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Introduction

Reproducing the densely packed structures of the nephrons in vitro is a challenge that can be addressed thanks to the developing field of organ-on-chip. Organ-on-chip technologies reduce the gap between in vitro and in vivo models by exploiting the strength of both types of models. Organ-on-chip models use 3D constructs which can be built to reproduce the microenvironment of an organ and be actuated to reproduce key functionalities of an organ or aspects of a disease. They are often associated with microfluidics due to the possibilities that such a construct offers. In particular, it offers an ideal framework in the kidney where organ functionality is through the exchange of fluids.

Most advanced kidney-on-chip models recapitulate several key features of the structure on a single chip. By using models built to reproduce kidney reabsorption functionalities, they allow us to integrate geometrical and mechanical aspects of nephron segments and to develop perfused cylindrical structure made of cell monolayers embedded in hydrogel. In particular Homan et al used bioprinting to develop single kidney tubule (1) while Weber et al molded hydrogel around wires to develop a cylindrical scaffold for cell culture (2). Both devices could be perfused to reproduce the in vivo kidney flow. These models showed strongly improved cell morphology, biological activity, reabsorptions, and secretions compared to 2D epithelium or 2D perfused equivalent. This demonstrated a real advantage which arose from the geometrical and mechanical features of these 3D biomimetic models.

Nevertheless, these devices did not address the multitube aspect of the kidney, with the underlying proximity between nephrons, and had a significantly lower curvature than what is observed in vivo.

In a previous study (3), we conceived a first generation of collagen-based kidney-on-chip closer to in vivo conditions which recapitulated the geometry of the densely packed nephrons which, to the best of our knowledge, has never been reported in the literature. This design allows us to generate, in a 6 mg/mL collagen I gel, five parallel 80µm-wide kidney cells tubules separated by only 100µm. We used cell line models of autosomal polycystic kidney disease (ADPKD) in this platform to study the dilation of nephrons in polycystic kidney disease, our results suggest a possible coupling between dilating channels due to their close proximity. However, at this stage, the device did not allow for individually controllable tube perfusion and the microfabrication was based on a complex plastic chip embossing.

Furthermore, this kidney-on-chip design was limited regarding the reproducibility of the cell seeding because the density of cells in the tubes could not be properly controlled. In this model, as kidney cells are only moderately adherent, they do not adhere to the collagen tube sufficiently to reach initially the required density with most of the cells flowing outside of the tubular scaffold.

Here, we designed a new platform allowing for a better fluidic control while retaining the geometrical features of the previous model. Conceptually, the new chip still revolves around a series of parallel channels molded in collagen I with wires. As in the previous generation, we could generate channels as close as 100µm and as narrow as 75µm in diameter (see Note 1). A polydimethylsiloxane (PDMS) scaffold, which features fluidically independent channels to guide the wires allows for collagen channel perfusion. To promote cell accumulation in the collagen during cell seeding, and to better control the cell seeding density, we designed the PDMS channels with a particular geometry to make them several orders of magnitude more resistive than the collagen ones (Fig 1). They also now have independent inputs and an optionally common output, allowing either independent or parallel perfusion of the channels. Perfusion of this new chip is achieved with controlled input positive pressure. Overall, this chip offers greater fluidic control of individual channels. Finally, it allows reproducibility in seeding; the experimenter can now choose to use either scarce or confluent tubes on the first day of the experiment.

First, the kidney-on-chip fabrication consists of making the mold used for the chip PDMS scaffold (Fig 2). Next, we build the PDMS scaffold that will feature the microfluidic channels. This serves as a chamber to cast the collagen as well as being a guide for the wires that will mold the collagen (Fig 1B).

