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ABSTRACT 19 

Alveoli are the functional area of respiratory system where the gaseous exchanges take place at 20 

level of the alveolar-capillary barrier. The development of safe and effective therapeutic 21 

approaches for treating lung disease is currently limited due to the lack of realistic preclinical 22 

models for their testing and validation. In this work, tissue engineering approaches were exploited 23 

to develop a biomimetic platform that provide an appropriate mimicking of the extracellular 24 

environment and the multicellular architecture of human alveoli. Here, we propose the 25 

implementation of two biomimetic in vitro models to reproduce the features of the main anatomic 26 

portions of the physiological alveolar-capillary barrier. First, a co-culture barrier model was 27 

obtained by integrating an electrospun polycaprolactone-gelatin (PCL-Gel) membrane in a 28 
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 2 

modified transwell insert (PCL-Gel TW) to mimic the alveolar basement membrane (coded as thin 29 

model). Alveolar epithelial (A549) and lung microvascular endothelial (HULEC-5a) cells were 30 

cultured on the apical and basolateral side of the PCL-Gel membrane, respectively, under 31 

physiologic air-liquid interface (ALI) conditions for 7 days. The ALI condition promoted the 32 

expression of type I and type II alveolar epithelial cell markers and the secretion of mucus in A549 33 

cells. Increased cell viability and barrier properties in co-cultures of A549 and HULEC-5a 34 

compared to mono-cultures revealed the effectiveness of the model to reproduce in vitro 35 

physiological-relevant features of the alveolar-capillary barrier.  36 

The second portion of the alveolar-capillary barrier was developed implementing a tri-culture 37 

model (coded as thick model) including a type I collagen (COLL) hydrogel formulated to host 38 

lung fibroblasts (MRC-5). The thick barrier model was implemented by seeding HULEC-5a on 39 

the basolateral side of PCL-Gel TW and then pouring sequentially MRC-5-laden COLL hydrogel 40 

and A549 cells on the apical side of the electrospun membrane. The thick model was maintained 41 

up to 7 days at ALI and immunofluorescence staining of tight and adherent junctions demonstrated 42 

the formation of a tight barrier.  43 

Lastly, the ability of models to emulate pathological inflammatory conditions was validated by 44 

exposing the apical compartment of the PCL-Gel TW to lipopolysaccharide (LPS). The damage 45 

of A549 tight junctions, the increase of barrier permeability and IL-6 pro-inflammatory cytokine 46 

release was observed after 48 h exposure to LPS. 47 

KEYWORDS 48 
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1. INTRODUCTION 59 

The recreation of physiologically relevant alveolar-capillary barrier within in vitro experimental 60 

models is currently one of the main challenges of the scientific community as the alveolar-capillary 61 

barrier is the primary region of exposure to toxic or harmful substances from the external 62 

environment [1]. Indeed, the human alveolar-capillary barrier represents the site of gas exchanges, 63 

separating the alveolar airspace from the capillary lumen [2,3]. It comprises two main portions: a 64 

thin portion in which the air-exposed alveolar epithelium and pulmonary capillary endothelium 65 

are separated by a fused common basement membrane, and a thick portion where an interstitial 66 

space of connective tissue separates the alveolar epithelium and the pulmonary capillary 67 

endothelium [3,4].  68 

Several pathologies, such as lung cancer, fibrosis, inflammation and infection affect the function 69 

and the structure of the alveolar-capillary barrier leading to serious and often fatal outcomes [5]. 70 

The knowledge of complex events that occurs during the development of alveolar diseases is 71 

still constrained by the lack of effective in vitro alveolar models able to recreate in vitro the 72 
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microanatomy and composition of both the thin and thick portion of the alveolar barrier. Indeed, 73 

previously reported approaches for modelling the alveolar-capillary barrier rest on the co-culture 74 

of epithelial and endothelial cells on the two sides of a porous membrane made of non-biomimetic 75 

materials (such as polydimethylsiloxane (PDMS) [6] and polycarbonate (PC) [7]) that fail to 76 

replicate the tissue function due to the lack of morphological, compositional and mechanical 77 

similarity to the native alveolar extracellular matrix (ECM) [8,9]. Recently, tissue engineering 78 

approaches have been exploited for the development of biomimetic in vitro models that provide 79 

an appropriate mimicking of extracellular environment by replacing non-biomimetic membranes 80 

with ECM-like bioinspired substrates [9–12]. For instance, Zamprogno et al. [9] presented an 81 

innovative approach by designing a microfluidic device with an array of stretchable gold 82 

hexagonal mesh filled with a collagen-elastin hydrogel for mimicking the structure of the alveoli. 83 

A vacuum-driven system has been used to stretch primary human lung alveolar cells seeded on the 84 

thin hydrogel by applying a negative pressure below the cell culture supports. The biomimetic 85 

device was successful in mimicking the alveolar microenvironment by supporting the formation 86 

of a functional epithelial barrier. A similar model has been proposed by Radiom et al. [10], with 87 

the difference that hexagonal meshes are covered by a layer of electrospun Gel nanofibers and the 88 

movement of membrane is mediated by an air pressure system in the apical chamber of the 89 

microfluidic device. They proved that the combined effect of the topographic and mechanical 90 

stimuli led to a remodeling of the cytoskeleton of the alveolar epithelial cells (A549) mono-91 

cultured on the electrospun membranes. Although these strategies represent an important progress 92 

in the field of in vitro models, they still lack to closely emulate the complexity of in vivo tissue 93 

microenvironment. Indeed, reported biomimetic models are limited by a support unable to closely 94 

recapitulate the fibrous topography of the alveolar basement membrane [11] or by alveolar 95 
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epithelial cells cultured under non-physiological submerged conditions [9,12]. Moreover, 96 

considering the complex multi-cellular architecture of the thick portion of the alveolar-capillary 97 

barrier, the co-culture models are unable to fully resemble the layered architecture and to control 98 

the cell-cell and cell-ECM interactions. Thus, tri-culture models which integrate alveolar epithelial 99 

cells with fibroblasts and lung microvascular endothelial cells are pivotal to enhance the 100 

physiologic complexity and relevance of in vitro alveolar models.  101 

Here, we report the development of two biomimetic in vitro models to reproduce the 102 

composition, multi-layered architecture and physiological microenvironment of the thin and thick 103 

portion of the alveolar-capillary barrier. At first, a poly(Ꜫ-caprolactone)-gelatin (PCL-Gel) 104 

membrane was obtained through electrospinning technique to mimic the basement membrane of 105 

the alveolar-capillary barrier. Then, a realistic thin barrier model was obtained by integrating PCL-106 

Gel membrane in ad-hoc modified transwell insert (coded as PCL-Gel TW) and culturing the 107 

alveolar epithelial (A549) and lung microvascular endothelial (HULEC-5a) cells on the apical and 108 

basolateral side of the electrospun membrane, respectively, under physiologic air-liquid interface 109 

conditions (ALI). A549 cells are widely used as model for alveolar epithelium tissue models due 110 

to the expression of phenotype similar to type II alveolar cells [13–15]. In this work, the behavior 111 

of A549 cells under air-liquid interface (ALI) and liquid-liquid interface (LLI) conditions was 112 

characterized, demonstrating that the exposure to air led to better replicate the property of the 113 

alveolar epithelium. Furthermore, A549 were co-cultured with lung microvascular cells (HULEC-114 

5a), a cell line having a greater ability to create an alveolus-like endothelial layer compared to 115 

human umbilical vein endothelial cells (HUVEC [16–18] or EA.hy926 [19–21]), usually used to 116 

fabricate alveolar-capillary barrier in vitro models. 117 
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In addition, a thick barrier model was developed by combining PCL-Gel membrane and 118 

fibroblasts (MRC-5)-laden collagen hydrogel and setting a tri-culture layering the alveolar 119 

epithelial cells, lung fibroblasts and lung microvascular endothelial cells. MRC-5 lung fibroblasts 120 

are frequently used to model the stromal cells of the alveolar barrier [22–24]. They are also 121 

employed in the co-culture with lung epithelial cells [25–29] to reproduce interaction between 122 

epithelium and stroma within the human alveoli and study physiological and pathological event 123 

that occur at the alveolar level. Nevertheless, this co-culture models fail to resemble the 3D 124 

architecture of the alveolar interstitial space presenting MRC-5 cells seeded on the basolateral side 125 

transwell system as well as the complex interaction between cellular compound of the thick portion 126 

of the alveolar-capillary barrier. 127 

 In this work, a type I collagen (COLL) hydrogel was formulated and extensively characterized 128 

to closely recreate the composition and three-dimensional (3D) nature of the alveolar interstitial 129 

space. In vitro analyses were carried out to investigate the cellular morphology and barrier 130 

properties of the developed models. Then, the ability of these models to replicate the pathological 131 

in vivo environment was investigated, by implementing a model of alveolar inflammation using 132 

lipopolysaccharide (LPS), the major component of the wall of Gram-negative bacterial cells, as 133 

microbial inducers of inflammation [30,31]. Following LPS treatment, the barrier properties and 134 

cytokine levels were characterized. 135 

2. MATERIALS AND METHODS 136 

2.1 FABRICATION AND CHARACTERIZATION OF BIOMIMETIC ELECTROSPUN 137 

MEMBRANES   138 

A blended solution (total polymer concentration of 15 % wt./v) was prepared by dispersing PCL 139 

(Mn=80 kDa, Sigma Aldrich) and Gel (Type A, Sigma Aldrich) in a weight ratio of 80:20 wt./wt. 140 
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in a mixture of acetic acid (Fisher Scientific) and formic acid (Sigma Aldrich) (50:50 v/v), 141 

according to a protocol recently optimized by our group [32]. Briefly, the solution was maintained 142 

for 24 hours under stirring (350 rpm). Then, 40 minutes before the electrospinning process, 3.68 143 

% v/v of (3-Glycidyloxypropyl) trimethoxysilane (GPTMS, ≥98 %, Sigma Aldrich) crosslinker 144 

was added to the polymer solution [32]. The blended electrospun membrane (coded as PCL-Gel) 145 

was fabricated through the electrospinning system (Novaspider V5) in vertical configuration. The 146 

solution was loaded in 5 mL luer-lock plastic syringe with a 21-G needle. The syringe was mounted 147 

inside the housing of the volumetric pump, set to deliver the solution at a flow rate of 500 µL h-1. 148 

A high voltage of 20 kV was imposed between the needle and a plane collector (placed at a distance 149 

of 12 cm) where the fibers were sequentially collected. 150 

The morphology of PCL-Gel electrospun mat was investigated through scanning electron 151 

microscopy (SEM, Tescan Vega). Before analysis, the membrane was cut into pieces of about 1 152 

cm2 and coated with a thin platinum layer using a sputter (Q150S, Quorum Technologies). Image 153 

J software was used to quantify the average diameter of fibers (n=100 measurements).  154 

The chemical composition of the electrospun mats was evaluated using a Fourier transform 155 

infrared-attenuated total reflectance (ATR-FTIR) spectrometer (Nicolet iS50 FTIR Spectrometer, 156 

