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Author Questionnaire:

1. Microscopy: Does your protocol involve video microscopy, such as filming a complex dissection or microinjection technique? Y 
Can you record movies/images using your own microscope camera? Y

2. Does your protocol include software usage? N

3. Which steps from the protocol section below are the most important for viewers to see? Please list 4-6 individual steps using the step numbers listed in this document. This information is important to prepare your Videographer for your shoot. (You do not need to include steps that will be screen captured. Please do not list entire sections.)
3.2, 3.4, 3.6, 3.7, 3.10, 3.11
4. What is the single most difficult aspect of this procedure and what do you do to ensure success? Please list 1-2 individual steps using the step numbers listed in this document. (Please do not list entire sections.)
Step 3.10. It is important to gently press the PDMS and the membrane, or the membrane might irreversibly bond to the ceiling of the 200 μm–height PDMS microchannel (see also Critical Step Statement below).
5. Will the filming need to take place in multiple locations? N

Author NOTE: Protocol was demonstrated by Francesco Carrara and Elzbieta Sliwerska.

Section - Introduction
Videographer: Interviewee Headshots are required. Take a headshot for each interviewee.

Authors, these headshots will be used for the JoVE Dedicated Author Webpage. Here is one example if you wish to take a look.

1. REQUIRED Interview Statements: (Said by you on camera)  - All interview statements may be edited for length and clarity.


1.1. Francesco Carrara: The method allows to elucidate the microscale ecology and behavior of microorganisms navigating dynamic chemical gradients, and to uncover their hidden trade-offs, nutrient kinetics, and population dynamics in ecologically relevant environments [1].

1.1.1. INTERVIEW: Named author says the statement above in an interview-style shot while looking slightly off-camera.

1.2. Francesco Carrara: By combining microfluidic technology with photolysis, we generate controlled chemical pulses – where localized chemoattractant becomes suddenly available at the microscale – to measure the chemotactic response of microbial populations first exposed to unsteady chemical gradients [1].

