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SUMMARY:
A novel sealing protocol to produce water-tight silicone-based seals for membranes of Polydimethylsiloxane (PDMS) chip devices. Intended for labs setting-up chip models and small-scale chip platform development. We demonstrate the protocol using plastic and native tissue membranes. This procedure only requires PDMS, toluene, mold, membrane, and a vacuum chamber.

ABSTRACT:
[bookmark: _Hlk217750678][bookmark: _Hlk217910826][bookmark: _Hlk217910907][bookmark: _Hlk217911091][bookmark: _Hlk217929617][bookmark: _Hlk221551452][bookmark: _Hlk217911160]Organ-on-Chip platforms are a rapidly growing aspect of biomedical research. The expansion of this field has produced a range of different materials and methodologies for their application. While the number of different devices - either provided commercially or developed in academia - continues to grow, a large step usually remains to be taken for new researchers entering the Organ-on-Chip field. One of the central issues in both novel and ongoing chip technologies remains producing a secure and leak-free sealing of chip devices. In this article, we provide a new path to chip development by presenting a chip sealing workflow that produces reliable water-tight connections between silicone chips and three culture membranes of different materials. The presented procedure is accessible for new chip development with limited input materials and provides an air-liquid interface (ALI) Organ-on-Chip. These chips are intended for cell culture fed through a porous membrane and apically exposed to air such as in a Gut-, Skin-, or in the case presented here Airway-on-Chip. We provide two different chip mold 3D designs, show their binding to commercially available plastic membranes as well as porcine extracellular matrix (ECM) scaffolds. This Airway-on-Chip can be produced in-house, the different hurdles that may be encountered are presented here, and a showcase of their previous use as an Airway-on-Chip. This new sealing procedure involves vacuuming toluene thinned Polydimethylsiloxane (PDMS) mortar to remove the toluene that leads to a thin and strong silicone coat embedded into the porous plastic or native ECM membrane surface. The second novelty of this procedure is the room temperature curing of the PDMS mortar to prevent disruption of the membranes due to differing thermal expansion in the materials being sealed together. This leads to a broadly applicable technique to bind the tested materials, producing multi-chambered PDMS chips with internalized culture membranes.

INTRODUCTION: 
Organ-on-Chip devices are becoming a cornerstone of biomedical research, with a wide variety of commercial and open-access models being developed in labs all over the world1. As these models become a key part of research, continuing to replace traditional static plastic and animal models2,3, it is of increasing importance that these models are easily accessible and available to researchers of various backgrounds worldwide. Central to this is the accessibility of achieving customized, small-batch development, independent of input and manufacturing costs4, especially in non-commercial or academic models1.

[bookmark: _Hlk217929951][bookmark: _Hlk217911470][bookmark: _Hlk217911524]One of the greatest challenges in On-Chip technologies is producing a secure sealing of chips without leakages during flow. A recent review on leakage testing in chip devices identified leaking between the chambers or to the environment as a top mode for model and experimental failure, both in industry and academia5,6. There are a number of reasons for the failure to achieve a successful seal: the small dimensions of the devices, the flow and pressure applied, and primarily the fact that these devices are comprised of different materials sealed together in layers and bridged with different processes6. The range of different materials utilized as culture membranes in chip platforms is as wide as the range of their applications, including polyethylene terephthalate (PET), polycarbonate (PC), PDMS, and ECM membranes1. As a result of this, there are numerous different procedures and treatments for connecting these different materials into the finalized devices. These procedures include compression and glue/PDMS, plasma-mediated silane chemistry, chemical functionalization of structures, electrospinning, and vaporized solvent bonding, depending on the materials involved in the model7. The fact that these processes require different skill sets and lab environments to utilize applies some limits to the academic accessibility of On-Chip research. It has been identified that while the costs and limitations of engaging in commercial systems limit academic access, the lengthy, multi-stage processes of constructing chips and the equipment required limit their independent academic development1,8,9. At the cutting edge of this research, one of the current issues is in the standardization and validation of models for their reproducibility10,11. But there remains a gap in reaching this point for many labs trying to get started with chip development in order to answer specific research questions, replace animal work, and work in more biologically relevant models12. 

[bookmark: _Hlk217911578]In this article, we present a chip sealing workflow that requires only skills and equipment available to most research environments. This procedure produces water-tight PDMS chip-membrane interfaces for three different membrane materials. The process requires only limited active worktime, can be engaged in non-chip lab environments, and can be scaled from small to medium batch chip production. 