Thermo Scientific) equipped with a diamond crystal. Spectra were obtained over a wavenumber 157 

range 4000 cm-1 – 500 cm-1, at a resolution of 4 cm-1 and 32 scans. 158 

2.2 TRANSWELL INSERT MODIFICATION (ENGENEERED TRANSWELL 159 

INSERT) AND CHARACTERIZATION OF ELECTROSPUN MEMBRANE AFTER 160 

INSERT MODIFICATION 161 

CellQART® 12-Well transwell inserts (SABEU GmbH & Co. KG) were specifically engineered 162 

to house the PCL-Gel electrospun membrane. The PCL-Gel membrane was cut on 3 cm x 3 cm 163 
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square specimens. Sylgard 184 Polydimethylsiloxane (PDMS, VWR) solution was prepared by 164 

mixing the polymeric base with curing agent in a ratio of 10:1 wt./wt. The PET membrane of the 165 

insert was removed by a scalpel and the PCL-Gel membrane was attached on the external wall of 166 

the transwell insert through a thin layer of PDMS. The PCL-Gel TW insert was incubated for 10 167 

minutes at 70 °C, allowing the complete crosslinking of PDMS. The morphology and chemical 168 

properties of the PCL-Gel electrospun membrane were investigated through SEM and ATR-FTIR 169 

spectroscopy after the sealing process, to ensure that the mat behaviors were not altered by the 170 

heat treatment. PCL-Gel membrane was detached from the insert and analyzed as previously 171 

described in par 2.1. Then, the average diameter (n = 100 measurements) and the spectrum of PCL-172 

Gel fibers after treatment were compared to those of the untreated fibers, respectively.  173 

2.2.1 IN VITRO CELL CULTURES AND CELL DENSITY OPTIMIZATION ON 174 

PCL-Gel TW 175 

Human alveolar basal epithelial cells (A549, ATCC) were cultured in Roswell Park Memorial 176 

Institute (RPMI) 1640 medium supplemented with 10 % fetal bovine serum (FBS, Gibco), 1 % L- 177 

glutamine (L-Glu, Gibco) and 1 % penicillin/streptomycin (P/S, Gibco). Human lung 178 

microvascular endothelium cells (HULEC- 5a, ATCC) were cultured in MCDB131 (Gibco) 179 

supplied with 10% FBS, 10 mM L-Glu, 1 µg/mL hydrocortisone (Sigma Aldrich), 10 ng/mL 180 

Epidermal growth factor (EGF, Gibco) and 1 % P/S. Cells were maintained at 37 °C in a 181 

humidified atmosphere of 5 % CO2 on tissue culture plates (TCP). Before cell tests, the PCL-Gel 182 

TW inserts were incubated in 1 % antibiotic-antimycotic solution (Sigma Aldrich) overnight and 183 

then sterilized with UV light for 1 hour.  184 

A549 or HULEC-5a cells at 80-90 % of confluency were harvested and seeded on the apical 185 

compartment of the PCL-Gel TW. Starting from the cell densities used by Higuita-Castro et al. 186 
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[12], three different cell densities (1.4 x 105 cells/cm2, 1.6 x 105 cells/cm2 and 1.8 x 105 cells/cm2) 187 

were tested for both cell lines to investigate the optimal cell densities to achieve a complete 188 

coverage of the substrate after 3 days. Indeed, as previously reported in literature, cells have to 189 

reach the confluence and form a uniform layer before establishing the air liquid interface 190 

conditions [33,34]. The CellTiter-Blue® viability assay (Promega) and the staining of cell nuclei 191 

were used to define the optimal cell density. Briefly, the CellTiter-Blue® assay was performed 192 

after 1, 3, 7, 14 days of cell culture. CellTiter-Blue® reagent was mixed with complete medium, 193 

as recommended by the supplier. After each time point, the cell culture medium was removed from 194 

each sample (n = 3 for each cell density) and replaced with 300 µL of medium containing CellTiter-195 

Blue® reagent. After 1h of incubation at 37 °C, 100 µL were placed in a black 96-well plate and 196 

the metabolic activity of cells was detected by measuring the fluorescence at 590 nm using 197 

SYNERGYTM HTX multimode plate reader (BioTeK, Winooski, VM, USA). 198 

The staining of cell nuclei was performed after 3 days of cell culture. Briefly, the culture medium 199 

was removed, and each PCL-Gel TW was washed with phosphate buffer saline (PBS, Gibco). The 200 

samples were fixed by incubating at room temperature (RT) with paraformaldeide 4 % in PBS 201 

(PFA, Alfa Aesar) for 40 minutes. A549 and HULEC-5a cell nuclei were stained with a 4',6-202 

Diamidino-2-Phenylindole, Dihydrochloride (DAPI, Invitrogen) solution (1:1000 dilution in 203 

PBS). After staining, the samples were mounted on glass coverslips using Fluoromount ™ 204 

Aqueous Mounting Medium (Sigma- Aldrich) and imaged using ZOE Fluorescent cell imager 205 

(Bio-Rad).  206 

2.3 THIN BARRIER MODEL 207 

2.3.1 CELL MONO-CULTURES 208 

A549 cells were seeded on the apical chamber of PCL-Gel TW inserts in 300 µL A549 medium 209 

at the optimized cell density (par 2.2.1). Then 600 µL of A549 cell medium was added to the 210 
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basolateral chamber and cells were cultured for 3 days at liquid-liquid interface (LLI). At the third 211 

day, the culture medium was removed from the apical chamber to establish the air-liquid interface 212 

(ALI). The medium in the basal chamber was refreshed each 2 days and the culture at ALI were 213 

performed for additional 7 days. In order to compare the behavior of A549 cells at ALI and LLI, 214 

samples at LLI were also cultured for 10 days. To this end, the samples were fixed with 4 % PFA 215 

and dehydrated through a series of incubations with graded ethanol solutions 216 

(30/50/70/80/90/95/100 % v/v ethanol in water). Then, the morphology of A549 cells at ALI and 217 

LLI was investigated through SEM as previously described (par 2.1) 218 

HULEC-5a cells were harvested and resuspended on complete medium at the selected cell 219 

density (par 2.2.1). Then, 300 µL of cell suspension was poured in the apical chamber while 600 220 

µL of HULEC-5a medium was added to basolateral chamber. HULEC-5a were cultured for 10 221 

days. 222 

2.3.2 OPTIMIZATION OF A549 CELL CULTURE MEDIUM FOR CELL CO-223 

CULTURES 224 

The viability of A549 cells with different cell culture media was evaluated to select the optimal 225 

media for the co-culture at ALI (Fig. S1). To this end, A549 cells on 48-well plate and cultured in 226 

A549 medium (supplemented RPMI medium) for 3 days. Then, RPMI medium was replaced with 227 

HULEC-5a medium (supplemented MCDB-131 medium). A549 cells cultured in EMEM medium was 228 

used as control. CellTiter-Blue® assay was used to evaluate the viability of A549 cells, 6 and 10 days 229 

after seeding. 230 

2.3.3 CELL CO-CULTURE 231 

The PCL-Gel TW inserts were flipped upside down and the HULEC-5a cells were seeded on 232 

the basolateral side of the PCL-Gel membranes. Samples were incubated for 4 hours at 37 °C to 233 

promote the cell attachment. Thus, the inserts were flipped over in 12-well plates and 600 µL of 234 
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HULEC-5a medium was added to the basolateral chambers. A549 cells were seeded on the apical 235 

chamber of the inserts at the selected cell density in 300 µL of A549 medium. The cells were co-236 

cultured for 3 days at LLI. Then, the ALI condition was established by removing the medium in 237 

the apical compartment; the co-culture was maintained for additional 7 days at ALI, feeding cells 238 

with HULEC-5a medium in the basolateral chamber (Fig S1 in supplementary material). The 239 

medium in the basolateral chamber was refreshed each 2 days. As previously reported by Wu et 240 

al., 7 days of co-culture at ALI is an optimal an optimal window for the expression of the alveolar 241 

properties of A549 cells at ALI, in terms of the expression of tight junction proteins (ZO-1) as well 242 

as the typical epithelial cell markers.  243 

2.3.4 CELL VIABILITY ASSAY  244 

The viability of mono- and co-cultured cells were assessed by CellTiter-Blue® assay. The 245 

medium on each PCL-Gel TW (n=3 for each condition) was removed and the membranes were 246 

washed with sterile PBS. Then, 300 µL and 600 µL of CellTiter-Blue® reagents were added to the 247 

apical and basolateral chamber, respectively. After 1 hour of incubation at 37 °C, the fluorescence 248 

intensity at 590 nm was measured using SYNERGYTM HTX multimode plate reader (BioTeK, 249 

Winooski, VM, USA). 250 

2.3.5 PERMEABILITY ASSAY 251 

The permeability of PCL-Gel TW with A549 and HULEC-5a cells mono- and co-cultured and 252 

without cells were tested (n = 3 samples for each condition) following the protocol previously 253 

reported in literature [35]. Briefly, a solution of 1 mg/mL FITC-dextran were prepared by 254 

dispersing FITC-dextran powders (Sigma Aldrich) in cell culture medium. Then, 600 µL complete 255 

medium was added to the basolateral chamber while 300 µL FITC-dextran solution was added to 256 

the apical chamber and the samples were incubated at 37 °C for 1 hour. 100 µL of medium were 257 

withdrawn from the basolateral chamber and placed into black 96-well microplates. The 258 
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fluorescence intensity at 528 nm was recorded and the apparent permeability (Papp) was calculated 259 

according to the following equation: 260 

 261 

𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎 =  
𝛥𝛥𝛥𝛥 ∗ 𝑉𝑉0 

A ∗  𝛥𝛥𝛥𝛥 ∗ 𝐶𝐶0  
 262 

 263 

where 𝛥𝛥𝛥𝛥 is the variation of concentration in the basolateral chamber, 𝑉𝑉0 is the initial volume of 264 

culture medium in the basolateral chamber, A is the cell culture surface area (1.12 cm2), 𝛥𝛥𝛥𝛥 is the 265 

incubation time (1 hour) and 𝐶𝐶0 is the initial concentration in the upper chamber. 𝛥𝛥𝛥𝛥 was calculated 266 

using a calibration curve obtained by measuring the fluorescence intensity of concentration series 267 

of FITC-dextran solutions (0-1 mg/mL).  268 

2.4 FORMULATION AND CHARACTERIZATION OF COLLAGEN HYDROGEL  269 

Pre-hydrogel solution was obtained by dispersing bovine type I collagen (COLL, freeze-dried 270 

powders, Blafar Ltd) in 0.5 M acetic acid in Eagle's Minimum Essential Medium (EMEM, ATCC) 271 

(AA: EMEM). The suspension was maintained under stirring at 4 °C for 12 hours, obtaining a 272 

homogenous solution with a COLL concentration of 1 % wt./v. The acid pH of the solution was 273 

adjusted to approximately 7.5 by adding a 10 M NaOH solution dropwise at 4 °C.   274 

The influence of pH and temperature on COLL fibrillogenesis was investigated through a 275 

fluorescence method exploiting the ability of thioflavin T (ThT) fluorescent dye to bind to collagen 276 

fibrils as previously described by Morimoto et al. [36]. Briefly, COLL powders were dispersed in 277 

50 µM ThT solution, obtained by solubilizing ThT powders (Sigma Aldrich) in 0.5 M AA: EMEM. 278 

After neutralizing the pH of the solution, 100 µL of samples (n = 3) were poured into black 96-279 

well plate and incubated at 37 °C for 30 minutes (coded as COLL-ThT-7.5). The fluorescence 280 

emission at 485 nm (excitation at 421 nm) of COLL-ThT-7.5 was measured and compared with 281 
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COLL incorporated ThT solution with an acid pH and maintained at 4°C (coded as COLL-ThT-282 

3) as well as with ThT solution (final concentration of 50 µM in 0.5 M AA-EMEM) and EMEM 283 

medium. The fluorescence emission spectra of the samples were obtained using Varioskan LUX 284 

Multimode Microplate Reader (ThermoFisher scientific), over a wave wavelength range 450 - 600 285 

nm, with a step of 1 nm and an excitation bandwidth of 5 nm. 286 

The kinetics of COLL hydrogel fibrillogenesis was investigated by measuring of the turbidity. The 287 

pre-hydrogel solution (100 µL) at pH 7.5 were poured into 96-well plate (n = 3) and put inside the 288 

Varioskan LUX Multimode Microplate Reader (ThermoFisher scientific), pre-heated to 37 °C. 289 

