolar epithelial cell types,

in accordance with the results obtained in previous works [46,47].
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The influence of culture conditions on cell morphology was investigate through SEM
microscopy. For both culture conditions tested, A549 cells formed a uniform epithelial layer on
the apical surface of the PCL-Gel TW, as demonstrated in Fig. S4 (supplementary material).
Nevertheless, A549 cells cultured at LLI presented a smooth cell surface, while A549 cultured at
ALI exhibited rough surface rich of mucus secretions [47] (Fig. 2 ¢).

The results obtained from immunofluorescence staining and SEM microscopy suggested that A549
cells cultured in the more physiologic ALI state can better replicate the key features (expression
of both type I and type II markers and mucus secretions) of the alveolar epithelium. Thus, ALI

condition was used to establish the co-culture model.
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Fig. 2. Characterization of A549 cells cultured on PCL-Gel TW. a) Representative images
from immunofluorescence staining for AQP-5 and SP-C under LLI and ALI culture conditions
(scale bar = 20 um). Experiment was performed in triplicate. b) Semi-quantitative analysis of the
stain-positive area normalized to the cell number. Data are reported as mean =+ std dev (n = 15).
Statistical difference ****p <0.0001. ¢) Representative SEM images of A549 cells cultured under
LLI and ALI conditions at 8 000 x (scale bar = 10 um). White arrows show the presence of mucus
secretions. Experiment was performed in triplicate.

3.2 Thin barrier model

A549 epithelial cells and HULEC-5a endothelial cells were seeded at the optimized cell density
(Fig. S3 and Fig.S5) on the apical and basolateral side of the PCL/Gel TW respectively, to mimic
the architecture of the thinner portion of the alveolar-capillary barrier. After 3 days under LLI
condition, the staining of cell nuclei and F-actin filaments demonstrated that uniform layers of
cells were obtained after 3 days of co-culture (Fig. S6 a and b).

Thus, the ALI was established by removing the medium in the apical side of PCL-Gel TW and
the presence of the different cell types on each side of the PCL-Gel TW was confirmed after
additional 7 days (Fig. S6 ¢ and d). According to Wu et al. [47], 7 days of culture at ALI is an
optimal window for the expression of the alveolar properties of A549 cells at ALI, in terms of the
expression of tight junction proteins (ZO-1) as well as the typical epithelial cell markers.

The viability of the co-culture of A549 and HULEC-5a cells after 7 days of ALI culture was
determined by CellTiter-Blue® viability assays and compared with the mono-culture condition
(Fig. 3 a). Cell viability was higher for both A549 and HULEC-5a cells in co-culture compared to
the mono-culture condition. This data demonstrated that the viability was positively influenced by

the organization of cells in a physiological-like architecture. Moreover, previous works
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demonstrated that exists a paracrine crosstalk between lung epithelial and endothelial layer that
could explain the enhancement of cell viability due to the presence of soluble factors in the co-
culture [48-50].

The barrier function of the A549 and HULEC-5a co-cultures on PCL-Gel TW was assessed by
measuring the apparent permeability of 70 kDa FITC labelled-dextran towards the A549 and
HULEC-5a mono-cultures as well as of the PCL-Gel membranes without cells (Fig. 3 b).

The FITC-dextran permeability of the co-cultured cells was found lower than that of the non-
cellularized PCL-Gel membranes and of A549 and HULEC-5a mono-layers, resulting in an
apparent permeability of 1.5 x 10° £ 0.3 x 107 cm/s, 8.6 x 10° £ 0.7 x 10° cm/s, 3.7 x 10° £ 0.5
x 107 cm/s and 4.1 x 10° £ 0.5 x 107 cm/s, respectively. As previously reported in literature
[51,52], the decrease of permeability demonstrated the better barrier function of the co-cultures
compared to mono-cultures, indicating a synergic interaction between the epithelial and
endothelial cells. The improvement of barrier function can be attributed to the complex crosstalk
between endothelial and epithelial cells in co-culture. Indeed, the improvement of barrier function
was previously attributed to soluble factors secreted by A549 epithelial cells which led to a
reduction of endothelium permeability [50], as well as to a paracrine effect of the endothelial cells
(HUVECsSs) on bronchial epithelial cells (16HBE140) [49]. Therefore, Higuita-Castro et al.[12]
reported a value of the apparent permeability of A549 and HUVECs co-cultures in PCL-Gel
membranes of about 4 x 10~ cm/s, that resulted higher than the value calculated in this study. This
difference could be attributed to the different period of co-culture and/or culture conditions.
Indeed, Higuita-Castro et al. co-cultured A549 and HUVECs for only 2 days and under LLI
conditions [12] while, in this work, the increase of the culture period (7 days) and ALI culture