[bookmark: _Hlk217065357][bookmark: _Hlk218533133][bookmark: _Hlk218599976][bookmark: _Hlk217920686][bookmark: _Hlk218513631][bookmark: _Hlk218600284]The presented sealing procedure can be performed with porous plastic or ECM membranes, the example chips provided are built with this procedure for application as an airway-on-chip device with air exposure. This procedure can be used for other comparable devices, provided that the membranes contain pores, which are essential for the procedure. The provided chips primary application is for ALI culture and airway epithelial cells but can be used for other applications and co-culture models with mesenchymal cells or gut cells for example8,13. The first chip provided is a standard airway-on-chip with a large-scale culture area (92 mm2) with two culture chambers, including an apical chamber for air exposure that is separated by a porous membrane from the basal chamber that contains medium and optionally another submerged cultured cell type (e.g. fibroblasts, endothelial cells). For ALI applications it is essential that the apically seeded cells are capable of maintaining a tight barrier to prevent leakage of media into the top channel. The second chip has the same design with two additional chambers on either side of the membrane, here with the use of porcine ECM, to facilitate the stretching of the culture membrane through the application of negative pressure, imitating the stretch of a native airway. 

Our sealing process brings together several elements from the field of PDMS chip development with the addition of novel conditions, which are two-fold. Firstly, the rapid application of vacuum to the toluene-thinned PDMS mortar, which prevents chemical attack of the toluene on the membranes, promotes silicone intrusion into the pores or surface features of the membrane, and leads to a thin displacement-resistant surface. Toluene produces swelling and deformation to solid PDMS surfaces, but at high concentrations act as a solvent hence its use to thin liquid PDMS in this procedure. For plastics such as the PC and PET membranes used here the toluene will cause distortion and stress cracking if not rapidly removed. It is essential that care is taken when manually applying the mortar to only apply over the wall of the pre-constructed chip-half and never get any within the culture area, as this will block the culture membranes pores and produce areas of PDMS that will cause disruption and variation to the cell culture capability. Secondly, curing of the PDMS mortar at room temperature (RT) over 72 h prevents displacement of the membrane from the chip-half as well as the mortar, which can happen as the materials shrink to different degrees after thermal expansion. 
[bookmark: _Hlk217911737][bookmark: _Hlk218588315][bookmark: _Hlk217929756][bookmark: _Hlk217911799][bookmark: _Hlk217911866]We provide two chip mold designs which can be made with a 3D printer or micro-mill (as described in the Supplementary File 1, Supplementary File 2), as well as the method for creating a thin mortar from PDMS and toluene14. Using this method enables sealing of commercial plastic membranes (PET, PC) within a device. Additionally, we tested the range of applicability of this process by creating the same chip with a porcine native ECM membrane to produce a biological chip with the capability of cyclical stretch. As Organ-on-Chips are intended to replicate the physiological properties of the in vivo environment, Airway-on-Chips that have the ability to produce the mechanical forces experienced in the body during breathing such as the shear stresses from flowing air and the mechanical landscape of the constricting airways is highly biologically relevant16. The used membrane consists of the basement membrane, lamina propria, as well as collagen, laminin, and other surrounding matrix proteins. To our knowledge, this is the first native basement membrane-based chip, and the first with the possibility of stretch, thus facilitating mimicking of the mechanical stress of e.g., breathing, on a non-silicone ECM membrane15. This novel application highlights the function of our sealing procedure with plastic and ECM. Finally, we present the application of this chip and membrane sealing procedure as an Airway-on-Chip that can be used for ALI cell culture8. 


PROTOCOL:

1. Chip-half and Membrane Preparation 

1.1. Chip Mould Production

1.1.1. [bookmark: _Hlk217915546]Download .STL design files for the top and bottom halves of the chip from Supplementary File 1 and Supplementary File 2 of this paper. The top mold produces a 5 mm deep chip-half, the bottom mold a 3 mm deep chip-half, both chip halves have 1 mm deep culture chambers. Alternatively, produce a chip design using appropriate CAD software.

1.1.2. Prepare either a slice file for 3D printing or a mill-path for micro-milling the chip molds. Micro-milled molds will be ready to use; resin-printed molds will require 2x 24 h 99.9% ethanol washes before UV cross-linking to prepare them appropriately for use as a PDMS mold. 