The absorbance at 310 nm of the COLL samples was recorded, obtaining the turbidity versus time 290 

curves. The test was stopped when the absorbance values reached a plateau. The final value of 291 

absorbance was used to calculate the half-time (t ½) that corresponded to the time value in which 292 

the absorbance reached half of the final value [37].  293 

The rheological characterizations were performed using the MRR320 rotational rheometer 294 

(Anton Paar) equipped with two parallel plane plates with a diameter of 25 mm and a Peltier system 295 

to control temperature. Samples de-hydration was prevented by a water trap. Strain sweep tests 296 

were performed to evaluate the linear viscoelastic region (LVE), allowing to determine the %strain 297 

range in which further rheological characterizations can be performed without sample breakage. 298 

For this test, the pre-hydrogel solution (600 µL) was placed in the bottom plate and held at 37 °C 299 

for 30 minutes to promote the sol-gel transition. The test was carried out under %strain values 300 

between 0.01 and 500 %. The time sweep test was performed to evaluate the kinetics of the sol-301 

gel transition of the hydrogel. The pre-hydrogel solution was placed in the bottom plate of the 302 

rheometer at 0 °C. Thus, the temperature increases to 37 °C was imposed and the test was 303 

performed until the curves of storage modulus (G’) and loss modulus (G’’) reached the plateau.  304 
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The same sample was used to perform the frequency sweep test. For this test, the frequency was 305 

varied from 0.1 to 100 rad/s. For all the measurements, the gap between the plate was maintained 306 

to 0.8 mm and a solvent trap system was used to prevent the samples from drying out. To evaluate 307 

the viscoelastic behavior of COLL hydrogel, the tan δ, defined as the ratio of G’’ and G’ [38], was 308 

calculated. Three samples were analyzed for each test. 309 

Field emission scanning electron microscopy (FESEM, ZEISS MERLIN) analysis was used to 310 

evaluate the presence fibrillar structure on COLL hydrogel. COLL hydrogel was freeze-dried 311 

overnight and then sliced into small samples. Before analysis, the sample was coated with 10 nm 312 

chrome layer using a sputter (Q150S, Quorum Technologies). FESEM images were analyzed using 313 

Image J software, to characterize the average fiber diameter (n = 50 measurements). 314 

2.4.1 IN VITRO CELL CULTURES AND CELL ENCAPSULATION DENSITY 315 

OPTIMIZATION IN THE COLLAGEN HYDROGEL  316 

MRC-5 fibroblasts (MRC-5, ATCC) were cultured in EMEM medium supplemented with 10 % 317 

FBS and 1 % P/S. MRC-5 were maintained at 37 °C in a humidified atmosphere of 5 % CO2 on 318 

tissue culture plates (TCP). For biological characterizations, the COLL powders were sterilized 319 

with UV light for 30 minutes in ice and AA:EMEM solution were filtered using 0.22 µm filters. 320 

After adjusting the solution pH with a sterile NaOH solution, MRC-5 fibroblasts (80-90 % of 321 

confluency) were harvested and suspended in pre-hydrogel solution at two cell densities: 0.8 x 10 322 

6 and 1.5 x 10 6 cells/mL. Cellularized solutions (130 µL) were plated into 48-well plates (n = 3 323 

samples for each condition) and incubated at 37 °C for 30 minutes. Following sol-gel transition, 324 

300 µL of complete medium were added to each well. 325 

Cell viability and proliferation of MRC-5 encapsulated in COLL hydrogel were evaluated 326 

through the CellTiter-Blue® assay.  After each time point (2, 3, 7 and 14 days), the cell culture 327 
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medium was removed from each sample and replaced with 200 µL of reagent. After 4 hours of 328 

incubation at 37 °C, 100 µL were placed in a black 96-well plate and the metabolic activity of cells 329 

was detected by measuring the fluorescence at 590 nm.  330 

The morphology of MRC-5 fibroblast encapsulated inside the COLL hydrogel was investigated 331 

by staining cell nuclei and cytoskeletons. After 14 days of culture, samples were rinsed in PBS 332 

and fixed using 4 % PFA for 40 minutes. Then, cells were permeabilized using 0.5 % v/v Triton 333 

X-100 (Sigma Aldrich) for 10 minutes and blocked in 1 % v/v bovine serum albumin (BSA, Sigma 334 

Aldrich) solution for 40 minutes. The cytoskeletons of MRC-5 fibroblasts were stained with 1:60 335 

Alexa Fluor 488 phalloidin (FITC-labelled, Biolegend) in 1 % BSA solution, while the nuclei were 336 

stained with DAPI (1:100) in PBS solution. After staining, the samples were mounted on glass 337 

coverslips using Fluoromount ™ Aqueous Mounting Medium. The cells were imaged through 338 

ZOE Fluorescent cell imager and Eclipse Ti2 confocal microscope (Nikon). 339 

2.5 THICK BARRIER MODEL 340 

2.5.1 OPTIMIZATION OF CELL CULTURE MEDIA FOR CELL TRI-CULTURES 341 

The viability of A549 and MRC-5 cells cultured with different cell culture media was evaluated to 342 

select the optimal cell culture media for the cell grow in the different windows of the tri-culture (Fig. 343 

S2). To this end, A549 cells were harvested and seeded at 2 x 104 cells/well on 48-well plate with 344 

MRC-5 medium (supplemented EMEM medium). A549 cells cultured in A549 medium (supplemented 345 

RPMI medium) were used as control. Cell viability was evaluated after 1 and 3 days of culture through 346 

CellTiter-Blue® assay.  347 

Moreover, MRC-5 cells were seeded at 2 x 104 cells/well on 48-well plate and cultured in supplemented 348 

EMEM medium for 3 days. Then, EMEM medium was replaced with HULEC-5a medium 349 

(supplemented MCDB-131 medium). MRC-5 cells cultured in EMEM medium was used as control. 350 

CellTiter-Blue® assay was used to evaluate the viability of MRC-5 cells, 6 and 10 days after seeding.  351 



 16 

2.5.2 CELL TRI-CULTURES 352 

HULEC-5a cells were seeded in the basolateral compartment of PCL-Gel TW at optimized cell 353 

density. After 4 hours, the PCL-Gel TW was flipped upside down and MRC-5-laden COLL pre-354 

hydrogel solution (180 µL) was poured in the apical compartment. The PCL-Gel TW was 355 

incubated at 37 °C for 30 minutes to promote the sol-gel transition. Then, A549 cells were 356 

suspended in 0.3 mL EMEM medium at selected cell density and seeded atop the COLL hydrogel. 357 

After 3 days, the medium in the apical chamber was removed and the tri-culture was maintained 358 

at ALI for additional 7 days feeding cells with HULEC-5a medium in the basolateral chamber (Fig 359 

S2 in supplementary material). The medium in the basolateral chamber was refreshed each 2 360 

days. 361 

2.6 FLUORESCENCE AND IMMUNOFLUORESCENCE STAINING 362 

The fluorescence and immunofluorescence staining were performed for both thin and thick 363 

barrier model after 7 days of culture at ALI. For the fluorescence staining, the PCL-Gel TW insert 364 

was rinsed with PBS and fixed in 4 % PFA for 40 minutes. After washing the sample with PBS, 365 

0.5 % v/v Triton X-100 solution in PBS was added in both apical and basolateral compartment. 366 

After 10 minutes, the sample was blocked in 1 % v/v BSA in PBS for 1 hour. Then, TRITC-367 

phalloidin solution (1:400 dilution in 1 % v/v BSA) was poured in the basolateral compartment 368 

while FITC-phalloidin solution (1:60 dilution in 1 % v/v BSA in PBS) was added in the apical 369 

chamber and the sample was kept at room temperature (RT) in the dark. Subsequently, DAPI 370 

(1:1000 in PBS) solution was added in both compartment and sample was incubated for 5 minutes. 371 

The expression of AQP-5, SP-C, ZO-1 and E-cadherin of A549 and VE-cadherin and ZO-1 of 372 

HULEC-5a cells was investigated through immunofluorescence staining. After fixing the samples 373 

in 4 % PFA, the cells were permeabilized using 0.2 % v/v Triton X-100 solution in PBS. Then, the 374 

samples were blocked in 2 % v/v BSA solution in PBS for 1 hours at RT. The PCL-Gel TW inserts 375 
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were incubated overnight at 4 °C with primary antibody solutions (Table 1) diluted in PBS with 1 376 

% v/v BSA and 0.1 % v/v Tween 20. The next day, the samples were washed in the solution 377 

consisting of PBS with 1 % v/v BSA and 0.1 % v/v Tween 20, incubated with secondary antibodies 378 

(Table 1) diluted in the same solution, and kept for 1 hour at RT. The cell nuclei were stained with 379 

DAPI (1:1000 in PBS).  380 

Table 1.  List of primary and secondary antibodies used in immunofluorescence staining. 381 

 382 

After both fluorescence and immunofluorescence staining, the PCL-Gel membranes were peeled 383 

from the inserts and then mounted on glass coverslips using Fluoromount ™ Aqueous Mounting 384 

Medium. Immunofluorescence images were captured using Eclipse Ti2 Nikon confocal 385 

microscope.  386 

Antibody IgG subclass Source Dilution 

Primary mouse 
anti- AQP-5 (D-7) IgG1 Santa Cruz Biotechnology 1:50 

Primary mouse 
anti- SP-C (H-8) IgG2b Santa Cruz Biotechnology 1:30 

Primary rabbit 
anti- ZO-1 IgG Abcam 1:100 

Primary mouse 
anti- E-cadherin 

(HECD-1) 
IgG1 

Invitrogen 
1:2000 

Primary mouse 
anti- VE-cadherin 

(F-8) 
IgG1 

Santa Cruz Biotechnology 
1:50 

Secondary Cyan5 
goat anti-mouse IgG (H+L) Invitrogen 1:1000 

Secondary Alexa 
Fluor 488 goat 

anti-mouse 
IgG (H+L) 

Invitrogen 
1:1500 

Secondary Alexa 
Fluor 555 goat 

anti-rabbit 
IgG (H+L) 

Invitrogen 
1:1000 
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The AQP-5 and SP-C stain-positive area were measured through ImageJ software and 387 

normalized to the cell number. Five image fields of three samples for each condition (LLI or ALI) 388 

were analyzed and reported as mean ± standard deviation (std dev).  389 

2.7 INFLAMMATION MODEL, EVALUATION OF ITS EFFECT ON BARRIER 390 

PROPERTIES AND QUANTIFICATION OF CYTOKINE IL-6 BY ELISA TEST 391 

Lipopolysaccharide (LPS) treatment was performed for both thin and thick barrier model after 392 

7 days of culture at ALI. Briefly, the cell medium in the basolateral chamber was removed and 393 

samples were washed with sterile PBS. Afterwards, the apical compartment was exposed to 4 394 

µg/mL lipopolysaccharide (LPS, Sigma Aldrich), while HULEC-5a medium was added to the 395 

basolateral chamber. Untreated samples were used as control. The effect of LPS treatment on 396 

barrier properties was assessed after 2 days by permeability assay (n = 3 samples for each 397 

condition) and immunostaining for ZO-1 marker.  398 

The level of IL-6 inflammatory cytokine in the supernatants was evaluated by IL-6 ELISA kit 399 

(Invitrogen), following the manufacturer’s instructions. To quantify the release of IL-6 cytokine, 400 

the absorbance at 450 nm was recorded using SYNERGYTM HTX multimode plate reader 401 

(BioTeK, Winooski, VM, USA).   402 

2.8 STATISTICAL ANALYSIS 403 

Statistical analyses were performed through t-test or one-way ANOVA using GraphPad Prism 404 

8.3.0 software (San Diego, CA, USA). For each experiment, samples were tested in triplicate (n = 405 