Second, once the PDMS scaffold is built, PDMS and glass surfaces need to be treated to covalently graft collagen (4,5). The collagen molding can thus be performed after inserting wires or needles of controlled diameter through the guides. Here we use 75µm wide wires to mold channels of the same diameter in the collagen, but it is possible to use larger wires or needles to produce larger channels (see Note 1). After wire insertion, collagen I at the desired concentration (from 6mg/mL to 10mg/mL) is injected into the chip central chamber and polymerized to produce a ready to use chip (Fig 3). Third, prior to cell injection, collagen channels can be coated with adhesion proteins such as laminin to mimic the basal membrane. The channels can then be seeded densely to produce confluent tubes from day 1, either forcing a lumen or filling the channels completely, or can be seeded more sparsely (Fig 4).

Tuning the cell density may lead to different outcomes regarding tube morphology depending on the cells used (Fig 5), but with the appropriate strategy, the user can obtain parallel confluent monolayers. 

Methods

Making of the PDMS feature mold

The PDMS feature mold will allow the experimenter to reproduce the microfluidic features for perfusion and guides for the wires in the PDMS scaffold thanks to soft lithography. This mold can be obtained using photolithography techniques on a 50-75µm thick dry film photoresist, with the procedure we describe here, or using any other classical negative photoresist such as SU-8 (Fig 2 for plans of the mask) (10) [START_REF] Pinto | Optimized SU-8 Processing for Low-Cost Microstructures Fabrication without Cleanroom Facilities[END_REF].

Prepare the wafer and laminator

1. Set one hot plate at 200°C for dehydration and another one at 100°C for soft baking (or soft baking temperature indicated on the dry film datasheet). Set the laminator temperature at 100°C.

2.

Clean the silicon wafer first with acetone, then with isopropanol and finally with ddH2O water, drying well between each rinsing.

3. Put the wafer on the 200°C hot plate for at least 10 min for complete dehydration.

Apply and bond the dry film to the wafer

1. Use a wafer of the same size as a guide to cut into the 50µm thick dry film a slightly bigger piece that would have the same shape.

2. Put the wafer at the entrance of laminator.

3. Set the laminator on speed 0.2 mm/s.

4. Peel off one protective layer of the dry film, put the exposed face towards the spatula on the spatula and carefully stick one end of the dry film to the wafer while maintaining the rest on the spatula at a 45° angle.

5. Set the laminator on forward motion while maintaining the spatula between the rest of the dry film and the wafer until it reaches the laminator roll. The goal is to guide the dry film gently while it progressively gets stuck on the wafer. Some tension must be maintained on the film to prevent formation of bubbles. To do so, hold the film ends with your hands while maintaining tension as the wafer goes under the roll.

6.

Once the whole film is stuck on the wafer, make it go back and forth under the laminator at least 4 times to completely bond the dry film.

7. If too many bubbles have formed under the dry film, you can start over by removing the other adhesive protection of the dry film, remove the dry film with the photoresist developer and start over from step 1 with the same wafer.

Expose dry film to UV

1. Peel off the other side of the dry film protective film and load the mask and the wafer in the UV exposure device.

2. Set the device for hard contact between the mask and wafer (no spacing between the mask and the wafer).

3. Expose the dry film per the manufacturer recommendations, calculate the exposure time depending on the UV power and the recommended amount of energy needed according to the dry film datasheet. As an example, for a DF1050 dry film, the energy required is 95 mJ/cm2, which gives a 3 s exposure time for a 35 mW/cm2 UV light at 365 nm.

Develop the wafer

1. Unload the wafer and set it on the soft baking hot plate. This soft baking step should take about 10 min but may vary depending on the dry film used.

2. After the soft baking, put the wafer into a developer bath for the recommended amount time while gently swirling it (10 min for the DF1050). Do not hesitate to change the developer bath mid-course.

3. Gently spray the wafer with developer to remove any undeveloped dry film left. You should not see any irisation on the surface. If this is the case, you can develop the wafer for a few more mins.

4. Rinse with isopropanol 5. Optional: hard bake the wafer for 2 min at 200°C on a hot plate.

6. Optional: check the features on the wafer by profilometry.

Silanize the wafer

1. Clean the wafer with isopropanol.

2. Activate the surface with oxygen plasma for 45 s.

3. Immediately afterwards, in a vacuum chamber placed into a 15 mL falcon cap, put 50 µL of 1H,1H,2H,2H-Perfluorooctyltriethoxysilane. Place the wafer in the vacuum chamber.