1.2. PDMS chip-half production (Figure 1)

1.2.1. [bookmark: _Hlk218525583]Thoroughly mix liquid PDMS base with curing agent in a 10:1 ratio and degas in a vacuum chamber until all air bubbles are removed.

1.2.2. Fill molds with a wide nozzle syringe, degas for ~10 min in a vacuum chamber until all bubbles are removed. Place molds in a dry oven until cured for 2 h at 65 °C.

1.2.3. [bookmark: _Hlk217923769][bookmark: _Hlk217930462]Remove solid chip halves from molds with a scalpel and cut the flashing from the edges, add four inlets to the top half at each end of the chamber and the two adjacent rings that indicate the location for the bottom chamber’s inlets with a biopsy punch. 

NOTE: For the presented results, a 2 mm biopsy punch was used, and 2 mm silicone tubing was inserted for medium and air flow during culture. 1 mm and 2 mm inlets facilitate cell seeding with a pipette, corresponding to the size of 200 and 1000 μm tips, respectively. Other punch sizes can be used for different tubing or pump systems.

1.3. Membrane preparation (Figure 2)

1.3.1. Download .STL design files for the membrane stencil from Supplementary File 3 on this paper. Prepare the stencil by 3D printing or an equivalent fabrication method to ensure a consistent membrane shape. 

1.3.2. Place the stencil over the PET or PC membrane, holding it firmly as the membrane is cut into shape with a scalpel.

NOTE: At this point, membranes can be coated with matrix proteins for cell culture in a petri dish without disrupting membrane binding. This will ensure only the membrane is functionalized for cell growth, leaving the PDMS walls cell-free as previously described8.

2. Membrane bonding

2.1. PDMS Mortar Preparation 

2.1.1. [bookmark: _Hlk217912259][bookmark: _Hlk218527990][bookmark: _Hlk217932848]Mix liquid PDMS (1.2.1.) with toluene in a 7:5 ratio and mix thoroughly by syringing up and down with a wide-nozzle syringe as previously described14. Only 8 drops are necessary for each chip; 1.4 mL PDMS with 1 mL toluene is recommended per batch of mortar and enough for 8 chips of this scale. Consistent mortar mixing is important for reliable membrane binding. 

Safety information: Toluene is volatile and highly flammable. Exposure can cause damage to the nervous and respiratory systems. Use exclusively in a fume hood, away from any ignition source, and manage spills with absorbent material and ventilation. During handling, wear protective goggles to protect from splashing and impervious (nitrile) gloves. 
Allow all lab materials (pipette tips, containers, etc.) 24 h in the fume hood, after which toluene will have evaporated and all materials can be disposed of in approved, labeled containers through specialist waste services. Never dispose of toluene in a sink. Consult the Safety Data Sheet (SDS) for further information.  

NOTE: Prepare the mortar at the point of use to prevent premature toluene evaporation and plastic contamination, in a non-glass container, preferably disposable, and discard directly post-use. PDMS will cure to the surface of glass and be partially unremovable; toluene will dissolve and damage most plastics commonly used in the lab.

2.2. PET/PC Membrane Attachment (Figure 2)

2.2.1. [bookmark: _Hlk217933181]Swiftly apply the mortar to the surface of the PDMS chip-half where the membrane will be placed with a pipette tip.

NOTE: The entire area under the membrane must be wet with mortar. A firm hold should be applied with the tip to produce the thinnest layer possible. Microscopy indicates layers to be between 3 and 5 μm. 

2.2.2. Hold the prepared membrane (1.3. Membrane Preparation) at one end with a clean forceps, place the tip on the wet mortar at the correct position for the chip, and let the membrane fall into place.

NOTE: Do not allow the membrane to shift after this point; wet PDMS entering the chamber will produce irregular, unusable walls on the membrane. If shifting occurs, silicone will cover the culture area, which will disrupt cell culture potential on either side of the membrane, discard the membrane, and repeat the previous step.

2.2.3. Gently hold the membrane in place with the forceps and reapply PDMS mortar over the top of the membrane, gently moving away from the chamber with each stroke to remove bubbles and secure the membrane without moving it from its original position. 

NOTE:  Take care not to apply PDMS into the inner culture area of the membrane; this is essential as silicone will prevent cell adhesion and disrupt the natural surface of the culture membrane.

2.2.4. [bookmark: _Hlk217912203]Place chip halves with membranes immediately after wet mortar attachment into a vacuum chamber and cure them at room temperature under 25 mBar vacuum for 72 h. 