3). 406 

3. RESULTS AND DISCUSSION  407 

3.1 Engineered transwell system  408 

3.1.1 Characterization of biomimetic electrospun membrane  409 
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SEM image (Fig. 1a) shows the randomly oriented nanofibrous morphology of the PCL-Gel 410 

membrane. The blended mat had thin and homogeneous defect-free nanofibers, displaying an 411 

average diameter of 110 ± 22 nm as measured by analyzing SEM images through ImageJ software. 412 

The small dimension of PCL-Gel fibers was ascribed to the presence of Gel within the blended 413 

solution that caused the increase of solution conductivity. Indeed, Gel is a polyampholyte that has 414 

functional groups (such as amine and carboxylic groups) sensitive to ionization in an acidic 415 

environment [39]. Furthermore, the use of a polar solvent like formic acid (AF), contributed to the 416 

increase of solution conductivity and therefore to the presence of small fibers [32]. 417 

The developed PCL-Gel electrospun membrane was integrated in a transwell insert (engineered 418 

transwell insert) through a thin layer of PDMS. The complete polymerization of PDMS was 419 

favored by incubating the systems at 70 °C for 10 minutes. SEM and ATR-FTIR analysis were 420 

performed to assess, the morphology and physico-chemical properties of the PCL-Gel membrane 421 

after heat treatment. The morphology of PCL-Gel electrospun nanofibers after heat treatment was 422 

evaluated (Fig. 1 a): no significant morphological and fiber size (117 ± 32 nm) changes were 423 

observed, demonstrating that the process did not affect the nanofibrous mat structure.  424 

In Fig. 1 b, the ATR-FTIR spectra of the PCL-Gel membrane before and after treatment show 425 

no significant differences between the spectra of PCL-Gel before and after treatment, confirming 426 

that the incubation did not change the chemical composition of the membranes. Indeed, the two 427 

spectra showed the characteristic bands of PCL, Gel and GPTMS-Gel crosslinking. In particular, 428 

the peaks located at 2943 cm-1, 2862 cm-1 and 1724 cm-1 were attributed to the asymmetric and 429 

symmetric stretching of CH2 groups [40] and to the stretching of C=O and C–O groups [41], 430 

respectively. Furthermore, the peaks situated at 3274 cm-1, 1640 cm-1 and 1530 cm-1 were assigned 431 

to amide A, amide I and amide II respectively [42,43], while the peaks located at 1050 cm-1 and 432 
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912 cm-1 were ascribed to Si-O-Si bonds and Si-OH stretching respectively, confirming the 433 

GPTMS-Gel crosslinking [44].  434 

 435 

Fig. 1. Characterization of PCL-Gel membrane. a) Representative SEM images of PCL-Gel 436 

membrane before (pre-treatment) and after (post-treatment) incubation at 70 °C. Scale bar = 5 µm. 437 

b) ATR-FTIR spectra of PCL-Gel membrane before and after incubation at 70°C. The arrows 438 

indicate the characteristic absorption peaks of PCL, Gel and GPTMS-Gel crosslinking. 439 

3.1.2 Characterization of A549 cells under ALI conditions 440 

Immunofluorescence staining assay was used to validate the use of A549 cells for the recreation 441 

of an effective model of the alveolar-capillary barrier. A549 cells were seeded at optimized cell 442 

density (Fig. S3) and cultured on the apical side of PCL-Gel TW for 10 days under ALI or LLI. 443 

The expression of type I and type II cell specific markers was evaluated by immunostaining for 444 

AQP-5 and SP-C proteins, respectively. As shown in Fig. 2 a, a stronger fluorescence intensity of 445 

both AQP-5 and SP-C markers were detected for A549 cells cultured under ALI condition and 446 

compared to LLI. Furthermore, semi-quantitative analysis (Fig. 2 b) of the stain-positive area 447 

confirmed the increase of AQP-5 and SP-C markers in ALI condition. These results demonstrated 448 

that the air exposure promoted the differentiation of A549 cells into alveolar epithelial cell types, 449 

in accordance with the results obtained in previous works [46,47].  450 
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The influence of culture conditions on cell morphology was investigate through SEM 451 

microscopy. For both culture conditions tested, A549 cells formed a uniform epithelial layer on 452 

the apical surface of the PCL-Gel TW, as demonstrated in Fig. S4 (supplementary material). 453 

Nevertheless, A549 cells cultured at LLI presented a smooth cell surface, while A549 cultured at 454 

ALI exhibited rough surface rich of mucus secretions [47] (Fig. 2 c).  455 

The results obtained from immunofluorescence staining and SEM microscopy suggested that A549 456 

cells cultured in the more physiologic ALI state can better replicate the key features (expression 457 

of both type I and type II markers and mucus secretions) of the alveolar epithelium. Thus, ALI 458 

condition was used to establish the co-culture model. 459 

 460 
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Fig. 2. Characterization of A549 cells cultured on PCL-Gel TW.  a)  Representative images 461 

from immunofluorescence staining for AQP-5 and SP-C under LLI and ALI culture conditions 462 

(scale bar = 20 µm). Experiment was performed in triplicate.  b) Semi-quantitative analysis of the 463 

stain-positive area normalized to the cell number. Data are reported as mean ± std dev (n = 15). 464 

Statistical difference ****p < 0.0001. c) Representative SEM images of A549 cells cultured under 465 

LLI and ALI conditions at 8 000 x (scale bar = 10 µm).  White arrows show the presence of mucus 466 

secretions. Experiment was performed in triplicate. 467 

3.2 Thin barrier model 468 

A549 epithelial cells and HULEC-5a endothelial cells were seeded at the optimized cell density 469 

(Fig. S3 and Fig.S5) on the apical and basolateral side of the PCL/Gel TW respectively, to mimic 470 

the architecture of the thinner portion of the alveolar-capillary barrier. After 3 days under LLI 471 

condition, the staining of cell nuclei and F-actin filaments demonstrated that uniform layers of 472 

cells were obtained after 3 days of co-culture (Fig. S6 a and b). 473 

Thus, the ALI was established by removing the medium in the apical side of PCL-Gel TW and 474 

the presence of the different cell types on each side of the PCL-Gel TW was confirmed after 475 

additional 7 days (Fig. S6 c and d).  According to Wu et al. [47], 7 days of culture at ALI is an 476 

optimal window for the expression of the alveolar properties of A549 cells at ALI, in terms of the 477 

expression of tight junction proteins (ZO-1) as well as the typical epithelial cell markers.  478 

The viability of the co-culture of A549 and HULEC-5a cells after 7 days of ALI culture was 479 

determined by CellTiter-Blue® viability assays and compared with the mono-culture condition 480 

(Fig. 3 a). Cell viability was higher for both A549 and HULEC-5a cells in co-culture compared to 481 

the mono-culture condition. This data demonstrated that the viability was positively influenced by 482 

the organization of cells in a physiological-like architecture. Moreover, previous works 483 
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demonstrated that exists a paracrine crosstalk between lung epithelial and endothelial layer that 484 

could explain the enhancement of cell viability due to the presence of soluble factors in the co-485 

culture [48–50].  486 

The barrier function of the A549 and HULEC-5a co-cultures on PCL-Gel TW was assessed by 487 

measuring the apparent permeability of 70 kDa FITC labelled-dextran towards the A549 and 488 

HULEC-5a mono-cultures as well as of the PCL-Gel membranes without cells (Fig. 3 b).  489 

The FITC-dextran permeability of the co-cultured cells was found lower than that of the non-490 

cellularized PCL-Gel membranes and of A549 and HULEC-5a mono-layers, resulting in an 491 

apparent permeability of 1.5 x 10-5 ± 0.3 x 10-5 cm/s, 8.6 x 10-5 ± 0.7 x 10-5 cm/s, 3.7 x 10-5 ± 0.5 492 

x 10-5 cm/s and 4.1 x 10-5 ± 0.5 x 10-5 cm/s, respectively. As previously reported in literature 493 

[51,52], the decrease of permeability demonstrated the better barrier function of the co-cultures 494 

compared to mono-cultures, indicating a synergic interaction between the epithelial and 495 

endothelial cells. The improvement of barrier function can be attributed to the complex crosstalk 496 

between endothelial and epithelial cells in co-culture. Indeed, the improvement of barrier function 497 

was previously attributed to soluble factors secreted by A549 epithelial cells which led to a 498 

reduction of endothelium permeability [50], as well as to a paracrine effect of the endothelial cells 499 

(HUVECs) on bronchial epithelial cells (16HBE14o) [49]. Therefore, Higuita-Castro et al.[12] 500 

reported a value of the apparent permeability of A549 and HUVECs co-cultures in PCL-Gel 501 

membranes of about 4 x 10-5 cm/s, that resulted higher than the value calculated in this study. This 502 

difference could be attributed to the different period of co-culture and/or culture conditions. 503 

Indeed, Higuita-Castro et al. co-cultured A549 and HUVECs for only 2 days and under LLI 504 

conditions [12] while, in this work, the increase of the culture period (7 days) and ALI culture 505 

condition could have induced the improvement of the barrier function. 506 
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The formation of a physiological relevant barrier was further demonstrated by investigating the 507 

expression of tight junctions (TJs, ZO-1) and adherent junctions (AJs, E-cadherin in epithelial cells 508 

and VE-cadherin in endothelial cells) in A549 and HULEC-5a cells. Co-cultures and mono-culture 509 

of A549 and HULEC-5a cells were stained for ZO-1/E-cadherin and ZO-1/VE-cadherin 510 

respectively, to study the effect of the culture condition in barrier properties (Fig. 3 c).  511 

For all the tested conditions, cells were cultured for 3 days under LLI condition followed by 7 512 

days under ALI condition. Immunofluorescence staining of cells confirmed that confluent layers 513 

of cells were obtained for both A549 and HULEC-5a co-cultures and mono-cultures. As expected, 514 

A549 cells expressed E-cadherin, while HULEC-5a cells expressed VE-cadherin, being typical 515 

AJs of epithelial [53,54] and endothelial cells [55,56], respectively. Immunofluorescence images 516 

demonstrated that the expression of all markers resulted more localized at the cell membrane in 517 

A549 cells and HULEC-5a co-cultures, compared to mono-culture where the expression appaired 518 

to be diffused to the cytoplasm (Fig. 3 c). Indeed, in co-culture condition, a continuous ring-like 519 

staining (arrows in Fig. 3 c) at the cell borders was observed, confirming the role of the co-culture 520 

condition to steer the formation of a tighter barrier. The altered distribution was much more evident 521 

for ZO-1 and E-cadherin expression in A549 cells. This evidence is in line with previous works 522 

[48,49] that reported as the increase in the expression of TJs in lung epithelial cells was mediated 523 

by factors secreted by endothelial cells.  524 
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Fig. 3. Evaluation of the effect of culture condition on cell behavior. a) Cell viability of A549 525 

and HULEC-5a cells in mono-culture and co-culture for 7 days under ALI condition. Statistical 526 

difference p < 0.05. Data are presented as mean ± std dev (n = 3). b) Apparent permeability of 527 

PCL/Gel (no cells), A549 cells and HULEC-5a cells mono- and co-cultures after 7 days at ALI. 528 
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Statistical difference (p*< 0.1; **< 0.01; ***p < 0.001; ****p < 0.0001). Data are reported as 529 

mean ± std dev (n = 3). c) Representative immunofluorescence images for ZO – 1, E-cadherin and 530 

VE-cadherin in A549 and HULEC-5a cells mono- and co-cultures after 7 days at ALI. Arrows 531 

indicate the presence of ring-like staining at cell borders (scale bar = 20 µm). Experiments were 532 

performed in triplicate. 533 

3.2.1 Evaluation of LPS-induced inflammation in A549/HULEC-5a co-culture model 534 

LPS-treatment was performed after 7 days of co-culture at ALI. After 2 days of exposure to LPS, 535 

the apparent permeability of LPS-treated (T) and -untreated (NT) samples were compared (Fig. 4 536 

a) reporting an increase of barrier permeability for LPS-treated samples, induced by a damage of 537 