4. Switch the vacuum on for 30 min, then switch the vacuum off while keeping the wafer under vacuum for another 30 min. 5. Check the wafer for hydrophobicity by gently pouring water on it. The water should slide on it in droplets. If it is the case, the wafer is now ready to use.

Fabrication of the PDMS scaffold

The scaffold consists of an assembly of 3 PDMS layers bonded to a glass slide. One part of the scaffold features the microfluidic channels. This part lays on a flat PDMS membrane which elevates the channels from the glass slide while maintaining them at a distance compatible with imaging (approximately 500µm between the bottom of the chip and the bottom of the channels). On top, another flat PDMS membrane closes the chip (Fig 1B).

Prepare PDMS at a 1:10 ratio curing agent:base

1. Mix thoroughly curing agent and base (around 40 g of PDMS is needed for a complete wafer).

2. Put the PDMS under vacuum to get rid of the bubbles made during the mixing.

Prepare substrate for PDMS

1. Clean the wafer as well as the top of the lid, and the bottom of a Petri dish bigger than the wafer, with isopropanol.

2. Put the wafer in a dish of approximately the same size or surround it with aluminum to recreate such a dish.

Pour and cure PDMS

1. Pour approximately 12 g of PDMS on the wafer for the feature part, the same amount into the clean dish for the top (to get a 1.5-2mm thick layer) part and spread the PDMS evenly.

2. Put under vacuum the feature and the top part until no bubble is left.

3. In parallel pour approximately 5 g on the top of the lid of the Petri dish for the bottom part. To spread PDMS for the top part, spincoat at 350 rpm for one minute to get a 300µm thick membrane. Before cell seeding, to mimic the basement membrane, the experimenter can coat the collagen channels with proteins such as laminin. This step also allows the experimenter to check the good perfusion of the channels prior to cell seeding. Solutions and cell suspensions are injected into the chip with a pressure controller, allowing a control on the perfusion flow rate. Adjusting wires positioning allows the user to increase the channel resistivity even further and allows tuning of the cell density. Three modes of seeding are possible, either a scarce seeding, a dense seeding with channels completely filled or a seeding forcing a lumen from the start. Finally, the channels can be flushed to remove cells that did not adhere to the collagen or to force a lumen from day 1 in case of dense seeding.

Prepare the working environment

1. The seeding and coating are performed under a microscope outside of a sterile hood, it is therefore necessary to keep the environment as sterile as possible. Set up the pressure controller by connecting all the necessary tubing (see Note 3). Clean the PTFE tubing that will serve for the coating by flowing 1 mL ethanol through it. Let also air flow through it to remove all the excess ethanol inside the tubing. Clean all surfaces that may be touched during the procedure with ethanol. Clean all instruments as well with ethanol, clamps, and scissors.

2. Prepare a Petri dish filled with enough PBS into it so that chips can be submerged and heat it to 37°C. -Prepare a sterile bath with PBS plus antibiotics (2% Penicillin/Streptomycin) for the coated chips (see Note 17).

Prepare the coating solution

1. On ice, prepare a 50 µg/mL solution of laminin in the complete medium suitable for the cells.

2. Connect it to the tubing system and put it under pressure until the PTFE tubing is totally filled with solution, waiting for a droplet to form at the end (see Note 18).

3. Keep the solution on ice.

Prepare cells

1. Detach your cells as you regularly would (e.g. trypsination).

Resuspend them at the right seeding concentration in complete media (with Fetal Bovine Serum).

For the dense seeding procedure, a concentration of 5-10 million cells/mL and for the scarce seeding procedure, 10 million cells/mL to 15 million cells/mL.

3. Put the cell suspension in the container for the pressure controller. You will need at least 100 µL of cell suspension to which you may add 50 µL per chip (see Note 21).

Check the chip configuration

1. Put the PBS Petri dish under the microscope. Immerse the chip in PBS and check for bubbles. If bubbles formed in a channel, it means that the chip may need to be immersed at 4°C longer (see note 19). 