NOTE: Chip halves with membranes attached must be cured at room temperature. PET/PC and PDMS experience different degrees of thermal expansion, and heat curing will cause the silicone to expand and then shrink as it cools, producing a distended membrane (Figure 3).

2.3. Complete Chip Construction 

2.3.1. Membrane-bound chip halves can now be attached to the second half of the chip. For most consistent results expose both halves to O2 Plasma treatment (320 mBar, 30 s;) and swiftly press them together under light pressure by hand. 
[bookmark: _Hlk218528028]
Safety Information: Oxygen plasma ovens produce oxygen saturated environments, dangerous oxides such as ozone, and intense UV radiation. Ovens should be installed in a well-ventilated area or fume hood. The oven window should block all UV radiation but goggles are advised. Combustible materials and metals should be kept out of the oxygen plasma area to prevent accelerated combustion or toxic fume release. Referring to the SDS document for oxygen plasma is essential for use of any material other than those mentioned in this protocol.

NOTE: If no plasma oven is available similar bonding can be achieved with a plasma wand or by applying PDMS mortar to the second half and curing the halves together at room temperature under light compression for 72 h13. Although less effective when compared to a full O2 Plasma oven, these options may be used when ovens are not available.  

REPRESENTATIVE RESULTS: 

Membrane Seal Integrity Test 
In order to test the integrity of the sealed chip, the top culture chamber is filled with demi-water with blue dye and the bottom with pure demi-water. Chips are left overnight to assess possible leakage of blue dye from the top chamber around the membrane into the bottom chamber. 
Fully constructed silicone chips prepared with our method can be deformed lengthwise to 35° without disrupting the membrane integrity, now encased and bound to the top half with flexible PDMS mortar on both sides. Deforming of PDMS chips is a normal part of use, for example when the halves or chips stick to a petri-dish. 

[bookmark: _Hlk218616487]Chips were connected to a bi-directional syringe pump system to test their performance with flow-induced pressure. Chips with PET and PC membranes can be run without leakage between chambers or rupture of the chips up to and including 20 kPa (the maximum pressure provided by the pumps). In previous studies, the chips are standardly run at 150 μL/h, which exerts 27 Pa of pressure on the chambers of each device8. 

Visualization of membrane binding 
To visualize the intrusion of the liquid PDMS mortar into the 0.4 μm pores of the membrane under the microscope as a result of the RT vacuum sealing, PDMS mortar was dyed with Nile Red. Nile Red was selected as it is a hydrophobic dye and will mix well with PDMS in its liquid form. The stain was prepared by thoroughly mixing 1% Nile Red in liquid PDMS to produce a red color under light microscopy. The RT curing procedure was repeated as described above. Membranes with dyed mortar were embedded in paraffin and sectioned using a microtome. Membrane slices were mounted on glass slides and imaged using a light microscope (Figure 4). To validate the necessity of both thinning PDMS into mortar with toluene and applying vacuum for intrusion of the PDMS into membrane pores, a comparison of membranes with and without these methods can be seen in Supplement 3. 

[bookmark: _Hlk217917745]Cell Viability Test
[bookmark: _Hlk218588921]In a previous study, potential chemical toxicity from the use of toluene in the construction of the devices was tested. The chips were prepared with and without toluene in a PDMS mortar, human lung adenocarcinoma epithelial Calu-3 cells were grown to confluency over 2 days and cultured for 1 day in the chips as previously described8. Cell death was assessed by Trypan blue staining, removing all cells from the device, and counting dead cells (blue) against unstained viable cells. Proliferation was assessed by incubating the reagents in the chip media before performing an AlamarBlue assay, reading the fluorescent absorbance via plate reader which reflects proliferation (Figure 5)8.

ECM Basement Membrane Attachment 
To show the general applicability of this procedure in producing strong and flexible binding with a range of membranes, the protocol was repeated with a fully extracellular matrix (ECM) based membrane (Figure 6). Basement membrane containing ECM scaffolds were prepared from Porcine urinary bladders as described before17. Briefly, porcine urinary bladders from female animals between 4 and 8 months old were obtained from a local slaughterhouse (Kroon Vlees b.v., Groningen, The Netherlands) and processed within 3h after collection. This study was exempt from ethics board approval under the Experiments on Animals Act as the materials were sourced post-mortem and no animals were sacrificed for scientific purposes (Wet op de dierproeven). Connective tissue and fat were removed from the bladder, the bladder was flipped inside-out and the epithelial layer was blunt-dissected, while keeping the tissue in PBS at room temperature.  ECM scaffolds were dehydrated for the membrane attachment procedure17. Prepared scaffolds were cut and bound to PDMS chip halves as described in the protocol above. A new mold was produced with extra chambers for membrane stretch within the device to show that the vacuumed silicone bonds can also endure horizontal mechanical strain (Supplementary File 2). 