TJs [57–59].  538 

 Indeed, the immunofluorescence staining for ZO-1 of co-cultured A549 and HULEC-5a revealed 539 

a lower fluorescence diffused to cytoplasm for LPS-treated A549, while untreated A549 express 540 

high level of ZO-1 localized at cell borders (Fig. 4 b). This result confirmed that the exposure to 541 

LPS compromised the barrier properties resulting in the formation of several gap between junction 542 

(arrows in Fig. 4 b). Therefore, the inflammation mediated by LPS resulted in a decrease of barrier 543 

property that could be attributed to a damage of TJs [60], thus confirming the ability of the 544 

designed model to reproduce the disruption of the barrier associated to inflammatory events that 545 

take place at the alveolar level. Interestingly, no significative differences were observed in the 546 

expression of ZO-1 of HULEC-5a cells (Fig. 4 b). This result could be motivated by considering 547 

that the LPS treatment was performed in the apical side of PCL/Gel TW and thus the TJs of A549 548 

cells were more rapidly damaged by the treatment.  549 

In addition, ELISAs assay was used to investigate the level of secreted IL-6 cytokines on co-550 

cultured A549 and HULEC-5a cells on PCL-Gel TW treated with LPS for 2 days and compared 551 

to A549 and HULEC-5a mono-cultures on conventional TCP. As shown in Fig. 4 c, the cytokine 552 
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level of IL-6 was significantly increased both in mono-cultures and co-cultures following the LPS 553 

treatment. Moreover, upon the cell co-culturing, LPS treatment significantly increased the IL-6 554 

cytokine release compared with the A549 and HULEC-5a cell conventional mono-cultures. This 555 

result demonstrated that the inflammation induced by LPS treatment was amplificated in the co-556 

culture model, indicating that the developed barrier model can be suitable to replicate the 557 

inflammatory events that take place at the alveolar level. Several studies focusing on LPS-exposed 558 

lung models were previously performed, showing increased cytokines release in co-cultures 559 

models compared to mono-cultures [61–63]. In particular, Janga et at. [61] revealed altered IL-6 560 

release following LPS exposure on co-cultures of lung epithelial and microvascular endothelial 561 

cells compared to the respective mono-cultures. They demonstrated that the enhancement in the 562 

level of pro-inflammatory cytokines in the co-cultures was mediated by the epithelial-endothelial 563 

crosstalk, which was clearly absent in mono-culture models [61]. 564 



 28 

 565 

Fig. 4. Influence of LPS treatment in co-culture model. a) Apparent permeability of FITC 566 

labelled-dextran of untreated and LPS-treated co-cultures. Statistical difference (***p < 0.001). 567 

Data are presented as mean ± std dev (n = 3). b) Representative immunofluorescence images for 568 

ZO-1 in A549 and HULEC-5a cells co-cultures after 2 days of LPS-treatment (scale bar = 20 µm). 569 

Arrows show the presence of several gaps between cellular junctions. Experiments were performed 570 

in triplicate. c) Comparison of IL-6 pro-inflammatory cytokine release on untreated and LPS-571 
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treated samples in conventional A549 mono-cultures (A549_TCP), conventional HULEC-5a 572 

mono-cultures (HULEC-5a_TCP) and A549 and HULEC-5a co-cultures on PCL-Gel TW 573 

(A549/HULEC-5a_PCL-Gel TW). Statistical difference (*p < 0.1; ***p < 0.001; **** p<0.0001). 574 

Data are shown as mean ± std dev (n = 3).  575 

3.3 Thick barrier model  576 

3.3.1 Characterization of COLL hydrogel 577 

The influence of pH and temperature on the collagen fibril formation was investigated as 578 

previously described by Morimoto et al. [36]. Fig. 5 a shows the fluorescence emission spectra of 579 

COLL-ThT-3 (COLL incorporated ThT at pH 3), COLL-ThT-7.5 (COLL incorporated ThT at pH 580 

7.5), EMEM medium and ThT solution. As shown in Fig. 5 a, intrinsic fluorescence of the ThT 581 

dye were found to be lower than COLL-ThT-3 and COLL-ThT-7.5. The spectrum of COLL-ThT-582 

7.5 showed greater values of fluorescence emission at 485 nm compared to COLL-ThT-3, in 583 

accordance with the results obtained from Zou et al [64]. This evidence demonstrated the formation 584 

of collagen fibrils due to the simultaneous change of pH and temperature. Furthermore, the 585 

increase of the gap between COLL-ThT-7.5 and ThT compared to that between COLL-ThT-3 and 586 

ThT demonstrated the higher specificity of ThT to bind fibril structure rather than triple-helical 587 

structures [36]. Indeed, the D-periodic gap zone that forms in the region between the C-terminal 588 

end and N-terminal zone of adjacent molecules led to the binding of ThT to collagen fibrils [36]. 589 

Therefore, the self-assembly kinetics of the COLL hydrogel at 37 °C and its viscoelastic 590 

properties during gelation were monitored by turbidity measurements and rheological analysis, 591 

respectively. Curves obtained from turbidity measures (Fig. 5 b) show a sigmoidal trend with three 592 

phases: nucleation (I), growth (II) and plateau (III). In the nucleation phase (lasting about 400 s), 593 

no enhancement in turbidity was detected demonstrating that in this stage self-assembly did not 594 
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occur. Nevertheless, the formation of intermediates takes places, consisting of quarter staggerer 595 

linear units ranging from dimers and trimers to more complex structures containing from 5 to 17 596 

laterally packed molecules [65]. An increase in the absorbance at 310 nm (between 400 s and 1000 597 

s) was recorded in correspondence to the growth phase in which the axial growth of the 598 

intermediates results in the formation of thin filaments [65]. After 1000s the curve reached the 599 

plateau as the filaments lateral association led to the formation of mature fibrils and consequently 600 

to a stable gel structure [65]. The final absorbance value was found to be 0.71 ± 0.08, resulting in 601 

a t ½ (the time to reach the half of the final absorbance) of 579 s. This trend is consistent with the 602 

results obtained in several works [37,65–67].  603 

Moreover, the gelation kinetic and the viscoelastic properties of the COLL hydrogel were further 604 

quantified by measuring G’ and G’’ changes during the self-assembling process (Fig. 5 c) within 605 

the linear viscoelastic region (LVE) (Fig. S7 a). In particular, the sol-gel transition was found to 606 

start at around 36 °C after about 100 s. The main mechanical change related to self-assembly was 607 

observed after the reaching the physiological temperature of 37 °C. Indeed, after 200 s, the greater 608 

values of G’ compared to G’’ demonstrated the phase transition of the samples reaching the gel 609 

state, indicating the dominance of elastic response over the viscous behavior [68]. As result of sol-610 

gel transition, a stable gel was obtained as demonstrated by the plateau values of G’ (about 110 611 

Pa) between 300 s and 600 s. The developed COLL hydrogel demonstrated to have mechanical 612 

properties comparable to hydrogels derived from lung ECM [69]. The slight difference in gelation 613 

time obtained through turbidity measurement and time sweep test was ascribed to the difference 614 

in methodologies such as hydrogel volume and temperature diffusion. Moreover, the frequency 615 

sweep test (Fig. S7 b) confirmed the monophasic gel nature of the sample at 37 °C (G’>G’’). 616 

Indeed, this test showed that the hydrogel exhibited a G’ higher than G’’ over the entire range of 617 



 31 

frequencies evaluated, demonstrating the dominance of the elastic behavior of the COLL hydrogel. 618 

In particular, the frequency sweep test allowed to evaluate the viscoelastic behavior of the hydrogel 619 

by measuring tan δ (G’’/G’) < 1 (Fig. S7 c). As previously reported by Pacheco et al. [38], 620 

materials with tan δ > 1 predominantly display viscous behavior (sol-like structure); conversely, 621 

materials with tan δ < 1 exhibit predominant elastic behavior (gel-like structure).  622 

Finally, the analysis of the COLL hydrogel microstructure after freeze-drying demonstrated the 623 

ability of the COLL hydrogel to form fibrous meshes (Fig. 5 d). The high density of fiber could 624 

be attributed to the high concentration of collagen in solution (1 % wt./v), as previously observed 625 

by several authors [70–72]. The COLL fibers were randomly oriented on the 3D structure of the 626 

hydrogel and showed an average diameter of 44 ± 13 nm. Several authors previously reported that 627 

the size of the collagen hydrogel fibers is strongly influenced by the pH, temperature and ionic 628 

strength [37,73]. The results obtained through FESEM analysis confirmed that a pH 7.5 and a 629 

temperature of 37 °C led to obtain thin fibers, however, the presence of few precipitated aggregates 630 

(arrows in Fig. 5 d) was detected, as a consequence of the use of NaOH solution to neutralize the 631 

pre-hydrogel solution as well as of the use of EMEM for the solution preparation.    632 

The COLL hydrogel was cellularized using two densities of MRC-5 lung fibroblasts. For all the 633 

tested conditions, the metabolic activity of MRC-5 fibroblasts increased with incubation time, 634 

indicating an active proliferation within the COLL hydrogel (Fig. 5 e), while cells remained viable 635 

for 2 weeks. Hence, 1.5 x 106 cells/mL density was selected for further investigations showing an 636 

enhanced viability due to high cell density. Moreover, a slight contraction (lower than 10 %) of 637 

the cell-laden hydrogel was observed after 3 days thus demonstrating that fibroblasts interacted 638 

with the 3D hydrogel structures recognizing the integrin binding sites of collagen [74,75]. 639 
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The morphology of MRC-5 encapsulated in COLL hydrogel was evaluated, and the typical 640 

MRC-5 elongated and slanted shape was observed after 14 days, confirming cell adhesion and 641 

viability within the COLL hydrogel (Fig. 5 f). Moreover, MRC-5 fibroblasts appeared uniformly 642 

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

 644 

Fig. 5. Characterization of COLL hydrogel. a) Fluorescence emission spectra of EMEM, ThT 645 

solution, COLL-ThT-3 and COLL-ThT-7.5. b) Turbidity-time curve for COLL hydrogel. c) Time 646 

sweep test of COLL pre-hydrogel solution at 37 °C. d) Representative FESEM images of freeze-647 

dried COLL hydrogel at different magnifications: 50 000 x (left) and 100 000 x (right). Scale bar 648 

= 200 nm. Experiment was performed in triplicate. e) CellTiter-Blue® viability assay at different 649 

initial cell densities: 0.8 x 106 and 1.5 x 106 cells/mL. Statistical difference (p* < 0.1; p** < 0.01). 650 

Data are reported as mean ± std dev (n = 3). f) Representative fluorescence images of MRC 651 
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fibroblasts encapsulated in the COLL hydrogel stained with DAPI (blue) and FITC-phalloidin 652 

(green) after 14 days of culture. Image at 20 x (left, scale bar = 100 µm) and 60 x (right, scale bar 653 

= 20 µm). Experiment was performed in triplicate. g) Representative 3D reconstruction of DAPI-654 

phalloidin stained MRC-5 fibroblasts encapsulated in COLL hydrogel. Z-stack images in the z 655 

plane at 60 x magnification (scale bar = 20 µm). 656 

3.3.2 Realisation of the tri-culture model on PCL-Gel TW 657 

The tri-culture model was obtained by seeding HULEC-5a cells in the basolateral side of PCL-658 

Gel TW, then, MRC-5 loaded in pre-hydrogel solution were poured on the apical side of the PCL-659 