condition could have induced the improvement of the barrier function.
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The formation of a physiological relevant barrier was further demonstrated by investigating the
expression of tight junctions (TJs, ZO-1) and adherent junctions (AJs, E-cadherin in epithelial cells
and VE-cadherin in endothelial cells) in A549 and HULEC-5a cells. Co-cultures and mono-culture
of A549 and HULEC-5a cells were stained for ZO-1/E-cadherin and ZO-1/VE-cadherin
respectively, to study the effect of the culture condition in barrier properties (Fig. 3 ¢).

For all the tested conditions, cells were cultured for 3 days under LLI condition followed by 7
days under ALI condition. Immunofluorescence staining of cells confirmed that confluent layers
of cells were obtained for both A549 and HULEC-5a co-cultures and mono-cultures. As expected,
A549 cells expressed E-cadherin, while HULEC-5a cells expressed VE-cadherin, being typical
Als of epithelial [53,54] and endothelial cells [55,56], respectively. Immunofluorescence images
demonstrated that the expression of all markers resulted more localized at the cell membrane in
A549 cells and HULEC-5a co-cultures, compared to mono-culture where the expression appaired
to be diffused to the cytoplasm (Fig. 3 ¢). Indeed, in co-culture condition, a continuous ring-like
staining (arrows in Fig. 3 ¢) at the cell borders was observed, confirming the role of the co-culture
condition to steer the formation of a tighter barrier. The altered distribution was much more evident
for ZO-1 and E-cadherin expression in A549 cells. This evidence is in line with previous works
[48,49] that reported as the increase in the expression of TJs in lung epithelial cells was mediated

by factors secreted by endothelial cells.
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Statistical difference (p*< 0.1; **< 0.01; ***p < 0.001; ****p < 0.0001). Data are reported as
mean * std dev (n = 3). ¢) Representative immunofluorescence images for ZO — 1, E-cadherin and
VE-cadherin in A549 and HULEC-5a cells mono- and co-cultures after 7 days at ALI. Arrows
indicate the presence of ring-like staining at cell borders (scale bar = 20 um). Experiments were
performed in triplicate.

3.2.1 Evaluation of LPS-induced inflammation in A549/HULEC-5a co-culture model

LPS-treatment was performed after 7 days of co-culture at ALI. After 2 days of exposure to LPS,
the apparent permeability of LPS-treated (T) and -untreated (NT) samples were compared (Fig. 4
a) reporting an increase of barrier permeability for LPS-treated samples, induced by a damage of
TJs [57-59].

Indeed, the immunofluorescence staining for ZO-1 of co-cultured A549 and HULEC-5a revealed
a lower fluorescence diffused to cytoplasm for LPS-treated A549, while untreated A549 express
high level of ZO-1 localized at cell borders (Fig. 4 b). This result confirmed that the exposure to
LPS compromised the barrier properties resulting in the formation of several gap between junction
(arrows in Fig. 4 b). Therefore, the inflammation mediated by LPS resulted in a decrease of barrier
property that could be attributed to a damage of TJs [60], thus confirming the ability of the
designed model to reproduce the disruption of the barrier associated to inflammatory events that
take place at the alveolar level. Interestingly, no significative differences were observed in the
expression of ZO-1 of HULEC-5a cells (Fig. 4 b). This result could be motivated by considering
that the LPS treatment was performed in the apical side of PCL/Gel TW and thus the TJs of A549
cells were more rapidly damaged by the treatment.