ECM Membrane Integrity Test 
The membrane seal integrity test was conducted as above. Next, the stretch chip was attached to syringe pumps, which pulled a vacuum on the side chambers of the device to produce 1 mm of horizontal stretch on the ECM membrane overnight (Figure 7).

Differentiation of Epithelial cells and Fibroblast co-culture in the standard Airway-on-Chip with PET membrane
To validate the performance of the provided chip as an Airway-on-Chip for ALI cell, human lung adenocarcinoma epithelial Calu-3 cells (ATCC, Manassas, VA, USA) were grown to confluence and air-exposed in the device, in a previous study8. After 10 days of apical air exposure, Calu-3 epithelial cells can be seen to differentiate into mucus producing cells, demonstrated by the mucus production, measured by Alcian blue staining (Figure 8)8.

[bookmark: _Hlk218532426]To validate our procedure for prolonged leak-free flow and co-culture, an example can be seen from a previous publication, for full cell culture methodology see this article8. Human airway epithelial cells cultured in the apical culture chamber of the chip under constant airflow for 21 days with primary airway fibroblasts, cultured upside down on the opposite side of the membrane. In short, primary airway epithelial cells and were isolated by protease treatment (0.2 mg/mL in HBSS, 2 hours, 37°C), cell scraping, and cryopreservation of cells removed from leftover tracheobronchial tissue from 3 healthy lung donors, from whom no further information was available. Human airway fibroblasts (AFs) were isolated in the same fashion from the bronchial tissue of transplanted COPD lung tissue from a single donor. The isolation protocol was according to the research code of the University Medical Center Groningen (https://umcgresearch.org/w/research-code-umcg accessed on 14 January 2025) and the national and ethical professional guidelines on the use of human body material (https://www.coreon.org/wp-content/uploads/2020/04/coreon-code-of-conduct-english.pdf accessed on 14 January 2025). This study was exempt from requirement for ethics board approval as the tissue was leftover from transplantations and completely anonymized in line with Dutch Civil Code and Wet op de orgaandonatie (donor act). 

In Figure 9, a graphic of the chip and how the above-mentioned cells appear both through and along the chambers of the device can be seen.

Culture of Epithelial Cells in co-culture with Fibroblasts on the ECM membrane 
The basement membrane-containing scaffold facilitates epithelial and mesenchymal cell culture.
Immortalized human keratinocytes (HaCaT cells) were seeded at a density of 60 x 103 cells/cm2 on the epithelial (inner) side of the membrane, and the viability was 95% after 24h as compared to 91% in a plastic cell culture flask (Figure 10A). Next, normal human lung MRC-5 fibroblasts were seeded at a density of 60 x 103 cells/cm2 to the stromal (outer) side and grown in coculture with the HaCat cells for 14 days to assess the long-term epithelial-mesenchymal viability for co-culture on the native ECM membrane (Figure 10D). The epithelial cells formed a confluent monolayer on the inner side of the membrane, while fibroblasts distributed less densely across the outer surface of the ECM membrane but retained their characteristic spindle-like morphology (Figure 10C). 3D reconstruction video can be seen in Supplementary File 417.

The current study presented an improved membrane sealing procedure that produces a strong PDMS-membrane connection, capable of resisting disruptions caused by manual handling of the chip, and allowing long-term culture under flow using pressures of up to 27 Pa. We showed that these membranes are bound by silicone that has penetrated the culture membranes through their pores, facilitating covalent silane bonds between the two chip halves and the vacuumed PDMS mortar. Additionally, the presented procedure does not induce cytotoxicity, providing the mortar is applied correctly. Moreover, the produced chips facilitated long term epithelial mono- and epithelial-mesenchymal co-cultures. While this procedure is only applicable to porous membranes, it remains a low-input procedure for the production of reliable and cell culture ready ALI-chips.

