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Videos of the FEM models 
Videos can be downloaded from this link: https://drive.google.com/drive/folders/1wYa3CEJ0wxSAEZ8wve5JfYpGgBgLXK2-?usp=sharing
Basal chamber domain in FEM model 
The basolateral chamber (see Figure S1) was scaled to allow the membrane to expand freely during breathing.
Figure S1 shows the dimensions of the basal chamber as implemented in the FEM model. The model was solved parametrically for different heights H, which led to the identification of 14 mm as the optimum. 
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Fig. S1: Basolateral chamber domain as described by the FEM model. The inlet and outlet diameters are 1 and 2  mm respectively. The height H was varied between 10 and 20 mm in the parametric model.

Input parameters for the FEM model representing the apical chamber
The following constants were used for the two-phase model: 
AIR phase: air density = 1.225 kg/m3 and viscosity = 1.7894 10-5 Pa·s, pressure = 101.3 kPa, temperature = 37 °C. 
For the CLOUD phase (secondary fluid): considering a total aqueous volume of 10 µL in an apical chamber of 18.8 mL over a period of 2 s, a mean water volume fraction of 2×10‑4 was assumed (water: viscosity =10-3 Pa·s and density= 1000 kg/m3).  
For a water volume fraction of 2×10-4 the cloud density is 16% higher than that of air, thus we can consider a two phase air-droplet system in which cloud motion is present (Hinds, 1999). 
The nebulizer was modelled as an inlet surface for water on the top of the aerosol inlet tube. The initial speed of both water droplets and air at the inlet was set to 2.5 m/s (as determined by a setup having the cloud pass through two consecutive light gates placed at a known distance from each other). Considering that nebulizer is typically on for 2 s, the liquid volume output rate was set at 5 µL/s with an active period of 2 s by implementing a User Defined Function (UDF) in the FEM model.
MALI design and prototype
MALI bioreactor components were fabricated using the "milli-molding" method: a polydimethylsiloxane solution was casted into molds made of stainless steel (Figure S2). SolidWorks 2017 software (Dassault System, Vlizy-Villacoublay, France) was used to design both the bioreactor and the molds. Polydimethylsiloxane (PDMS, Sylgard 184 1.1 kg Kit, Mascherpa, Milan, Italy) was prepared according to the manufacturer’s instructions (1:10 PDMS monomer-catalyser mix). The bubbles formed during the PDMS preparation and casting were removed putting the molds in vacuum for at least 30 minutes. 
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Fig. S2: 3D sketch of MALI molds and bioreactor designed using SolidWorks.

The bioreactor is divided into four parts: the two chambers (basolateral and apical chamber, Figure S3A) and a membrane holder (Figure S3 B and C). Any type of membrane or even a gravimetric sensor can be housed in the holder.
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Fig. S3: MALI prototype parts: A) basolateral chamber (on the right) and apical chamber (on the left) with tubing,  B) PDMS hoops, C) PLA retaining ring (Dint= 25 mm, Dext = 29 mm).

[bookmark: _Hlk42966241]The holder is composed of two 3D printed rings that hold the membrane (Figure S3C), embedded in two PDMS hoops coupled by a male-female joint (Figure S3B). An Ultimaker 3D printer (3D Printing, Geldermalsen, Netherlands) was used to realize the polylactide acid (PLA) holding rings. In addition to ensuring no slippage of the membrane, the PLA rings enable easy handling of the membrane without touching or damaging it – particularly important during cell culture (see Section 3B&E, main text).  The PLA ring assembly with the membrane is lodged in a PDMS hoop and held in between the apical and basolateral chambers. As all three parts (basolateral chamber, membrane hoop and apical chamber) are made of PDMS, the self-adhesive properties of PDMS allow O-ring-free sealing by applying a small squeezing pressure. In the final configuration, the membrane has a total area of 4.9 cm2, while the useful area for cell seeding is 4.2 cm2.
The chambers and the holder are held together by a 3D fabricated ABS (acrylonitrile butadiene styrene) clamping system (yellow parts, Figure S4). It is composed of a base, where the bioreactor is housed, and a lid, which seals the bioreactor when the external parts are included into the base column’s buttonholes.
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Fig. S4: MALI bioreactor enclosed and sealed in the clamping system.