In addition, ELISAs assay was used to investigate the level of secreted IL-6 cytokines on co-
cultured A549 and HULEC-5a cells on PCL-Gel TW treated with LPS for 2 days and compared

to A549 and HULEC-5a mono-cultures on conventional TCP. As shown in Fig. 4 ¢, the cytokine
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level of IL-6 was significantly increased both in mono-cultures and co-cultures following the LPS
treatment. Moreover, upon the cell co-culturing, LPS treatment significantly increased the IL-6
cytokine release compared with the A549 and HULEC-5a cell conventional mono-cultures. This
result demonstrated that the inflammation induced by LPS treatment was amplificated in the co-
culture model, indicating that the developed barrier model can be suitable to replicate the
inflammatory events that take place at the alveolar level. Several studies focusing on LPS-exposed
lung models were previously performed, showing increased cytokines release in co-cultures
models compared to mono-cultures [61-63]. In particular, Janga et at. [61] revealed altered IL-6
release following LPS exposure on co-cultures of lung epithelial and microvascular endothelial
cells compared to the respective mono-cultures. They demonstrated that the enhancement in the
level of pro-inflammatory cytokines in the co-cultures was mediated by the epithelial-endothelial

crosstalk, which was clearly absent in mono-culture models [61].
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Fig. 4. Influence of LPS treatment in co-culture model. a) Apparent permeability of FITC
labelled-dextran of untreated and LPS-treated co-cultures. Statistical difference (***p < 0.001).
Data are presented as mean + std dev (n = 3). b) Representative immunofluorescence images for
Z0-1 in A549 and HULEC-5a cells co-cultures after 2 days of LPS-treatment (scale bar = 20 um).
Arrows show the presence of several gaps between cellular junctions. Experiments were performed

in triplicate. ¢) Comparison of IL-6 pro-inflammatory cytokine release on untreated and LPS-
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treated samples in conventional A549 mono-cultures (A549 TCP), conventional HULEC-5a
mono-cultures (HULEC-5a TCP) and A549 and HULEC-5a co-cultures on PCL-Gel TW
(A549/HULEC-5a PCL-Gel TW). Statistical difference (*p <0.1; ***p <0.001; **** p<0.0001).
Data are shown as mean =+ std dev (n = 3).
3.3 Thick barrier model
3.3.1 Characterization of COLL hydrogel

The influence of pH and temperature on the collagen fibril formation was investigated as
previously described by Morimoto et al. [36]. Fig. 5 a shows the fluorescence emission spectra of
COLL-ThT-3 (COLL incorporated ThT at pH 3), COLL-ThT-7.5 (COLL incorporated ThT at pH
7.5), EMEM medium and ThT solution. As shown in Fig. § a, intrinsic fluorescence of the ThT
dye were found to be lower than COLL-ThT-3 and COLL-ThT-7.5. The spectrum of COLL-ThT-
7.5 showed greater values of fluorescence emission at 485 nm compared to COLL-ThT-3, in
accordance with the results obtained from Zou et al [64]. This evidence demonstrated the formation
of collagen fibrils due to the simultaneous change of pH and temperature. Furthermore, the
increase of the gap between COLL-ThT-7.5 and ThT compared to that between COLL-ThT-3 and
ThT demonstrated the higher specificity of ThT to bind fibril structure rather than triple-helical
structures [36]. Indeed, the D-periodic gap zone that forms in the region between the C-terminal
end and N-terminal zone of adjacent molecules led to the binding of ThT to collagen fibrils [36].