FIGURE AND TABLE:

Figure 1. Graphics of PDMS chip-half production and membrane preparation. For PDMS chip-half production (step 1.2), chip molds are filled with liquid PDMS with a wide nozzle syringe, 4.4 mL in the top mold and 2.4 mL in the bottom mold. PDMS halves are cured for 2h at 65 °C, after which 4 inlets in the top chip-half are punched at the ends of the chamber and points indicated in the mold.
For membrane preparation (step 1.3) printed membrane stencil is held firmly to the membrane surface. Using a new blade, one cuts around the stencil and removes the chip membrane from the surrounding material. Membranes can be coated for cell culture or used directly in step 2. Created in BioRender.

[bookmark: _Hlk217749381]Figure 2. Membrane binding procedure. PDMS mortar is mixed as described above immediately before use. Mortar is dripped onto the four corners around the culture chamber and spread gently around the membrane binding location with the angled end of a pipette. One end of the membrane is placed on the mortar then, once aligned with the culture chamber, gently allowed to fall into place. Mortar is reapplied drip-wise and painted over the edges of the membrane with great care taken not to allow any silicone to touch the membrane surface inside the culture area. Chip-half bound membranes are immediately put in a vacuum chamber to remove microbubbles, ensure silicone invasion into surface and pores, and remove toluene to minimize chemical attack on the membrane. Created in BioRender.

[bookmark: _Hlk218615142]Figure 3. Membrane placement examples. A: Successful membrane placement, curing at RT. B: Membrane binding cured in an oven (65°C instead of at RT, membrane can be seen to have distended into the chamber as the silicone contracted after heating. C: Complete chips with correct PET and PC membrane placement. D: Incorrect membrane placement will cause the volume of each side of the chip to change with membrane movement, causing variable flow, applying stress to the cells within the chip as well as the pumps attached to the chip. Created in BioRender.

[bookmark: _Hlk218615353]Figure 4. Light microscope images of sliced and mounted PET and PC membranes. Showing silicone invasion into membrane pores as a result of our vacuum RT curing procedure. A: Images of the same membrane with no PDMS applied to the membrane, clear pores can be seen as well as a clean surface in the polarized image. B: PDMS Mortar has been stained with Nile Red, silicone can be seen in magenta to have successfully invaded into the pores and thinly coated the surface under vacuum. Highlighted in white/magenta shapes.

[bookmark: _Hlk217912912]Figure 5. Cell viability in the chip devices was not altered by construction with or without toluene as a thinning agent in the PDMS mortar. Calu-3 cells were seeded at 6.5 × 104 cells per chip and upon reaching confluency were incubated overnight before an AlamarBlue assay was performed on the supernatant and TrypanBlue on the cells. Differences between groups (n=4) prepared with and without toluene were tested by unpaired Student’s t test, p > 0.05 = ns (not significant)8.

Figure 6. Basement membrane chips. A: Membrane integrity has failed as the PDMS/toluene mortar was not vacuumed off fast enough, this has damaged the matrix proteins and disrupted chip sealing. B: Membrane and chip sealing has succeeded but the membrane has been sealed in a loose state. C: Successful membrane and chip sealing, chip is functional for flow and stretch.   

Figure 7. Two images of the ECM chip under stretch. A: Chip at rest. B: Chip under 1.2 mm horizontal stretch. 

[bookmark: _Hlk217751173]Figure 8. Alcian Blue (Nuclei in magenta, mucous in blue) staining of human lung Calu-3 epithelial cells grown in the chips after air exposure in the device. Calu-3 cells were grown to confluency and cultured for 10 days under a continuous flow rate of 150 μL/h in the basal compartment and either medium- or air-exposed from the apical side. Flow was produced with a peristaltic pump within an incubator at 37°C and 5% CO2. At the end of culturing, the membranes were removed and stained. (A,B) Transverse view of Alcian Blue staining of Calu-3 cells grown for 10 days submerged (A) and air-exposed (B)8. 
 
[bookmark: _Hlk217751251]Figure 9. Visualization of primary human epithelial cells and fibroblasts in extended co-culture within the device. Airway fibroblasts were seeded into the device and allowed to attach overnight before inverting the device and seeding epithelial cells on the other side of the membrane. The cells were grown to confluency, air-exposed, and cultured for 21 days under a continuous flow rate of 150 μL/h produced with a peristaltic pump within an incubator at 37°C and 5% CO2. The membranes were removed post-culture, fixed, embedded, and mounted on slides before staining. Epithelial cells were stained for Mucin 5AC (MUC5AC)18, a component of mucus, forkhead box protein J1 (FOXJ1)19, a transcription factor involved in signaling for cilia production. Fibroblasts were stained with wheat germ agglutinin (WGA) to visualize the cellular phospholipid bilayers. Cells were incubated with 5 µg/mL in HBSS for 15 minutes and washed three times with PBS before imaging. All cell nuclei were visualized with DAPI. A) Cross-section view: produced from a Z-stack projection of images of B and C. B) Epithelial MUC5AC/FOXJ1/DAPI stain on a chip membrane. C) Complete external structure of the fibroblast layer in the basal chamber8.