The waterproofness of the bioreactor is guarantee by the clamping system and the use of PDMS, which is self-adhesive and deformable. The whole device (bioreactor and clamping system) can be sterilized by ethanol solution, gas plasma, or ultraviolet light. All wetted parts of the MALI system were sterilized with 80% ethanol (EtOH) and ultraviolet light before the cell culture experiments. 
[bookmark: _Hlk43219638] As shown in Figure 1A (main text), the basolateral chamber is perfused with media through a closed loop circuit consisting of a peristaltic pump (Ismatec IPC 4, IDEX Health & Science, Germany - component d in Figure 1A,  main text) and a medium reservoir (a 40 mL polystyrene bottle, Falcon- component c in Figure 1A, main text) all connected by 1 mm id silicone tubing. The flow rate is typically set to 0.4 mL/min (Mazzei et al., 2010) and the whole basolateral circuit contains 10 mL of medium.  For mechanical activation of the membrane, two electro-pneumatic regulators (ITV0010-2BL-Q, SMC, Italy - component e in Figure , main text) controlled by a microcontroller (Arduino Uno board with additional PCB board, Arduino, Turin, Italy) were connected to a compressed air supply (house air between 0.001 and 0.1 MPa) and to ambient air allowing for cyclic pressure variations. The residual air volume is compressible, which allows for direct measurement of the degree of stretching of the membrane during pressure activation using a differential pressure sensor (component f in Figure 1A, main text - MPX5050, Freescale Semiconductor, Munich, Germany).
Control System
A control box was designed for containing all the components that regulate the membrane distension and the fluid flow, i.e. for the hardware for the control of both hydraulic and pneumatic circuits. Currently, the system can monitor and control 2 bioreactors (2 membranes) at the same time, but it can be expanded to allow for multiplexed membrane exposure. The main limitation to adding more bioreactors is the requirement for additional pumps or multiple pump heads.
A dedicated microprocessor manages the cyclic inflow and outflow of compressed air in the apical chamber, while a user-friendly interface allows the control of stretching entity. The control system can be divided into four different parts (Figure S5): 
· a controlled pressure air circuit: for controlled air injection to stretch the membrane, with a controller board and a dedicated microcontroller;
· a peristaltic pump: for fluid flow in the basolateral chamber;
· a liquid reservoir: used as a liquid reserve and oxygen exchange point, for evaluating membrane displacement through the measurement of air pressure;
· a user interface: a user-friendly analogue interface to control test parameters and performance.
Each part was designed and validated before connecting to the whole system.
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Fig. S5: Schematic of the control box layout.
Membrane preparation and cell culture
The membranes used in this work were hydrophobic and not cell adhesive in their pristine state. Thus, prior to coating with an adhesive layer and seeding with cells, the Bionate® membranes mounted in the rings were rendered hydrophilic by dipping in 40% EtOH and then sterilized in 80% EtOH for 15 min followed by 15 min exposure to UV light on both sides, as instructed by the manufacturer. To promote cell adhesion and spreading, the membranes were then coated were coated with 1.72 mg/mL MatriGel (Corning, cat. # 356234, Kaiserslautern, Germany) which contains components present in the alveolar basal lamina. Specifically, MatriGel was thawed in the refrigerator (4°C) overnight and diluted to a protein concentration of 1.72 mg/mL with medium (DMEM, serum-free, Invitrogen, Germany) to ensure a uniform coating on all fibers of the Bionate® membrane. Each membrane was placed in a well of a 6-well plate filled with 1 mL MatriGel and incubated for 1 h at room temperature followed by 30 min at 37°C. Subsequently, the excess MatriGel was aspirated and the membranes in their rings were mounted between the two PDMS hoops for integration in the bioreactor. The cell culture medium for the A549 cells consisted of DMEM/F12/L-Glut/15 mM HEPES buffered medium (Invitrogen, Germany) containing 100 Unit/mL penicillin, 100 µg/mL streptomycin, 0.5 mg/mL gentamycin sulfate (G418, Invitrogen, Germany), 25 µg/mL of Amphotericin B (Antimycotic) and 10 % fetal calf serum (FCS). 