Therefore, the self-assembly kinetics of the COLL hydrogel at 37 °C and its viscoelastic
properties during gelation were monitored by turbidity measurements and rheological analysis,
respectively. Curves obtained from turbidity measures (Fig. S b) show a sigmoidal trend with three
phases: nucleation (I), growth (II) and plateau (III). In the nucleation phase (lasting about 400 s),

no enhancement in turbidity was detected demonstrating that in this stage self-assembly did not

29



595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

occur. Nevertheless, the formation of intermediates takes places, consisting of quarter staggerer
linear units ranging from dimers and trimers to more complex structures containing from 5 to 17
laterally packed molecules [65]. An increase in the absorbance at 310 nm (between 400 s and 1000
s) was recorded in correspondence to the growth phase in which the axial growth of the
intermediates results in the formation of thin filaments [65]. After 1000s the curve reached the
plateau as the filaments lateral association led to the formation of mature fibrils and consequently
to a stable gel structure [65]. The final absorbance value was found to be 0.71 £ 0.08, resulting in
a t 2 (the time to reach the half of the final absorbance) of 579 s. This trend is consistent with the
results obtained in several works [37,65-67].

Moreover, the gelation kinetic and the viscoelastic properties of the COLL hydrogel were further
quantified by measuring G’ and G’* changes during the self-assembling process (Fig. 5 ¢) within
the linear viscoelastic region (LVE) (Fig. S7 a). In particular, the sol-gel transition was found to
start at around 36 °C after about 100 s. The main mechanical change related to self-assembly was
observed after the reaching the physiological temperature of 37 °C. Indeed, after 200 s, the greater
values of G’ compared to G’” demonstrated the phase transition of the samples reaching the gel
state, indicating the dominance of elastic response over the viscous behavior [68]. As result of sol-
gel transition, a stable gel was obtained as demonstrated by the plateau values of G’ (about 110
Pa) between 300 s and 600 s. The developed COLL hydrogel demonstrated to have mechanical
properties comparable to hydrogels derived from lung ECM [69]. The slight difference in gelation
time obtained through turbidity measurement and time sweep test was ascribed to the difference
in methodologies such as hydrogel volume and temperature diffusion. Moreover, the frequency
sweep test (Fig. S7 b) confirmed the monophasic gel nature of the sample at 37 °C (G’>G™’).

Indeed, this test showed that the hydrogel exhibited a G’ higher than G’’ over the entire range of
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frequencies evaluated, demonstrating the dominance of the elastic behavior of the COLL hydrogel.
In particular, the frequency sweep test allowed to evaluate the viscoelastic behavior of the hydrogel
by measuring tan 6 (G’’/G’) < 1 (Fig. S7 ¢). As previously reported by Pacheco et al. [38],
materials with tan 8 > 1 predominantly display viscous behavior (sol-like structure); conversely,
materials with tan 6 < 1 exhibit predominant elastic behavior (gel-like structure).

Finally, the analysis of the COLL hydrogel microstructure after freeze-drying demonstrated the
ability of the COLL hydrogel to form fibrous meshes (Fig. 5 d). The high density of fiber could
be attributed to the high concentration of collagen in solution (1 % wt./v), as previously observed
by several authors [70—72]. The COLL fibers were randomly oriented on the 3D structure of the
hydrogel and showed an average diameter of 44 + 13 nm. Several authors previously reported that
the size of the collagen hydrogel fibers is strongly influenced by the pH, temperature and ionic
strength [37,73]. The results obtained through FESEM analysis confirmed that a pH 7.5 and a
temperature of 37 °C led to obtain thin fibers, however, the presence of few precipitated aggregates
(arrows in Fig. 5 d) was detected, as a consequence of the use of NaOH solution to neutralize the
pre-hydrogel solution as well as of the use of EMEM for the solution preparation.

The COLL hydrogel was cellularized using two densities of MRC-5 lung fibroblasts. For all the
tested conditions, the metabolic activity of MRC-5 fibroblasts increased with incubation time,
indicating an active proliferation within the COLL hydrogel (Fig. 5 e), while cells remained viable
for 2 weeks. Hence, 1.5 x 10° cells/mL density was selected for further investigations showing an
enhanced viability due to high cell density. Moreover, a slight contraction (lower than 10 %) of
the cell-laden hydrogel was observed after 3 days thus demonstrating that fibroblasts interacted

with the 3D hydrogel structures recognizing the integrin binding sites of collagen [74,75].
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640 The morphology of MRC-5 encapsulated in COLL hydrogel was evaluated, and the typical
641  MRC-5 elongated and slanted shape was observed after 14 days, confirming cell adhesion and
642  viability within the COLL hydrogel (Fig. 5 f). Moreover, MRC-5 fibroblasts appeared uniformly