[bookmark: _Hlk217913062][bookmark: _Hlk217919875]Figure 10. Cell viability and coculture on the basement membrane scaffold. A) LIVE/DEAD viability of HaCaT cells seeded on the epithelial side, 3 independent samples were tested, 3 random fields were captured from each sample (n = 3). Ordinary one-way ANOVA test with Tukey’s correction was performed. The graph shows the mean with the standard deviation. Coculture of B) HaCaT cells on the epithelial side and C) MRC-5 lung fibroblasts on the stromal side of the basement membrane-containing scaffold surrounded by collagen fibers, scale bars are 50 μm. D) 3D view of the coculture from top and bottom isometric views, scale bars are 100 μm, animated visualization can be found in Supplement 4. E) Thickness of basement membrane scaffold before and after decellularization, 14 mucosae were measured and from those, 6 (represented by triangles) were taken for decellularization. On each of the samples, three random fields were scanned and at least 10 points per field were measure17.

Supplement Figure 1. Chip mold designs for top and bottom half of the standard PET/PC chip.
A) Image of the bottom mold of the chip that can be produced from the .STL in Supplementary File 1. B) Image of the top mold of the chip that can be produced from the .STL in Supplementary File 2. C) Image of the membrane stencil for cutting membranes for the chip that can be produced from the .STL in Supplementary File 3. 

Supplementary File 1. 3D .STL file of the bottom mold. The mold can be used to produce the bottom-half of the standard chip by 3D printing or an equivalent fabrication method.  

Supplementary File 2. 3D .STL file of the top mold. The mold can be used to produce the top-half of the standard chip by 3D printing or an equivalent fabrication method.  

Supplementary File 3. 3D .STL file of the membrane stencil. The stencil can be used to produce membranes of the correct size for the provided chip and can be produced by 3D printing or an equivalent fabrication method. 

Supplement Figure 2. Chip mold designs for top and bottom half of the stretch ECM membrane chip.
A) Image of the bottom mold of the chip that can be produced from the .STL in Supplementary File 4. B) Image of the top mold of the chip that can be produced from the .STL in Supplementary File 5. 

Supplementary File 4. 3D .STL file of the bottom mold of the stretch chip. The mold can be used to produce the bottom-half of the stretch chip by 3D printing or an equivalent fabrication method.  

Supplementary File 5. 3D .STL file of the top mold of the stretch chip. The mold can be used to produce the top-half of the stretch chip by 3D printing or an equivalent fabrication method.

[bookmark: _Hlk221548569]Supplement 3. Validation of sealing procedure: comparison of PDMS intrusion into pores without toluene to lower the mortars viscosity and cured at RT without vacuum. All conditions are with PET membranes (0.4 µm pores), after PDMS (Nile Red 1%) treatment membranes were embedded in paraffin before mounting and light microscope imaging. A) Unthinned PDMS vacuumed onto a PET membrane. A thick layer of PDMS can be seen on the surface of the membrane, while no PDMS can be observed to have entered the pores (highlighted with white boxes). B) Thinned PDMS mortar vacuumed onto a PET membrane. A layer of PDMS can be seen on the surface of the membrane, while no PDMS can be observed to have entered the pores (highlighted with white boxes). C) Thinned PDMS mortar vacuumed onto a PET membrane. A thin layer of PDMS can be seen on the surface of the membrane as well as intrusion into the pores along the membrane (highlighted with white boxes).

Supplement Figure 4. 3D visualization of Co-culture HaCat (epithelial) and MRC-5 (stromal) cells on the porcine ECM scaffold. An animated 3D view of the coculture from top and bottom isometric views, images of which can be seen in Figure 10D, scale bars are 100 μm.

DISCUSSION:
The chip sealing protocol we provide here represents a new way to produce water-tight PDMS-membrane chip seals that are viable for long-term culture under flow, can be produced with limited equipment, and requires no specialized skills to approach. We show the procedure for producing chip wafers with membranes (PET, PC, ECM) bound to the surface with silicone mortar, and show that rapid application of vacuum facilitates intrusion of the PDMS into the pores and across the surface of plastic membranes, we also show that the resultant chips are well sealed and capable of a wide-range of culture applications. 