Gel membrane and the tri-layer model was completed by seeding A549 cells atop the MRC-5-660 

laden COLL hydrogel. ALI was established 3 days after seeding and maintained for additional 7 661 

days. The confocal microscopy images (Fig. 6 a) demonstrated the presence of both A549, MRC-662 

5 and HULEC-5a cells, on the surface of the COLL hydrogel, inside the hydrogel and on the 663 

basolateral side of the PCL-Gel membrane, respectively. The fluorescence staining of cytoskeleton 664 

outlined the characteristic morphology of each cell type. A549 cells formed a uniform layer and 665 

exhibited a polygonal epithelial-like morphology. MRC-5 fibroblasts maintained their typical 666 

elongated and spindle-like shape after 7 days at ALI and endothelial-like HULEC-5a cells were 667 

uniformly distributed on the underside of the PCL-Gel membrane.    668 

Moreover, the video (Vid. S1) obtained from the z-stack images overlay of tri-culture system 669 

confirmed the presence of both A549 cells and MRC-5 fibroblasts while no video showing 670 

HULEC-5a could be obtained via z-stack acquisitions because of the presence of the non-671 

translucent PCL-Gel membrane and the thickness of the sample. 672 

Furthermore, tight junction protein ZO-1 was expressed by both A549 and HULEC-5a (Fig. 6 673 

b), within the tri-culture model, demonstrating the formation of tight junctions and solid 674 
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intercellular connections. As previously reported in literature, the presence of tight junctions in the 675 

epithelial layer allows the effective separation of the air-exposed compartment of the alveoli from 676 

the interstitial compartment [76]. Thus, the expression of abundant ZO-1 demonstrated the ability 677 

of the developed barrier model to mimic the physiological condition. 678 

Moreover, immunofluorescence staining demonstrated the expression of E-cadherin and VE-679 

cadherin (Fig. 6 b) which are adherent junction proteins characteristic of epithelial and endothelial 680 

cells, respectively. Therefore, the abundant expression of AJ proteins confirmed that a stable 681 

barrier was formed after 7 days at ALI.  682 

3.3.2.1 Evaluation of LPS-induced inflammation in tri-culture model  683 

ELISA assay was used to preliminary investigate the effect of LPS on tri-culture model, 684 

evaluating the release of pro-inflammatory cytokine IL-6 (Fig. 6 c). The LPS treatment resulted in 685 

a significantly increased release of IL-6 comparing to the untreated samples suggesting that the 686 

developed tri-culture system may be suitable for modelling inflammatory-related alveolar 687 

diseases.  688 
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 689 

Fig. 6. Characterization of tri-culture model.  a) Representative fluorescence images of tri-690 

cultured cells after 7 days at ALI (scale bar = 20 µm): A549 cells cultured atop the COLL hydrogel; 691 

MRC-5 encapsulated in the COLL hydrogel; HULEC-5a cultured on the basolateral compartment 692 

of the PCL-Gel TW. Experiment was performed in triplicate. b) Representative 693 

immunofluorescence images for ZO–1, E-cadherin and VE-cadherin in tri-culture model (scale bar 694 

= 20 µm). Experiments were performed in triplicate. c) Quantification of IL-6 pro-inflammatory 695 

cytokine release after 2 days of LPS treatment in the apical compartment of tri-culture model. Data 696 

are reported as mean mean ± std dev (n = 3). Statistical difference (**** p < 0.0001). 697 
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4. Conclusion 698 

In this study, two in vitro models for the thin and thick portion of alveolar-capillary barrier were 699 

developed using a biomimetic transwell-like system allowing physiologically relevant ALI culture 700 

conditions. To this end, a transwell insert was modified by replacing the commercial membranes 701 

with a bioinspired PCL-Gel electrospun membrane showing an ECM-like fibrous structure and a 702 

biomimetic composition thanks to the presence of gelatin. The thin barrier model was established 703 

by co-culturing HULEC-5a endothelial cells and A549 epithelial cells in the basolateral and apical 704 

side of PCL-Gel TW, respectively. A complete coverage of the mats was successfully achieved 705 

recreating a biomimetic alveolar-capillary barrier in vitro. Furthermore, the unique features of this 706 

system, which allows to recreate ALI culture conditions of A549 cells co-cultured with HULEC-707 

5a on a biomimetic mat, promoted the development of a physiological-like environment 708 

recapitulating the expression of both type I and type II alveolar epithelial markers, the formation 709 

of a thin mucus layer on the cells surface and the formation of a tight barrier. Therefore, the 710 

capability of this system to physiologically respond to external insults was assessed by monitoring 711 

the effect of LPS on epithelial cells within the alveolar-capillary barrier in vitro. LPS treatment led 712 

to an increase of the apparent permeability due to the damaging of TJs within the epithelial cells 713 

and an increase of the release of IL-6 inflammatory cytokine was detected.  714 

Then, the developed simplified system was further modified to implement a tri-culture system 715 

to recapitulate the thick portion of the alveolar barrier, thus developing an alveolus micro 716 

physiological system including alveolar interstitial space that for the first time was cultured under 717 

ALI condition. To this aim, COLL hydrogel was formulated and fibrillogenesis was obtained at 718 

37 °C and neutral pH (around 7.5) forming a homogeneous network of fibrous fibrils of about 40 719 

nm size. The developed COLL hydrogel successfully mimicked the ECM of the interstitial space 720 
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of alveolar-capillary barrier and supported the encapsulation of lung fibroblasts (MRC-5), 721 

recapitulating the real 3D architecture. After 14 days, encapsulated MRC-5 fibroblasts showed 722 

high viability, presented the typical elongated shape, and were homogeneously distributed in the 723 

hydrogel volume.  Then, the developed COLL hydrogel was combined with the PCL-Gel 724 

electrospun membrane to implement the tri-culture model that was successfully established on 725 

PCL-Gel TW for 7 days at ALI. Moreover, the use of the three-layered model for modelling 726 

alveolar disease was preliminary investigated reporting a physiological-relevant increase of IL-6 727 

cytokine level after a pro-inflammatory insult induced by LPS treatment.  728 

In conclusion, this work provides innovative in vitro biomimetic platforms to perform the multi-729 

culture (co- and tri-culture) of human lung cells up to 7 days under physiologic ALI condition. 730 

The findings of this study indicated that the developed alveolar-capillary barrier models can be 731 

suitable to mimic the events that take place at the alveolar level, becoming possible effective in 732 

vitro models for lung tissue research.  733 

Author contribution  734 

Michela Licciardello: Conceptualization, Methodology, Validation, Formal analysis, 735 

Investigation, Data Curation, Writing - Original Draft, Visualization. Viola Sgarminato: 736 

Methodology, Investigation, Data curation. Gianluca Ciardelli: Validation, Resources, Funding 737 

Acquisition, Visualization. Chiara Tonda-Turo Conceptualization, Methodology, Validation, 738 

Data Curation, Writing - Original Draft, Visualization, Funding acquisition. 739 

Conflict of interest 740 

There are no conflicts to declare. 741 

Acknowledgements 742 



 38 

The authors acknowledge Dr. Mauro Raimondo and Dr. Salvatore Guastella (Department of 743 

Applied Science and Technology, Politecnico di Torino, Turin, Italy) for their support in the 744 

morphological characterization of hydrogels. 745 

Funding 746 

This work has received funding from the Regione Piemonte under the Digital tEchnology For Lung 747 

Cancer Treatment (DEFLECT) project. 748 

References 749 

1.  Sellgren, K.L.; Butala, E.J.; Gilmour, B.P.; Randell, S.H.; Grego, S. A biomimetic 750 

multicellular model of the airways using primary human cells. Lab Chip 2014, 14, 3349–751 

3358, doi:10.1039/c4lc00552j. 752 

2.  Maina, J.N.; West, J.B. Thin and strong! The bioengineering dilemma in the structural and 753 

functional design of the blood-gas barrier. Physiol. Rev. 2005, 85, 811–844, 754 

doi:10.1152/physrev.00022.2004. 755 

3.  Knudsen, L.; Ochs, M. The micromechanics of lung alveoli: structure and function of 756 

surfactant and tissue components. Histochem. Cell Biol. 2018, 150, 661–676, 757 

doi:10.1007/s00418-018-1747-9. 758 

4.  Beretta, E.; Romanò, F.; Sancini, G.; Grotberg, J.B.; Nieman, G.F.; Miserocchi, G. 759 

Pulmonary Interstitial Matrix and Lung Fluid Balance From Normal to the Acutely Injured 760 

Lung. Front. Physiol. 2021, 12, 1–18, doi:10.3389/fphys.2021.781874. 761 

5.  Evans, K. V; Lee, J.-H. Alveolar wars: the rise of in vitro models to understand human lung 762 

alveolar maintenance, regeneration, and disease. Stem Cells Transl Med 2020, 9, 867–881, 763 

doi:10.1002/sctm.19-0433. 764 



 39 

6.  Stucki, J.D.; Hobi, N.; Galimov, A.; Stucki, A.O.; Schneider-Daum, N.; Lehr, C.M.; Huwer, 765 

H.; Frick, M.; Funke-Chambour, M.; Geiser, T.; et al. Medium throughput breathing human 766 

primary cell alveolus-on-chip model. Sci. Rep. 2018, 8, 1–13, doi:10.1038/s41598-018-767 

32523-x. 768 

7.  Hermanns, M.I.; Unger, R.E.; Kehe, K.; Peters, K.; Kirkpatrick, C.J. Lung epithelial cell 769 

lines in coculture with human pulmonary microvascular endothelial cells: Development of 770 

an alveolo-capillary barrier in vitro. Lab. Investig. 2004, 84, 736–752, 771 

doi:10.1038/labinvest.3700081. 772 

8.  Oxford, J.T.; Reeck, J.C.; Hardy, M.J. Extracellular matrix in development and disease. Int. 773 

J. Mol. Sci. 2019, 20, 77–104, doi:10.3390/ijms20010205. 774 

9.  Zamprogno, P.; Wüthrich, S.; Achenbach, S.; Thoma, G.; Stucki, J.D.; Hobi, N.; Schneider-775 

Daum, N.; Lehr, C.M.; Huwer, H.; Geiser, T.; et al. Second-generation lung-on-a-chip with 776 

an array of stretchable alveoli made with a biological membrane. Commun. Biol. 2021, 4, 777 

1–10, doi:10.1038/s42003-021-01695-0. 778 

10.  Radiom, M.; He, Y.; Peng-Wang, J.; Baeza-Squiban, A.; Berret, J.F.; Chen, Y. Alveolar 779 

mimics with periodic strain and its effect on the cell layer formation. Biotechnol. Bioeng. 780 

2020, 117, 2827–2841, doi:10.1002/bit.27458. 781 

11.  Doryab, A.; Taskin, M.B.; Stahlhut, P.; Schröppel, A.; Wagner, D.E.; Groll, J.; Schmid, O. 782 

A Biomimetic, Copolymeric Membrane for Cell-Stretch Experiments with Pulmonary 783 

Epithelial Cells at the Air-Liquid Interface. Adv. Funct. Mater. 2021, 31, 784 

doi:10.1002/adfm.202004707. 785 



 40 

12.  Higuita-Castro, N.; Nelson, M.T.; Shukla, V.; Agudelo-Garcia, P.A.; Zhang, W.; Duarte-786 

Sanmiguel, S.M.; Englert, J.A.; Lannutti, J.J.; Hansford, D.J.; Ghadiali, S.N. Using a Novel 787 

Microfabricated Model of the Alveolar-Capillary Barrier to Investigate the Effect of Matrix 788 

Structure on Atelectrauma. Sci. Rep. 2017, 7, 1–13, doi:10.1038/s41598-017-12044-9. 789 