1.2.1. INTERVIEW: Named author says the statement above in an interview-style shot while looking slightly off-camera.









Section - Protocol
2. Fabrication of the Microfluidic Device for the Single Chemical-pulse Experiment
2.1. Design the channel using CAD software [1] and print it onto a transparency film to create the photo mask [2]. Fabricate the master by soft lithography in a clean-room according to the manuscript [3].
2.1.1. Talent operates in the CAS software.
2.1.2. Talent shows the film. Author NOTE: 2.1.1 and 2.1.2 were acted by Ela Burmeister (who spoke about safety in the lab as well, see below)
2.1.3. WIDE: Talent enters a clean-room. Author NOTE: I don’t recall this shot, and it was the PDMS room, not a clean room.
2.2. Prepare a PDMS (pronounce as P-D-M-S) mixture by combining the elastomer with its curing agent at a 10:1 ratio in a 40-milliliter beaker [1-TXT]. With a plastic knife, mix vigorously until the liquid is homogeneous [2]. 
2.2.1. Talent adds powder and agent into a beaker. TEXT: Follow specific safety protocols according to the Material Safety Data Sheet (MSDS). 
2.2.2. Talent mixes the liquid.
2.3. Immediately degas the PDMS mixture in a vacuum chamber for 45 minutes at room temperature [1]. To expedite the process, periodically release the vacuum [2] in order to burst the bubbles that form at the interface [3].
2.3.1. Talent places the beaker in a vacuum chamber. Videographer: Take multiple shots, as this will be used later.
2.3.2. Talent releases the vacuum.
2.3.3. CU: Shot of the bubbles bursting.
2.4. Remove dust from the surface of the master with a pressurized cleaner [1], then pour the degassed PDMS mixture onto the master [2] and bake in an oven at 80 degrees Celsius for 2 hours [3].
2.4.1. CU: Talent removes dust on the master.
2.4.2. Talent pours mixture onto the master.
2.4.3. Talent places the master in an oven.
2.5. Cut the PDMS with a blade around the microstructures at a distance of approximately 5 milliliters [1], and then carefully peel the PDMS from the master [2]. Punch holes to serve as inlet and outlet of the microchannel [3]. Seal the microchannel with adhesive tape to prevent accumulation of dust [4].
2.5.1. CU: Talent cuts the PDMS. Videographer: Take multiple shots, as this will be used later.
2.5.2. CU: Talent peels the PDMS.
2.5.3. CU: Talent punch holes.
2.5.4. Talent seals the microchannels.
3. Fabrication of the 3D-printed Millifluidic Device for the Experiment with Multiple Pulses 
3.1. Design the 3D shape using a 3D-design software [1] and print the master for the PDMS mold with a high-resolution 3D printer [2]. After preparing and degassing the PDMS mixture as previously [3], clean the surface of the master by dabbing with adhesive tape [4].
3.1.1. Talent sits in front the computer to operate in the 3D-design software. Author NOTE: Shot taken by Ela Burmeister (I think it means Ela was the talent in this shot)
3.1.2. Talent shows the printed 3D mold.
3.1.3. Use 2.3.1.
3.1.4. CU: Talent dabs the surface with tape.
3.2. Put the master on a scale [1], then, while avoiding the central region of the master, pour 23.4 grams of uncured PDMS mixture [2] in order to obtain the desired height of PDMS by matching the height of the master at 0.5 millimeters [2]. Remove any remaining bubbles with the help of compressed air [3].
3.2.1. Talent places the master on a scale.
3.2.2. CU: Talent adds PDMS into the master. Important Step
3.2.3. Shot of the height of the poured PDMS. Important Step
3.2.4. CU: Talent removes bubbles. Important Step
3.3. Place the PDMS cast on the master in an oven at 45 degrees Celsius to bake for at least 12 hours [1]. Then, gently peel off the hardened PDMS layer [2] and punch inlet and outlet holes for the injection of the bacterial suspension [3].
3.3.1. Talent places the master in an oven.
3.3.2. Talent peels off the PDMS layer.
3.3.3. CU: Talent punches holes.
3.4. Activate both the surface of a Petri dish and the PDMS mold with oxygen plasma for 2 minutes [1]. Bond the PDMS mold on the Petri dish by gently pressing the mold to the Petri dish. Avoid pressing where the features are located [2].
3.4.1. Talent applies oxygen plasma to a petri dish and the PDMS mold. Important Step
3.4.2. Talent presses the mold to the petri dish. Important Step
3.5. Place the Petri dish bonded to the PDMS 3D mold in an oven at 45 degrees Celsius for at least 12 hours to strengthen the chemical bond [1].
3.5.1. Talent places the dish into an oven.
3.6. Next, activate the nanoporous PCTE (pronounce as polycarbonate) membrane in an oxygen plasma chamber for 1 minute at room temperature [1-TXT]. Under a chemical hood, dilute a commercial solution of APTES (pronounce as 3-Aminopropyltriethoxysilane) in deionized water to 1% by volume by using a polypropylene tube [2-TXT]. 
3.6.1. Talent places the membrane in a chamber. TEXT: CAUTION: Avoid using a corona system for the plasma activation!
3.6.2. Talent dilutes a solution. TEXT: The APTES solution is acutely toxic (MSDS health hazard score = 3). Important Step
3.7. Transfer the diluted APTES solution in a Petri dish and immerse the activated membrane in the APTES solution for 20 minutes [1]. Then, remove the membrane from the APTES solution with tweezers and place it on a cleanroom wipe to dry [2].
3.7.1. Talent transfers the solution into a dish, and immerses the membrane. Important Step
3.7.2. Talent dries the membrane. Important Step
3.8. For the fabrication of the PDMS microfluidic channels that will lie on the membrane and allow washing of the bacterial arena, repeat the fabrication of the microfluidic device for the single chemical-pulse experiment as previously [1]. 
3.8.1. Use 2.5.1.
3.9. To bond the PDMS washing channels to the functionalized membrane, first activate both the PDMS washing channel and the PCTE membrane with an oxygen plasma chamber for 2 minutes [1]. 
3.9.1. Talent places the channel and the membrane into a chamber.
3.10. Immediately after the plasma treatment, bring the functionalized membrane and the PDMS washing channel into contact by gently pressing the PDMS washing channel onto the membrane [1]. 
3.10.1. Talent takes out the channel and the membrane, and presses them together. Important Step
3.11. Francesco Carrara: It is important to gently press the PDMS and the membrane, or the membrane might irreversibly bond to the ceiling of the 200 μm–height PDMS microchannel [1].
3.11.1. INTERVIEW: Named author says the statement above in an interview-style shot while looking slightly off-camera.
3.12. Then, activate both the bonded laminate PDMS washing channel PCTE membrane and the 3D PDMS mold previously bonded to the Petri dish by placing them into an oxygen plasma chamber for 2 minute [1]. Sandwich the membrane between two PDMS layers, and press together [2].
3.12.1. Talent places the samples into the oxygen plasma chamber.
3.12.2. Talent presses the three layers together. Important Step
3.13. Place the Petri dish bonded to the sandwich structure in an oven at 45 degrees Celsius for at least 12 hours to strengthen the chemical bond [1].
3.13.1. Talent places the petri dish into an oven.
4. Multiple Chemical-pulse Experiment
4.1. To begin, maintain the millifluidic chamber under vacuum for 20 minutes [1]. Then, place the Petri dish containing the millifluidic chamber onto a microscope stage [2]. 
4.1.1. Talent places the millifluidic chamber under vacuum.
4.1.2. Talent places a dish onto a microscope stage.
4.2. With a pipette, fill the chamber below the membrane with the dilute bacterial suspension of GFP-fluorescent V. ordalii (pronounce as Vibrio ordalii) in 1 millimolar MNI (pronounce as 4-methoxy-7-nitroindolinyl)-caged-L-glutamate (pronounce as L-glutamate) solution in artificial seawater [1].
4.2.1. CU: Talent fills the chamber with bacterial suspension.
4.3. After filling the channel with the bacterial suspension, suck the solution in excess with paper towel [1], and seal the inlet and outlet with PDMS plugs by gently pressing them into the holes [2]. 
4.3.1. Talent uses paper towel to remove excess solution.
4.3.2. CU: Talent seals the inlet and the outlet.
4.4. Fill a syringe with an artificial seawater solution of 1 millimolar MNI-caged-L-glutamate [1] and attach tubing to the inlet and outlet of the washing channel above the membrane [2]. 
4.4.1. Talent fills a syringe.
4.4.2. CU: Talent attaches tubing to the inlet and outlet.
4.5. Connect the tubing to a waste reservoir and ensure that the tubing is entirely submerged in the fluid waste reservoir to avoid pressure oscillations [1]. Set the flow rate on the syringe pump 50 microliters per minute [2].
4.5.1. Talent places the tubing into a waste reservoir, and submerges the tubing.
4.5.2. CU: Talent sets up flow rate.
4.6. Start the syringe pump to establish the flow in the washing channel above the membrane [1]. Start the software controlling the LED beam and microscope stage, and generate user-defined sequences of pulses at different locations and with different intensities [2].
4.6.1. Talent starts the pump.
4.6.2. SCREEN: Talent operates in the software.
4.7. Record video using a 4x objective at regular time intervals over a period of several hours [1] and over multiple contiguous locations to cover a large surface [2]. 
4.7.1. Talent adjusts the objective of the microscope. Author NOTE: I don’t recall having taken a shot adjusting the objective (I changed the LED wavelength though).
4.7.2. SCOPE: Talent shows different locations.