Cell assays and imaging: technical details
The LDH  assay was performed using the Cytotoxicity Detection Kit from Roche (Roche Diagnostics, Cat. No. 11644793001, Mannheim, Germany) according to the manufacturer’s protocol. The LDH concentration in 500 µL of the cell culture supernatant was determined by absorbance measurements at a wavelength of 492 nm. As 100% control of the available LDH, cells cultured on a Bionate® membrane under submerged conditions in the petri dish in the incubator were treated with 2 % (w/v) Triton X-100 (100% level). The relative LDH release of a given sample (LDH concentration normalized to the 100% control level) is defined as cytotoxicity value. Less than 10% LDH release was regarded as non-toxic. The effect of different media volumes was accounted for by converting the LDH concentration of each sample into the LDH dose (= LDH concentration times the volume of media).
For imaging, cells on the Bionate® membrane were fixed for 15 min at room temperature in 3% paraformaldehyde (in PBS) and stored in 0.1M glycine (in PBS). Cell membranes were permeabilized for 15 min at room temperature using 0.2% Triton X-100 (in PBS). Cytoskeletal actin was visualized by incubation with Phalloidin (BodipyFL, Invitrogen) diluted 1:40 in 1% BSA (in PBS) for 1 h at room temperature. Nuclear staining was achieved with ProLong® Gold Antifade Reagent containing DAPI (Invitrogen). 
[bookmark: _Hlk43221093]Confocal imaging was performed at various locations of the Bionate® membrane (Z-stacks, 512 x 512 pixels, 8 bit) using a LSM710 system (Carl Zeiss) and a Plan-Apochromat 63x/1.40 Oil Ph3 objective lens (Carl Zeiss). The confocal data sets were analyzed and processed either with Imaris 7.4.0 (Bitplane) or with AxioVision 4.8 (Zeiss) software.
For Figure 6, cells were fixed in 4% paraformaldehyde (Sigma-Aldrich), washed with PBS and, permeabilized by 0.3% Triton X-100 (Sigma-Aldrich) in PBS at room temperature. To prevent any unspecific antibody binding, a blocking buffer (5% BSA and 0.1% TritonX-100) was added for 10 min. The F-actin cytoskeleton and cell nuclei were stained with Phalloidin 594 (1:40) and DAPI (1:100), respectively. The cells were then embedded in Glycergel (DAKO Schweiz AG, Baar, Switzerland). All cell images were acquired using a confocal laser scanning microscope (LSM710, Carl Zeiss; Oberkochen, Germany) coupled to the Zen2009 software. For the scanning electron microscopy (Figure S9), the samples were fixed in 6% (v/v) glutaraldehyde (Sigma-Aldrich‎) and then dehydrated in gradient ethanol solutions followed by HDMS (hexamethyldisilazane, Sigma-Aldrich).
Thin shell theory for relating membrane linear strain to overpressure in the medium reservoir
When referring to alveolar distension, the term “linear strain” refers to a change in alveolar radius. To determine the linear strain in the MALI bioreactor, we represent the deformed membrane as a spherical cap with height h as shown in Figure S6.
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Fig. S6: The membrane is approximated as a spherical cap with variable height h.
Assuming an isotropic elastic membrane with negligible thickness subject to uniform pressure load, the linear strain (i.e. the change in membrane radius as it undergoes deformation) is related to the axial displacement h as in E1 (Mazzei et al., 2010; Polyanin and Alexander V. Manzhirov, 2006; Rausch et al., 2011; Roan and Waters, 2011; Timoshenko and Woinowsky-Krieger, 1959; Wade, 1954) : 
	E1
Assuming that the deformations are small (h<<r), the expression simplifies to (Wade, 1954):
	E2
Thus, the maximal membrane displacement in the axial direction can be correlated with the linear strain of its surface. Moreover, the volume of water displaced by the membrane (ΔV)- and the resulting overpressure in the reservoir- as it stretches and relaxes during the application of cyclic pressure in the apical chamber is also correlated with the axial displacement according to (Polyanin and Alexander V. Manzhirov, 2006):
	E3
The change in air volume in the reservoir is directly proportional to the change in overpressure and the proportionality constant can easily be determined from the ratio of ambient air pressure (absolute) and the air volume in the medium reservoir without membrane stretch, i.e. h=0). Thus, h can be derived from the overpressure signal. Subsequently, E2 can be used to derive the corresponding linear strain (δr/r).
Figure S7 shows an example of the overpressure measured in the reservoir during an exposure experiment.
[image: ]

Figure S7: An example of cyclic oscillation of the pressure in the reservoir chamber during the breathing cycle.


Cell penetration into the scaffold
Figure S8 shows how cells penetrate around 35 μm into the scaffold forming 6 to 7 multiple layers. The inter-stack distance is 4 μm.
[image: ]
Figure S8. Confocal microscopy of A549 cells on the Bionate® membrane after 3h of stretching. Confocal stack of DAPI stained cells (Blue) with the Bionate membrane (apical surface=a; basal surface=i) ), showing ca. 35 µm of cell infiltration into the scaffold. Inter stack-distance is 4 μm. The scale bar is 100 µm.
Adherence and proliferation of bronchial epithelial 16HBE14o− cells to the scaffold
[image: ]
Figure S9. Scanning electron microscopy (SEM) micrograph shows bronchial epithelial 16HBE14o− cells forming a confluent layer on the electrospun Bionate membrane (cell density: 2x105 cells cm-2, 6 days under submerged conditions and 2 days under ALI culture), except for a few regions, possibly due to localized, non-sufficient Matrigel coating. The scale bar is 100 µm.
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Fig. S1: Basolateral chamber domain as described by the FEM model.
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