13.  Sporty, J.L.; Horálková, L.; Ehrhardt, C. In vitro cell culture models for the assessment of 790 

pulmonary drug disposition. Expert Opin. Drug Metab. Toxicol. 2008, 4, 333–345, 791 

doi:10.1517/17425255.4.4.333. 792 

14.  Lieber, M.; Todaro, G.; Smith, B.; Szakal, A.; Nelson‐Rees, W. A continuous tumor-cell 793 

line from a human lung carcinoma with properties of type II alveolar epithelial cells. Int. J. 794 

Cancer 1976, 17, 62–70, doi:10.1002/IJC.2910170110. 795 

15.  Foster, K.A.; Oster, C.G.; Mayer, M.M.; Avery, M.L.; Audus, K.L. Characterization of the 796 

A549 Cell Line as a Type II Pulmonary Epithelial Cell Model for Drug Metabolism. Exp. 797 

Cell Res. 1998, 243, 359–366, doi:10.1006/EXCR.1998.4172. 798 

16.  Viola, H.; Washington, K.; Selva, C.; Grunwell, J.; Tirouvanziam, R.; Takayama, S. A 799 

High-Throughput Distal Lung Air–Blood Barrier Model Enabled By Density-Driven 800 

Underside Epithelium Seeding. Adv. Healthc. Mater. 2021, 10, 1–8, 801 

doi:10.1002/adhm.202100879. 802 

17.  Guan, M.; Tang, S.; Chang, H.; Chen, Y.; Chen, F.; Mu, Y.; Zhao, D.; Fan, W.; Tian, H.; 803 

Darland, D.C.; et al. Development of alveolar-capillary-exchange (ACE) chip and its 804 

application for assessment of PM2.5-induced toxicity. Ecotoxicol. Environ. Saf. 2021, 223, 805 

112601, doi:10.1016/j.ecoenv.2021.112601. 806 



 41 

18.  Jain, A.; Barrile, R.; van der Meer, A.D.; Mammoto, A.; Mammoto, T.; De Ceunynck, K.; 807 

Aisiku, O.; Otieno, M.A.; Louden, C.S.; Hamilton, G.A.; et al. Primary Human Lung 808 

Alveolus-on-a-chip Model of Intravascular Thrombosis for Assessment of Therapeutics. 809 

Clin. Pharmacol. Ther. 2018, 103, 332–340, doi:10.1002/cpt.742. 810 

19.  Horvath, L.; Umehara, Y.; Jud, C.; Blank, F.; Petri-Fink, A.; Rothen-Rutishauser, B. 811 

Engineering an in vitro air-blood barrier by 3D bioprinting. Sci. Rep. 2015, 5, 812 

doi:10.1038/srep07974. 813 

20.  Klein, S.G.; Serchi, T.; Hoffmann, L.; Blömeke, B.; Gutleb, A.C. An improved 3D 814 

tetraculture system mimicking the cellular organisation at the alveolar barrier to study the 815 

potential toxic effects of particles on the lung. Part. Fibre Toxicol. 2013, 10, 816 

doi:10.1186/1743-8977-10-31. 817 

21.  Alfaro-Moreno, E.; Nawrot, T.S.; Vanaudenaerde, B.M.; Hoylaerts, M.F.; Vanoirbeek, 818 

J.A.; Nemery, B.; Hoet, P.H.M. Co-cultures of multiple cell types mimic pulmonary cell 819 

communication in response to urban PM10. Eur. Respir. J. 2008, 32, 1184–1194, 820 

doi:10.1183/09031936.00044008. 821 

22.  Xie, Y.; Qian, Y.; Wang, Y.; Liu, K.; Li, X. Mechanical stretch and LPS affect the 822 

proliferation, extracellular matrix remodeling and viscoelasticity of lung fibroblasts. Exp. 823 

Ther. Med. 2020, 20, 1–1, doi:10.3892/etm.2020.9133. 824 

23.  Han, J.; Li, S.; Feng, Y.; He, Y.; Hong, W.; Ye, Z. A novel circular RNA 825 

(hsa_circ_0059930)-mediated miRNA–mRNA axis in the lipopolysaccharide-induced 826 

acute lung injury model of MRC-5 cells. Bioengineered 2021, 12, 1739–1751, 827 



 42 

doi:10.1080/21655979.2021.1916276. 828 

24.  Nizamoglu, M.; de Hilster, R.H.J.; Zhao, F.; Sharma, P.K.; Borghuis, T.; Harmsen, M.C.; 829 

Burgess, J.K. An in vitro model of fibrosis using crosslinked native extracellular matrix-830 

derived hydrogels to modulate biomechanics without changing composition. Acta 831 

Biomater. 2022, 147, 50–62, doi:10.1016/j.actbio.2022.05.031. 832 

25.  Movia, D.; Bazou, D.; Prina-Mello, A. ALI multilayered co-cultures mimic biochemical 833 

mechanisms of the cancer cell-fibroblast cross-talk involved in NSCLC MultiDrug 834 

Resistance. BMC Cancer 2019, 19, 1–21, doi:10.1186/s12885-019-6038-x. 835 

26.  He, J.; Chen, W.; Deng, S.; Xie, L.; Feng, J.; Geng, J.; Jiang, D.; Dai, H.; Wang, C. 836 

Modeling alveolar injury using microfluidic co-cultures for monitoring bleomycin-induced 837 

epithelial/fibroblastic cross-talk disorder. RSC Adv. 2017, 7, 42738–42749, 838 

doi:10.1039/c7ra06752f. 839 

27.  Koukourakis, M.I.; Kalamida, D.; Mitrakas, A.G.; Liousia, M.; Pouliliou, S.; Sivridis, E.; 840 

Giatromanolaki, A. Metabolic cooperation between co-cultured lung cancer cells and lung 841 

fibroblasts. Lab. Investig. 2017, 97, 1321–1331, doi:10.1038/labinvest.2017.79. 842 

28.  Morris, G.E.; Bridge, J.C.; Brace, L.A.; Knox, A.J.; Aylott, J.W.; Brightling, C.E.; 843 

Ghaemmaghami, A.M.; Rose, F.R.A.J. A novel electrospun biphasic scaffold provides 844 

optimal three-dimensional topography for in vitro co-culture of airway epithelial and 845 

fibroblast cells. Biofabrication 2014, 6, doi:10.1088/1758-5082/6/3/035014. 846 

29.  Vasanthi Bathrinarayanan, P.; Brown, J.E.P.; Marshall, L.J.; Leslie, L.J. An investigation 847 

into E-cigarette cytotoxicity in-vitro using a novel 3D differentiated co-culture model of 848 



 43 

human airways. Toxicol. Vitr. 2018, 52, 255–264, doi:10.1016/j.tiv.2018.06.020. 849 

30.  Knapp, S. LPS and bacterial lung inflammation models. Drug Discov. Today Dis. Model. 850 

2009, 6, 113–118, doi:10.1016/j.ddmod.2009.08.003. 851 

31.  Tao, Z.; Yuan, Y.; Liao, Q. Alleviation of Lipopolysaccharides-Induced Acute Lung Injury 852 

by MiR-454. Cell. Physiol. Biochem. 2016, 38, 65–74, doi:10.1159/000438609. 853 

32.  Giuntoli, G.; Muzio, G.; Actis, C.; Ganora, A.; Calzone, S.; Bruno, M.; Ciardelli, G.; 854 

Carmagnola, I.; Tonda-Turo, C. In-vitro Characterization of a Hernia Mesh Featuring a 855 

Nanostructured Coating. Front. Bioeng. Biotechnol. 2021, 8, 1–17, 856 

doi:10.3389/fbioe.2020.589223. 857 

33.  Huh D Matthews B, M.A.M.-Z.M.H.H.I.D. Reconstituting Organ-Level Lung. Science (80-858 

. ). 2010, 328, 1662–1668, doi:10.1126/science.1188302. 859 

34.  Ren, H.; Birch, N.P.; Suresh, V. An Optimised Human Cell Culture Model for Alveolar 860 

Epithelial Transport. PLoS One 2016, 11, e0165225, doi:10.1371/journal.pone.0165225. 861 

35.  Huang, Y.; Haas, C.; Ghadiali, S.N. Influence of transmural pressure and cytoskeletal 862 

structure on NF-κB activation in respiratory epithelial cells. Cell. Mol. Bioeng. 2010, 3, 863 

415–427, doi:10.1007/s12195-010-0138-7. 864 

36.  Morimoto, K.; Kawabata, K.; Kunii, S.; Hamano, K.; Saito, T.; Tonomura, B. 865 

Characterization of type i collagen fibril formation using thioflavin T fluorescent dye. J. 866 

Biochem. 2009, 145, 677–684, doi:10.1093/jb/mvp025. 867 

37.  Achilli, M.; Mantovani, D. Tailoring mechanical properties of collagen-based scaffolds for 868 



 44 

vascular tissue engineering: The effects of pH, temperature and ionic strength on gelation. 869 

Polymers (Basel). 2010, 2, 664–680, doi:10.3390/polym2040664. 870 

38.  Pacheco, D.P.; Butnarasu, C.S.; Briatico Vangosa, F.; Pastorino, L.; Visai, L.; Visentin, S.; 871 

Petrini, P. Disassembling the complexity of mucus barriers to develop a fast screening tool 872 

for early drug discovery. J. Mater. Chem. B 2019, 7, 4940–4952, doi:10.1039/c9tb00957d. 873 

39.  Niehues, E.; Quadri, M.G.N. Spinnability, morphology and mechanical properties of 874 

gelatins with different bloom index. Brazilian J. Chem. Eng. 2017, 34, 253–261, 875 

doi:10.1590/0104-6632.20170341s20150418. 876 

40.  Elzein, T.; Nasser-Eddine, M.; Delaite, C.; Bistac, S.; Dumas, P. FTIR study of 877 

polycaprolactone chain organization at interfaces. J. Colloid Interface Sci. 2004, 273, 381–878 

387, doi:10.1016/j.jcis.2004.02.001. 879 

41.  dos Santos, D.M.; Leite, I.S.; Bukzem, A. de L.; de Oliveira Santos, R.P.; Frollini, E.; Inada, 880 

N.M.; Campana-Filho, S.P. Nanostructured electrospun nonwovens of poly(ε-881 

caprolactone)/quaternized chitosan for potential biomedical applications. Carbohydr. 882 

Polym. 2018, 186, 110–121, doi:10.1016/j.carbpol.2018.01.045. 883 

42.  Suderman, N.; Isa, M.I.N.; Sarbon, N.M. Characterization on the mechanical and physical 884 

properties of chicken skin gelatin films in comparison to mammalian gelatin films. IOP 885 

Conf. Ser. Mater. Sci. Eng. 2018, 440, doi:10.1088/1757-899X/440/1/012033. 886 

43.  Del Gaudio, C.; Baiguera, S.; Boieri, M.; Mazzanti, B.; Ribatti, D.; Bianco, A.; Macchiarini, 887 

P. Induction of angiogenesis using VEGF releasing genipin-crosslinked electrospun gelatin 888 

mats. Biomaterials 2013, 34, 7754–7765, doi:10.1016/j.biomaterials.2013.06.040. 889 



 45 

44.  Tonda-Turo, C.; Cipriani, E.; Gnavi, S.; Chiono, V.; Mattu, C.; Gentile, P.; Perroteau, I.; 890 

Zanetti, M.; Ciardelli, G. Crosslinked gelatin nanofibres: Preparation, characterisation and 891 

in vitro studies using glial-like cells. Mater. Sci. Eng. C 2013, 33, 2723–2735, 892 

doi:10.1016/j.msec.2013.02.039. 893 

45.  Stearns, R.C.; Paulauskis, J.D.; Godleski, J.J. Endocytosis of ultrafine particles by A549 894 

cells. Am. J. Respir. Cell Mol. Biol. 2001, 24, 108–115, doi:10.1165/ajrcmb.24.2.4081. 895 

