The Dual Input Mother Machine handbook
Thomas Julou (van Nimwegen Lab) — Biozentrum, Basel
May 2017
The Dual Input Mother Machine (DIMM) is designed for long-term growth and monitoring of rod-shaped bacteria (e.g. E. coli, B. subtilis, etc) in precisely controlled environmental conditions. The environment control is achieved using a dial-a-wave design which allows to mix arbitrary ratio of two input media with fast switching and no back flow. Bacteria cells are grown in narrow dead-end "growth channels" connected to a larger "main channel" in which a continuous flow provide fresh media and transport cells away after they have been ushed out of growth channels.
This handbook accompanies the CAD design file for the DIMM chip available at Metafluidics, and gives instructions for master preparation, and chip preparation, priming and loading. An extensive desccharacterization of this chip as well as the corresponding protocols have been published (Kaiser et al. 2016).
Design description
The DIMM microfluidics chip consists of several structures that are produced using 2 layers of different thickness: while the depth of the growth channels must match the dimension of bacteria (typically 1µm; "thin layer"), the depth of the flow channels is less critical and primarily sets the chip resistance (and hence the range of achievable flow rates); we recommend using 5µm thickness for this "thick layer". Note that since the design of the flow channels is also present on the thin layer mask, the actual depth of the flow channels will be the sum of the two layers' thicknesses.
Since the growth-channels aim to trap the cells growing in single file, the width of the channels needs to match the width of the cells as closely as possible. Hence the DIMM chip features 8 series of growth channels spread over two branches of the main channel, each series with a different width (0.8µm, 1µm, 1.1µm, 1.2µm on one branch, 1.3µm, 1.4µm, 1.5µm, 1.6µm on the other branch). For each channel width, 2 growth channels are available in two lengths: 25µm on one side of the main channel, 55µm on the other. All in all, 16 different dimensions of growth channels are available in the chip so as to maximise the chance to find an appropriate dimension for a condition. In practise, it is important that the depth of the channels approximately matches their width (so that the section is square), hence not all growth channels will be optimally usable on a given master (e.g. with a thin layer at 1µm, only growth channels with width ≤ 1.2µm will have an approximately square section).
All flow channels are 50µm wide. The punching pads have been enlarged to ease chip preparation for experimenters with limited microfluidics experience.
The design file is prepared to produce a mask with the thin layer on the left half and the thick layer on the right half (rotated by 180º). Arranging the two layers on the same mask decrease the production cost since mask engraving is expensive. Three identical chips are drawn so that one master can be used to produce 3 chips at once.
Master preparation
The master of the DIMM chip is typically produced using soft lithography. With this technics, the master consists of patterned layers of epoxy (SU-8) on a silicium wafer. We refer the reader to the Jun's lab webpage on the original Mother Machine (Jun 2017) (in articular the handbook and companion video) for a comprehensive introduction, including instructions for self manufacturing. It is important to realise that the size of the growth channels on the DIMM chip makes the master production step rather challenging. Fortunatley, it is nowadays possible to outsource the production of the master.
Hereafter I report on the ordering process and instructions we have successfully used in our lab. We are by no means linked to the companies cited here and provide this information solely as a guide for other researchers interested in outsourcing the production of masters for the DIMM chip.
We ordered a mask from Compugraphics GmbH with the following details:
         Mask Type : Master 1X
         Mask Size : 5x5x0.090
     Material Type : Quartz
Min. Crit. Size (µ): 0.6
   CD Tolerance (µ): 0.2
  Defectivity (in2): 2
    Defect Size (µ): 3.0

Polarität: Die Flächen, welche von einer blauen Linie umgeben sind, sollen klar sein, die grünen nicht, wir verwenden einen negativen Photoresist.
Maskenname: DIMM 
Orientierung: Die Zeichnung zeigt die Maske mit der Chrom-Seite unten.
This mask was used by micro resist technology GmbH to produce the masters with the following ordering details:
2 layers using negative photoresist (SU-8) on a 4" Si wafer
thin layer: 0.9µm (left half of the mask), requires a reduced illumination to better resolve structures ≤ 1µm
thick layer: 5µm (right half of the mask)
please opacify the unused half during illumination
Masters can now be ordered from micro resist technology GmbH using the original mask of the DIMM design; this saves the additional cost of manufacturing a mask. Simply specify the details above and to use the mask "Kaiser dec2014".
Note that using reduced illumination produced the best results since it resolves better structures ≤ 1µm but it also decrease the mechanical resistance of the growth channel structures. Consequently, it is to be expected that a small fraction of the masters cant even be used (≈20%).
Chip molding
Sylgard Elastomer Kit 184 (Dow Corning)
· Mix PDMS base and curing agent in 9:1 (w/w) ratio and stir thoroughly.
· Use 30mL for a master already in use, and 100mL for a new one (the final PDMS should be 4-5 mm thick).
· if you use the Dremel® mixer, beware that you use a clean head in contact with the PDMS (e.g. a pipette tip)
· Pour PDMS on the master.
· If necessary, clean the master beforehand with pressured air (avoid physically touching the master!)
· In order to remove bubbles, let settle for > 1.5h (or for >20' in vacuum)
· Cure at 65ºC or more for at least 4h (usually overnight).
Chip assembling
After cleaning the PDMS chip and the coverslip, PDMS is covalently bond to the glass by activating the surface using air plasma. Cleaning and bonding is best done under a laminar flow hood: this tremendously reduces the risk of squeezing dust between the PDMS and the coverslip.
· Cut a PDMS piece encompassing all devices in one move and peel from the master. Prepare the chips by cutting them smaller.
· Use Magic Tape® to clean dust and protect.
· Punch at the appropriate size using a 0.75mm biopsy punch.
NB: if cracks appear along the hole, sharpen the puncher or use a new one.
· Clean the coverslip
· sonicate 5' in acetone (it is convenient to do this in a PP zip bag)
· rince with isopropanol (beware not to let the coverslip dry while transfering)
· rince with filtered H2O (beware not to let the coverslip dry while transfering)
· dry with pressured air