643  distributed within the hydrogel volume (Fig. 5 g).
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644

645 Fig. 5. Characterization of COLL hydrogel. a) Fluorescence emission spectra of EMEM, ThT
646  solution, COLL-ThT-3 and COLL-ThT-7.5. b) Turbidity-time curve for COLL hydrogel. ¢) Time
647  sweep test of COLL pre-hydrogel solution at 37 °C. d) Representative FESEM images of freeze-
648  dried COLL hydrogel at different magnifications: 50 000 x (/eft) and 100 000 x (right). Scale bar
649 =200 nm. Experiment was performed in triplicate. e) CellTiter-Blue® viability assay at different
650 initial cell densities: 0.8 x 10%and 1.5 x 10° cells/mL. Statistical difference (p* < 0.1; p** < 0.01).

651  Data are reported as mean + std dev (n = 3). f) Representative fluorescence images of MRC
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fibroblasts encapsulated in the COLL hydrogel stained with DAPI (blue) and FITC-phalloidin
(green) after 14 days of culture. Image at 20 x (/eft, scale bar = 100 um) and 60 x (right, scale bar
=20 um). Experiment was performed in triplicate. g) Representative 3D reconstruction of DAPI-
phalloidin stained MRC-5 fibroblasts encapsulated in COLL hydrogel. Z-stack images in the z
plane at 60 x magnification (scale bar = 20 pm).

3.3.2 Realisation of the tri-culture model on PCL-Gel TW

The tri-culture model was obtained by seeding HULEC-5a cells in the basolateral side of PCL-
Gel TW, then, MRC-5 loaded in pre-hydrogel solution were poured on the apical side of the PCL-
Gel membrane and the tri-layer model was completed by seeding A549 cells atop the MRC-5-
laden COLL hydrogel. ALI was established 3 days after seeding and maintained for additional 7
days. The confocal microscopy images (Fig. 6 a) demonstrated the presence of both A549, MRC-
5 and HULEC-5a cells, on the surface of the COLL hydrogel, inside the hydrogel and on the
basolateral side of the PCL-Gel membrane, respectively. The fluorescence staining of cytoskeleton
outlined the characteristic morphology of each cell type. A549 cells formed a uniform layer and
exhibited a polygonal epithelial-like morphology. MRC-5 fibroblasts maintained their typical
elongated and spindle-like shape after 7 days at ALI and endothelial-like HULEC-5a cells were
uniformly distributed on the underside of the PCL-Gel membrane.

Moreover, the video (Vid. S1) obtained from the z-stack images overlay of tri-culture system
confirmed the presence of both A549 cells and MRC-5 fibroblasts while no video showing
HULEC-5a could be obtained via z-stack acquisitions because of the presence of the non-
translucent PCL-Gel membrane and the thickness of the sample.

Furthermore, tight junction protein ZO-1 was expressed by both A549 and HULEC-5a (Fig. 6

b), within the tri-culture model, demonstrating the formation of tight junctions and solid
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intercellular connections. As previously reported in literature, the presence of tight junctions in the
epithelial layer allows the effective separation of the air-exposed compartment of the alveoli from
the interstitial compartment [76]. Thus, the expression of abundant ZO-1 demonstrated the ability
of the developed barrier model to mimic the physiological condition.

Moreover, immunofluorescence staining demonstrated the expression of E-cadherin and VE-
cadherin (Fig. 6 b) which are adherent junction proteins characteristic of epithelial and endothelial
cells, respectively. Therefore, the abundant expression of AJ proteins confirmed that a stable
barrier was formed after 7 days at ALL

3.3.2.1 Evaluation of LPS-induced inflammation in tri-culture model

ELISA assay was used to preliminary investigate the effect of LPS on tri-culture model,
evaluating the release of pro-inflammatory cytokine IL-6 (Fig. 6 ¢). The LPS treatment resulted in
a significantly increased release of IL-6 comparing to the untreated samples suggesting that the
developed tri-culture system may be suitable for modelling inflammatory-related alveolar

diseases.