Seed cells

1. Connect the tubing with the chip with a droplet of cell suspension pearling by setting at 50 mbar.

2. When the tubing is connected, increase the pressure to around 80 mbar (see Note 19). You should normally see cells coming out the tubing and flowing through the serpentine after a short time. If the flow seems too slow, do not hesitate to increase the pressure gradually.

3. During seeding, the serpentine may get partially clogged if some cells are in aggregates. If this happens, do not hesitate to increase the pressure progressively and temporarily within hundreds of mbar, just to unclog the serpentine and decrease it back to the previous setting. Do not keep the pressure too high, as it will damage both the cells and the collagen.

4. When cells are flowing, keep the microscope focused on the collagen channels to assess its filling. 5. There are three possible ways to seed the channel: a. Either keep the wire removed in position right past the collagen channel and let the cells fill the channels completely. This will give you channels completely filled with cells initially. b. Or as the cells are filling the channels, progressively and carefully reinsert the wire so that cells only fill the channel around the needle. This second possibility will force a dense seeding with a lumen as the cells will fill the channels around the wires only c. Alternatively, remove the wires completely and seed the cells trying to reduce progressively the flow by decreasing the pressure trying to keep the cells into the channel. This will result in a chip scarcely seeded 6. When the channel is as filled as wanted (Fig 4B ), stop the pressure and rapidly cut the PTFE tubing just above the input (see Note 22).

7. Put the chip in a warm PBS well right away under sterile hood.

8. Repeat the process until all chips are seeded. 9. During the seeding, make sure to resuspend the cell suspension at a regular interval as they will sediment (see Note 23).

Let cells adhere

1. Aspirate PBS from all wells and put a drop of 100 µL complete media on the top of each chip, making sure it does not fall on the side (see Note 24).

2. Put the chips in an incubator and wait for the cells to just adhere (generally between 2 and 3 h).

Remove wires and tubing

1. Under a microscope, remove wires from the chips with a clamp, as well as any leftover tubing in the inputs.

2. If the cells have adhered, upon wire and tubing removal, cells coating the channels should not move. If the cells are still moving, a longer incubation is necessary before removal.

3. Store any undeformed wire piece into ethanol for later utilization.

1. The presented design should work for wires or needles up to 100 µm diameter. For larger wires or needles, we advise widening and spacing the guides to be able to insert them properly and keep the desired distance between channels. Note also that in the presented design, channels are 300 µm apart.

2. Here we used 75 µm tungsten wires, but stainless-steel needles can be used for diameters over 100 µm. Under 100 µm, stainless steel may be too ductile for handling with this chip. We also preferably work with straighten wires, which can facilitate insertion into the chip. If only rolled wire is available, try to keep only the straightest cuts.

3.The PTFE tubing dimensions in the Materials section are indicative. The key is to have a tubing which has a small enough inner diameter for a high enough resistivity, and a large enough outer diameter to fit the input holes tightly. PTFE is preferred as material, as it highly hydrophobic. 4. To ensure PDMS is spread out evenly, alternatively, it is possible to let the top and feature parts cure overnight on a leveled surface such as an optical table. Overnight curing should be enough to get the right consistency for the top layer. The feature part would require additional curing at 70°C for approximately 20 min, while lower part is curing.

5. Feature part should not be too undercured to avoid getting PDMS stuck into the wafer features on demolding. This leads to damage to the wafer as well as features reproduced unfaithfully by PDMS.

The bottom part should be sticky enough to allow bonding with feature part, but not too sticky to prevent channels clogging. As for the upper part, it should be just cured enough so that the PDMS can no longer spread. 6. To make the output and collagen chamber punch, several holes of 1.5 mm diameter can be aligned. 7. APTES is highly reactive with water and will be deactivated in a wet atmosphere, leading to the formation of APTES aggregates. Avoid contact with any aqueous element. Furthermore, prolonged exposure of PDMS with ethanol can lead to swelling, hence why we prefer methanol here. 8. While chips are in the APTES bath, you can put them under vacuum to force APTES solution inside the chips channels. This will increase the hydrophilicity of the overall system, and will help prevent bubble formation later. 9. Rinsing of APTES should be very thorough as an under-rinsed chip will lead to formation of clogging APTES aggregates when reacting with ambient humidity. This is helped with sonication. Before the second rinsing of the chips, it is also possible to blow nitrogen into the channels through the central collagen chamber to evacuate stagnant APTES solution.