· Clean the PDMS chip
· wash with isopropanol (rub with your gloved finger if needed)
· rince with filtered H2O (beware not to let the coverslip dry while transfering)
· dry with pressured air
NB: make sure no smear are left on the bonding area.
· Proceed to surface activation:
· put the chip and the coverslip facing up in the plasma cleaner
NB: rinsing with isopropanol during the cleaing is critical for the surface activation
· close the lid and adjust vacuum to ≈ 1500µm (using the lateral rund knob)
· start the cleaner and wait for 10s at least
· set the cleaner to HIGH for ≈ 40s
NB: check that the chamber turns purple inside the box
· switch off the vacuum pump and slowly open the chamber (using the frontal knob)

· assemble the chip on the coverslip (check visually that bonding propagates rapidly)
· Put the bonded chips at 65°C for 1h or more.
Chip loading
· 0.56mm ID x 1.07mm OD PTFE tubing (Fisher #11929445)
· 3x 1mL sterile syringes
· 2x syringes (fitting your desired volume and syringe pump)
· 5x 0.6mm x 30mm syringe needles (BD #305886)
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Solutions
· passivation buffer (PB): salmon sperm DNA (10mg/ml) and BSA (10mg/ml in H2O) mixed in 1:3 ratio.
Before mixing, boil ssDNA at 95ºC for 10 min and let cool down to room temperature.
When using 5mL syringes, prepare 2x7mL media and hence 200µL PB (150µL BSA + 50µL ssDNA)
· medium1: medium + 1:100 passivation buffer
· medium2: medium + 1:100 passivation buffer + 1:250 PS microspheres Filter medium1 and medium2 after adding PB and supplements (then add microbeads)
Priming and passivation
· Squeeze 10µL pipette tips in inputs 1 and 2.
· Assemble three times a 1mL syringe and a short tubing piece (15cm).
· Spin PB at v_max for 1min and load 50µL of supernatant in one syringe tube (already half-filled with air). Connect to the cells outlet.
Load sterile water in another syringe. Connect to waste outlet.
· Press the PB syringe until the liquid reaches the overflow channels (step 1). Immediatly press the water syringe (while keeping pressure constant on the PB syringe) until the liquid flows out in the pipette tips at inputs 1 and 2 (step 2).
· Incubate 1h at 37ºC (not more than 1.5h).
Cell loading
· Prepare flow control system with sterile tubing. Turn flow ON until media flows out the tubes end.
NB: for better flow stability, syringes must be filled without any air bubble.
· Squeeze a 10µL pipette tip in the cells outlet.
· Connect the media tubing to inputs 1 and 2. Flow at equal rate (typically 1.5µL/min each) for 5 min at least. Set the flow to the experimental initial conditions and give it time to reach steady state (ca. 1 min; step 3).
NB: if dusts are stuck at the DAW junction, try increasing the pressure from the cell or the waste outlet (using a syringe filled with air).
NB: while flowing at equal rates, check visually that 1:1 ratio is reached at the DAW junction, otherwise the chip must be discarded.
· Prepare the cell loading solution by concentrating 100x a culture at OD≈0.2-0.3. Load in the third 1mL syringe (already half-filled with air) and place it in a manual syringe pump. Connect to the cells outlet. Focus the microscope on the main channel. Adjust the loading syringe pressure so as to achieve zero flow in the main channel (step 4): cells should be swimming freely.
· Allow cells to enter the growth lanes (typically 20 to 60 min).
NB: you need to adjust the syringe pressure during all this time...
· Disconnect the loading syringe from the cells outlet and connect this outlet to the waste.
· Give at least 2h to cells to reach steady state growth.
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