34



689
690

691

692

693

694

695

696

697

HULEC-5a

a
DAPI F-ACTIN DAPI F-ACTIN
b HULEC-5a c
150
- kKK
£ ]
S 100-
2
©
—
E 50
(o]
l—
NT T

E- CADHERIN VE- CADHERIN

Fig. 6. Characterization of tri-culture model. a) Representative fluorescence images of tri-
cultured cells after 7 days at ALI (scale bar =20 um): A549 cells cultured atop the COLL hydrogel;
MRC-5 encapsulated in the COLL hydrogel; HULEC-5a cultured on the basolateral compartment
of the PCL-Gel TW. Experiment was performed in triplicate. b) Representative
immunofluorescence images for ZO—1, E-cadherin and VE-cadherin in tri-culture model (scale bar
= 20 um). Experiments were performed in triplicate. ¢) Quantification of IL-6 pro-inflammatory
cytokine release after 2 days of LPS treatment in the apical compartment of tri-culture model. Data

are reported as mean mean =+ std dev (n = 3). Statistical difference (**** p <0.0001).
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4. Conclusion

In this study, two in vitro models for the thin and thick portion of alveolar-capillary barrier were
developed using a biomimetic transwell-like system allowing physiologically relevant ALI culture
conditions. To this end, a transwell insert was modified by replacing the commercial membranes
with a bioinspired PCL-Gel electrospun membrane showing an ECM-like fibrous structure and a
biomimetic composition thanks to the presence of gelatin. The thin barrier model was established
by co-culturing HULEC-5a endothelial cells and A549 epithelial cells in the basolateral and apical
side of PCL-Gel TW, respectively. A complete coverage of the mats was successfully achieved
recreating a biomimetic alveolar-capillary barrier in vitro. Furthermore, the unique features of this
system, which allows to recreate ALI culture conditions of A549 cells co-cultured with HULEC-
5a on a biomimetic mat, promoted the development of a physiological-like environment
recapitulating the expression of both type I and type II alveolar epithelial markers, the formation
of a thin mucus layer on the cells surface and the formation of a tight barrier. Therefore, the
capability of this system to physiologically respond to external insults was assessed by monitoring
the effect of LPS on epithelial cells within the alveolar-capillary barrier in vitro. LPS treatment led
to an increase of the apparent permeability due to the damaging of TJs within the epithelial cells
and an increase of the release of IL-6 inflammatory cytokine was detected.

Then, the developed simplified system was further modified to implement a tri-culture system
to recapitulate the thick portion of the alveolar barrier, thus developing an alveolus micro
physiological system including alveolar interstitial space that for the first time was cultured under
ALI condition. To this aim, COLL hydrogel was formulated and fibrillogenesis was obtained at
37 °C and neutral pH (around 7.5) forming a homogeneous network of fibrous fibrils of about 40

nm size. The developed COLL hydrogel successfully mimicked the ECM of the interstitial space
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of alveolar-capillary barrier and supported the encapsulation of lung fibroblasts (MRC-5),
recapitulating the real 3D architecture. After 14 days, encapsulated MRC-5 fibroblasts showed
high viability, presented the typical elongated shape, and were homogeneously distributed in the
hydrogel volume. Then, the developed COLL hydrogel was combined with the PCL-Gel
electrospun membrane to implement the tri-culture model that was successfully established on
PCL-Gel TW for 7 days at ALI. Moreover, the use of the three-layered model for modelling
alveolar disease was preliminary investigated reporting a physiological-relevant increase of IL-6
cytokine level after a pro-inflammatory insult induced by LPS treatment.

In conclusion, this work provides innovative in vitro biomimetic platforms to perform the multi-
culture (co- and tri-culture) of human lung cells up to 7 days under physiologic ALI condition.
The findings of this study indicated that the developed alveolar-capillary barrier models can be
suitable to mimic the events that take place at the alveolar level, becoming possible effective in
vitro models for lung tissue research.
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