10. Although necessary for collagen adhesion PDMS, glutaraldehyde is highly toxic to cells even at low concentrations. Rinsing of excess glutaraldehyde should be very thorough, as under-rinsing may lead to cell death after the seeding step. Finally, glutaraldehyde reacts with APTES aggregates inside the chip, leading to autofluorescent aggregates that may impair the quality of fluorescent microscopy. 11. Water is used here as a lubricant that facilitates wire insertion: as wires are wider than some of the PDMS sections, doing it in a dry condition will complicate insertion. Furthermore, wires should be inserted delicately without requiring too much force: as PDMS is much softer than tungsten, forcing the wires may result in piercing the PDMS next to the channels and deviate the wires from the right course. Although normally visible with the naked eye, do not hesitate to check right insertion under binocular microscope. In case of missed insertion, start over with a new piece of wire.

12. This operation is preferably performed with a UV-ozone oven.

13. Preparing the collagen solution requires diluting the concentrated stock solution to the desired concentration, while neutralizing the pH. To do so, we use the following ratios of reagents: Completed with PBS or media until reaching the target final volume of collagen solution.

14. When diluting and neutralizing the solution, be very gentle to avoid inserting bubbles into the solution and leading to incorrect polymerization of collagen. To that end, you can do one gentle back and forth motion with a micropipette to mix the solution and continue mixing it with a spatula and rotation motions. Furthermore, if preparing more than µL of collagen, preferably do it in several batches. Finally, when neutralized collagen must be handled on ice to avoid polymerization. [START_REF]Ice. 2.4 Coating and cell seeding 1. PTFE tubing with 0.3 mm inner diameter and 0.76 mm outer diameter[END_REF]. In case a bubble has been injected into the chamber: if it is not close to the wires, there should be no problem. If a bubble is located next to the channels, inject PBS in excess in the chamber, dry it and try again.

16. Leaving the chips in PBS at 4°C should get rid of the bubbles that formed into the PDMS channels in previous steps. Before use, make sure that no bubble is present in the channels. Chips can be stored up to a month before use. 17. As the seeding procedure happens outside of sterile conditions, it is necessary to keep the environment as clean as possible to avoid antibiotic resistant contamination. Adding antibiotics to PBS used for incubation at higher concentration than usual is a way to prevent bacterial development during these phases.

18. Connecting the tubing to the chip may introduce air into the chip, leading to the formation of bubbles. To prevent this, it is preferable to work in immersed condition. The droplet coming out of the tubing will prevent a water/air interface to appear that would lead to bubble formation.

19. For faster coating or seeding, or in case a serpentine is clogged or has bubbles, it is possible to inject flow from the output. To do so, remove the wire right past the output chamber and inject flow using lower pressures (around 20 mbar for the described configuration) taking care not to damage collagen channels because of the lower resistivity of the wire guides. It is possible to inject flow in multiple channels at the same time by simply simultaneously removing the wires. In case of coating, this will result in faster injection of laminin. In this will also result in denser seeding due to the high resistivity of serpentines. When enough cell suspension has been injected, close the channels by reinserting the wire to the dense seeding position. For seeding or coating, do not set pressure to zero right away but cut the PTFE tubing right above the chip first as a suction effect could lead channels to collapse. Beware that a seeding from the output chamber may result in lot of cells accumulating then dying in the chamber, which may possibly become toxic for cells in the channels. 20. Pressures here are indicative; the right pressure may vary with the fluidic setup with larger or more narrow tubing or channels. The key is to have a pressure not too high that could damage the collagen channels or detach the collagen from PDMS. Pressure should not be too low either, as cells would sediment before being able to reach the collagen. 21. For dense seeding configuration, cell concentration can go as low as wanted in theory. It may result in an intermediate density of seeding, but the process will take much longer (from approximately 1 min to seed one channel to more than 10 min if using concentrations under 1 million cell/mL), which may be counterbalanced by increasing the pressure. This can however be another viable configuration for low density seeding.