46.  Öhlinger, K.; Kolesnik, T.; Meindl, C.; Gallé, B.; Absenger-Novak, M.; Kolb-Lenz, D.; 896 

Fröhlich, E. Air-liquid interface culture changes surface properties of A549 cells. Toxicol. 897 

Vitr. 2019, 60, 369–382, doi:10.1016/j.tiv.2019.06.014. 898 

47.  Wu, J.; Wang, Y.; Liu, G.; Jia, Y.; Yang, J.; Shi, J.; Dong, J.; Wei, J.; Liu, X. 899 

Characterization of air-liquid interface culture of A549 alveolar epithelial cells. Brazilian 900 

J. Med. Biol. Res. 2018, 51, 1–9, doi:10.1590/1414-431x20176950. 901 

48.  Pasman, T.; Baptista, D.; van Riet, S.; Truckenmüller, R.K.; Hiemstra, P.S.; Rottier, R.J.; 902 

Hamelmann, N.M.; Paulusse, J.M.J.; Stamatialis, D.; Poot, A.A. Development of an in vitro 903 

airway epithelial–endothelial cell culture model on a flexible porous poly(Trimethylene 904 

carbonate) membrane based on calu‐3 airway epithelial cells and lung microvascular 905 

endothelial cells. Membranes (Basel). 2021, 11, 1–19, doi:10.3390/membranes11030197. 906 

49.  Chowdhury, F.; Howat, W.J.; Phillips, G.J.; Lackie, P.M. Interactions between endothelial 907 

cells and epithelial cells in a combined cell model of airway mucosa: Effects on tight 908 

junction permeability. Exp. Lung Res. 2010, 36, 1–11, doi:10.3109/01902140903026582. 909 

50.  Bärnthaler, T.; Maric, J.; Platzer, W.; Konya, V.; Theiler, A.; Hasenöhrl, C.; Gottschalk, B.; 910 



 46 

Trautmann, S.; Schreiber, Y.; Graier, W.F.; et al. The Role of PGE2 in Alveolar Epithelial 911 

and Lung Microvascular Endothelial Crosstalk. Sci. Rep. 2017, 7, 1–17, 912 

doi:10.1038/s41598-017-08228-y. 913 

51.  Zhang, F.; Aquino, G. V.; Dabi, A.; Bruce, E.D. Assessing the translocation of silver 914 

nanoparticles using an in vitro co-culture model of human airway barrier. Toxicol. Vitr. 915 

2019, 56, 1–9. 916 

52.  Dekali, S.; Gamez, C.; Kortulewski, T.; Blazy, K.; Rat, P.; Lacroix, G. Assessment of an in 917 

vitro model of pulmonary barrier to study the translocation of nanoparticles. Toxicol. 918 

Reports 2014, 1, 157–171, doi:10.1016/j.toxrep.2014.03.003. 919 

53.  Van Roy, F.; Berx, G. The cell-cell adhesion molecule E-cadherin. Cell. Mol. Life Sci. 2008, 920 

65, 3756–3788, doi:10.1007/s00018-008-8281-1. 921 

54.  Xiao, S.; Liu, L.; Lu, X.; Long, J.; Zhou, X.; Fang, M. The prognostic significance of 922 

bromodomain PHD-finger transcription factor in colorectal carcinoma and association with 923 

vimentin and E-cadherin. J. Cancer Res. Clin. Oncol. 2015, 141, 1465–1474, 924 

doi:10.1007/s00432-015-1937-y. 925 

55.  Rudini, N.; Felici, A.; Giampietro, C.; Lampugnani, M.; Corada, M.; Swirsding, K.; Garrè, 926 

M.; Liebner, S.; Letarte, M.; Ten Dijke, P.; et al. VE-cadherin is a critical endothelial 927 

regulator of TGF-β signalling. EMBO J. 2008, 27, 993–1004, doi:10.1038/emboj.2008.46. 928 

56.  Cleaver, O.; Krieg, P.A. Vascular Development. In Heart Development and Regeneration; 929 

Elsevier Inc., 2010; Vol. I, pp. 487–528 ISBN 9780123813329. 930 



 47 

57.  Nighot, M.; Al-Sadi, R.; Guo, S.; Rawat, M.; Nighot, P.; Watterson, M.D.; Ma, T.Y. 931 

Lipopolysaccharide-Induced Increase in Intestinal Epithelial Tight Permeability Is 932 

Mediated by Toll-Like Receptor 4/Myeloid Differentiation Primary Response 88 (MyD88) 933 

Activation of Myosin Light Chain Kinase Expression. Am. J. Pathol. 2017, 187, 2698–2710, 934 

doi:10.1016/j.ajpath.2017.08.005. 935 

58.  Eutamene, H.; Theodorou, V.; Schmidlin, F.; Tondereau, V.; Garcia-Villar, R.; Salvador-936 

Cartier, C.; Chovet, M.; Bertrand, C.; Bueno, L. LPS-induced lung inflammation is linked 937 

to increased epithelial permeability: Role of MLCK. Eur. Respir. J. 2005, 25, 789–796, 938 

doi:10.1183/09031936.05.00064704. 939 

59.  Zhang, X.; Wang, T.; Gui, P.; Yao, C.; Sun, W.; Wang, L.; Wang, H.; Xie, W.; Yao, S.; 940 

Yun, L.; et al. Resolvin D 1 Reverts Lipopolysaccharide-Induced TJ Proteins Disruption 941 

and the Increase of Cellular Permeability by Regulating IKBa Signaling in Human Vascular 942 

Endothelial Cells. Oxid. Med. Cell. Longev. 2013, 2013, 8. 943 

60.  Herrero, R.; Sanchez, G.; Lorente, J.A. New insights into the mechanisms of pulmonary 944 

edema in acute lung injury. Ann. Transl. Med. 2018, 6, 32. 945 

61.  Janga, H.; Cassidy, L.; Wang, F.; Spengler, D.; Oestern-Fitschen, S.; Krause, M.F.; 946 

Seekamp, A.; Tholey, A.; Fuchs, S. Site-specific and endothelial-mediated dysfunction of 947 

the alveolar-capillary barrier in response to lipopolysaccharides. J. Cell. Mol. Med. 2018, 948 

22, 982–998, doi:10.1111/jcmm.13421. 949 

62.  Li, J.; Qin, Y.; Chen, Y.; Zhao, P.; Liu, X.; Dong, H.; Zheng, W.; Feng, S.; Mao, X.; Li, C. 950 

Mechanisms of the lipopolysaccharide‑induced inflammatory response in alveolar epithelial 951 



 48 

cell/macrophage co‑culture. Exp. Ther. Med. 2020, 20, 1–1, doi:10.3892/etm.2020.9204. 952 

63.  He, R.W.; Braakhuis, H.M.; Vandebriel, R.J.; Staal, Y.C.M.; Gremmer, E.R.; Fokkens, 953 

P.H.B.; Kemp, C.; Vermeulen, J.; Westerink, R.H.S.; Cassee, F.R. Optimization of an air-954 

liquid interface in vitro cell co-culture model to estimate the hazard of aerosol exposures. J. 955 

Aerosol Sci. 2021, 153, 105703, doi:10.1016/j.jaerosci.2020.105703. 956 

64.  Zou, M.; Yang, H.; Wang, H.; Wang, H.; Zhang, J.; Wei, B.; Zhang, H.; Xie, D. Detection 957 

of type I collagen fibrils formation and dissociation by a fluorescence method based on 958 

thioflavin T. Int. J. Biol. Macromol. 2016, 92, 1175–1182, 959 

doi:10.1016/j.ijbiomac.2016.08.027. 960 

65.  McCluskey, A.R.; Hung, K.S.W.; Marzec, B.; Sindt, J.O.; Sommerdijk, N.A.J.M.; Camp, 961 

P.J.; Nudelman, F. Disordered Filaments Mediate the Fibrillogenesis of Type i Collagen in 962 

Solution. Biomacromolecules 2020, 21, 3631–3643, doi:10.1021/acs.biomac.0c00667. 963 

66.  Wood, G.C.; Keech, M.K. The formation of fibrils from collagen solutions. 1. The effect of 964 

experimental conditions: kinetic and electron-microscope studies. Biochem. J. 1960, 75, 965 

588–598, doi:10.1042/bj0750588. 966 

67.  Na, G.C.; Butz, L.J.; Carroll, R.J. Mechanism of in vitro collagen fibril assembly. Kinetic 967 

and morphological studies. J. Biol. Chem. 1986, 261, 12290–12299, doi:10.1016/s0021-968 

9258(18)67237-0. 969 

68.  Montalbano, G.; Fiorilli, S.; Caneschi, A.; Vitale-Brovarone, C. Type I collagen and 970 

strontium-containing mesoporous glass particles as hybrid material for 3D printing of bone-971 

like materials. Materials (Basel). 2018, 11, doi:10.3390/ma11050700. 972 



 49 

69.  Pouliot, R.A.; Link, P.A.; Mikhaiel, Nabil S. Schneck, Matthew B. Valentine, M.S.; Kamga 973 

Gninzeko, F.J.; Herbert, Joseph A. Sakagami, M.; Heise, R.L. Development and 974 

characterization of a naturally derived lung extracellular matrix hydrogel. Physiol. Behav. 975 

2016, 104, 1922–1935, doi:10.1002/jbm.a.35726.Development. 976 

70.  Gobeaux, F.; Mosser, G.; Anglo, A.; Panine, P.; Davidson, P.; Giraud-Guille, M.M.; 977 

Belamie, E. Fibrillogenesis in Dense Collagen Solutions: A Physicochemical Study. J. Mol. 978 

Biol. 2008, 376, 1509–1522, doi:10.1016/j.jmb.2007.12.047. 979 

71.  Kreger, S.T.; Bell, B.J.; Bailey, J.; Stites, E.; Kuske, J.; Waisner, B.; Voytik-Harbin, S.L. 980 

Polymerization and matrix physical properties as important design considerations for 981 

soluble collagen formulations. Biopolymers 2010, 93, 690–707, doi:10.1002/bip.21431. 982 

72.  Miron-Mendoza, M.; Seemann, J.; Grinnell, F. The differential regulation of cell motile 983 

activity through matrix stiffness and porosity in three dimensional collagen matrices. 984 

Biomaterials 2010, 31, 6425–6435, doi:10.1016/j.biomaterials.2010.04.064. 985 

73.  Sarrigiannidis, S.O.; Rey, J.M.; Dobre, O.; González-García, C.; Dalby, M.J.; Salmeron-986 

Sanchez, M. A tough act to follow: collagen hydrogel modifications to improve mechanical 987 

and growth factor loading capabilities. Mater. Today Bio 2021, 10, 988 

doi:10.1016/j.mtbio.2021.100098. 989 

74.  Camasão, D.B.; Pezzoli, D.; Loy, C.; Kumra, H.; Levesque, L.; Reinhardt, D.P.; Candiani, 990 

G.; Mantovani, D. Increasing Cell Seeding Density Improves Elastin Expression and 991 

Mechanical Properties in Collagen Gel-Based Scaffolds Cellularized with Smooth Muscle 992 

Cells. Biotechnol. J. 2019, 14, 1–12, doi:10.1002/biot.201700768. 993 



 50 

75.  Smithmyer, M.E.; Sawicki, L.A.; Kloxin, A.M. Hydrogel scaffolds as in vitro models to 994 

study fibroblast activation in wound healing and disease. Biomater. Sci. 2014, 2, 634–650, 995 

doi:10.1039/c3bm60319a. 996 

76.  Kang, D.; Park, J.A.; Kim, W.; Kim, S.; Lee, H.R.; Kim, W.J.; Yoo, J.Y.; Jung, S. All-997 

Inkjet-Printed 3D Alveolar Barrier Model with Physiologically Relevant Microarchitecture. 998 

Adv. Sci. 2021, 8. 999 

 1000 