[bookmark: _Hlk217325677]There are a number of different ways to approach PDMS-plastic bonding, a common bonding strategy due to the beneficial properties for cell culture of PDMS such as gas permeability or patternability and plastic membranes for their cell culture viability7. These include surface activation with O2 plasma, Corona, or Ozone treatment which facilitate the formation of covalent bonds between silicone or glass20. Otherwise, chemical gluing techniques using orangosilanes such as APTES ((3-Aminopropyl)triethoxysilane) or MPTMS ((3-mercaptopropyl)trimethoxysilane) to functionalize the surface of the two materials by adding reactive groups21. Alternatively, PDMS and plastic substrates can be glued with an adhesive method involving epoxy or other adhesives22. We present a hybrid between surface activation and chemical gluing, with the use of porous membranes and vacuum to produce a physical connection through the membrane that can be bonded through O2 plasma surface activation alone. By thinning the PDMS with toluene we allow for the invasion of the PDMS through the pores of a membrane under vacuum which allows for different membranes to be covalently bound through PDMS-PDMS bonds across the chip halves and the mortar embedded membrane. By producing a physical silicone network through these pores, we sidestep the need for surface chemical treatment or heat and pressure provided by a hot embossing machine which often aids these techniques23.
In the current study a large-scale two-chambered chip is provided (Supplemental file 1) that can have a range of functions. Secondly, a chip that is capable of cyclical horizontal stretch (Supplemental file 2). These devices function as an Airway-on-Chip, while the model can also be used as a gut-on-chip as previously shown13. Primarily, a step-by-step guide is provided with a number of different options for mold production, membrane preparation, and chip construction that could be applied to additional novel chip platforms according to the desired application of the researchers. It is recommended to use an O2 plasma oven for the final sealing. Nevertheless, a handheld plasma devices or manual compression with PDMS mortar have also been seen to be successful for this step24. In this protocol for this sealing procedure, key hurdles and specifications have been highlighted at each point. These include the option to pre-coat the membranes, the importance of immediate use of the PDMS/toluene mortar, the importance that the mortar does not enter the culture area, and how essential it is the membrane not move after connection with mortar have been highlighted. 

[bookmark: _Hlk218531294]Reproduction of this sealing procedure has been repeatedly performed by investigators with a written protocol, only the following clarifications have been necessary for successful sealing on a second attempt. Upon the occurrence of leakages during stress testing or extended cell culture, a few options can be explored. First, the researcher should ensure the mortar is made freshly from PDMS liquid that has not begun to cure and is thoroughly mixed with toluene for the mortar, the low viscosity of the mortar is what permits a thin smooth layer that can flow into the membrane pores as air is vacuumed out. Secondly, one should apply enough mortar to cover the entirety of the bottom and top of the membrane, while too much will cause it to flow into the culture area under compression but too little will leave gaps that provide a route for inter-chamber leakage. Thirdly, membranes must be flat before and during attachment. The mortar must cure onto the entirety of the surface and irregularities will leave gaps. Finally, despite the manual effort involved, the chips must remain largely dirt free to ensure total final bonding, thus working fast and clean is essential. 

While we showed the attachment of three different types of porous membrane in this paper, the function of this method for other membrane cannot predicted. The is because different chemical resistances to toluene as well as other densities and size of pores will affect the outcome of this sealing procedure. However, we do show the first stretchable fully ECM based membrane binding which suggests high versatility of the protocol. Yet, the consistency of the stretch performance has not been reliably checked as different basement membrane regions, organs, and sources will produce mechanical differences. Additionally, the viability for cell culture of the ECM membranes is also prone to change over time both in culture and in storage19. While this procedure works for different membranes and chip setups, it requires manual painting of the mortar to be effective, which requires relatively little time but will be successful more often with larger scale models such as the ones we provide. Finally, while the membrane binding process requires only PDMS, toluene, a membrane, and a vacuum chamber; the final sealing of the chip is reliant on the application of O2 plasma which is not universally available. 

Despite the limitations, the protocol provided is novel and requires no specialized skill to approach. To the best of our knowledge, the production of silicone networks through the membrane pores by vacuuming of the low-viscosity PDMS mortar is the first of its kind. Unlike other chemical or mechanical functional bridging between the different materials underlying a functional chip, this solution is possible in most lab environments. 
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