22. Stopping the flow results in a backflow that may empty the collagen slightly, the serpentines are there to mitigate the phenomenon. Furthermore, removing the tubing will result in an even stronger backflow because of a suction effect. This is why it is preferable to cut it. Alternatively, you can remove the tubing slowly while keeping the pressure on. 23.To prevent sedimentation, it is possible to add Percoll TM to the cell suspension at a 10-20% volume ratio.

24. Rinsing the chip in PBS will remove as many cells as possible that may have attached to the outside of the chip. This will prevent as much as possible a cell monolayer to form outside of the chip. Depriving any leftover cell outside of the chip of media during adhesion time will also help prevent this.

Flushing may be unnecessary for certain cell lines (Fig 5C) while recommended for others to promote lumen formation (Fig 5B)

. Indeed, some cell lines will tend to strongly form monolayers while others, if constrained in the channels, may partially form multilayers if they are too densely packed. If it is not necessary that channels are confluent as quick as possible, scarce seeding can be preferred to obtain reproducible monolayers (Fig 5A ).

26. Here we describe an immunostaining optimized for a typical Ki-67 labeling, however, parameters of the immunofluorescence staining (durations, concentrations etc.) may vary for detecting other proteins. Due to the presence of a millimeter-thick collagen matrix surrounding the cells not slowing diffusion, we recommend increasing the concentration compared to the concentration used for exposed cells. Channels in collagen are wider (less fluidically resistive) than in PDMS to promote accumulation of cells in the collagen upon seeding. b. In the chip a collagen chamber is embedded in 3 PDMS layers. A sandwiched PDMS layer features the wire guides and microfluidic channels, including highly resistive serpentines preventing cells from escaping the collagen part. A lower PDMS layer elevates the features so that the collagen tubes are at a distance optimized for microscopy, and finally an upper part caps the collagen chamber. the PDMS layers preparation. PDMS prepared at 1:10 ratio is poured on a wafer with the features, then let to cure. We also spincoat PDMS on a flat surface for the lower part and partially cure it until solid but sticky. The feature part is stuck on the lower part and let to cure completely. In parallel we pour a thin layer on another flat surface for the upper part and cure it until soft and sticky. In the second step, reservoir holes are punched on the assembled two lower parts, then they are stuck to the upper part and are completely cured. Finally, we punch the injections holes and stick the PDMS to a thin glass layer with plasma bonding. b. The complete scaffold is activated with plasma and surface is treated with APTES then Glutaraldehyde. Then needle or wires are inserted into the scaffold, which is facilitated by needle flaring. Unpolymerized collagen is injected into the collagen chamber. After polymerization two hours at 37°C, the chip is ready to use. Thanks to a pressure controller, a laminin solution is injected into the collagen channel. After the laminin coating, a cell suspension is injected with the same system to either fill the collagen channels or around the wire inserted back into the channel to force a lumen. In case of a seeding around the wires, the wires are then removed or an optional flushing step can be done right after the cell adhesion in case of a dense seeding: either using the wire in a back-and-forth motion in the channel or using the 
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  Fig 1. Chip concept. a. The chip consists of parallel tubular channels molded in collagen with needles
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 2 Fig 2. Drawing of a chip microfluidic features. Here is presented the chip drawing used to make the
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 3 Fig 3. Making the PDMS scaffold and molding collagen. a. The first step to make the PDMS scaffold is
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 4 Fig 4. Seeding. a. For coating and seeding, needles can be removed into two positions. Either they are
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 5 Fig 5. Representative images of confluent tubes seeded with kidney cell lines. a) With PCT
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