Section – Results
5. Results: Bacterial Responses to a Chemical Pulse and Swimming Statistics in the Absence of Chemical Gradients
5.1. In this study, the microfluidic and millifluidic devices were used to study bacterial chemotactic response and accumulation profiles under dynamic nutrient conditions [1].
5.1.1. Figure 1F
5.2. Maximum intensity projection shows the bacterial position indicated by white traces over a 0.5-second interval immediately following the pulse release [1], and 40 seconds after the pulse release [2].
5.2.1. Figure 2A
5.2.2. Figure 2B
5.3. The bacterial trajectories were also shown in black 60 seconds after the pulse release [1]. The shaded region represents the chemical pulse released by photolysis at time 0 second in the middle of the field of view, which subsequently diffused [2].
5.3.1. Figure 2C
5.3.2. Figure 2C – Vide editor: Emphasize the cross.
5.4. The bacterial concentration [1] as well as the temporal dynamics of the radial drift velocity following a pulse release in the center of the field of view are shown here [2]. Negative values of the drift velocity correspond to directed chemotactic motion towards the center of the pulse [3].
5.4.1. Figure 2E
5.4.2. Figure 2D
5.4.3. Figure 2D - Vide editor: Emphasize the blue areas.
5.5. Swimming statistics is presented here for a bacterial population in the absence of chemical gradients [1]. Trajectories represent the two-dimensional projections of the three-dimensional bacterial motion in the microchannel [2].
5.5.1. Figure 4A
5.5.2. Figure 4A – Video editor: show the movement according to the trajectories, in which the blue cross indicates the start of the movement.
5.6. Probability distribution of measured bacterial swimming speed [1] was fit by a gamma distribution [2]. 
5.6.1. Figure 4B – Video editor: emphasize the black trace.
5.6.2. Figure 4B – Video editor: emphasize the blue trace.
5.7. From the bacterial trajectories, the probability distribution of the time between successive reorientations was extracted. The reorientation pattern, the distribution of swimming speed, and the reorientation statistics of the organisms were used to inform an individual based model [1].
5.7.1. Figure 4C

































Section - Conclusion
6. Conclusion Interview Statements: (Said by you on camera) - All interview statements may be edited for length and clarity.
6.1. Francesco Carrara: This method has been tested on the marine bacteria  Vibrio ordalii performing chemotaxis toward the amino acid glutamate, but the proposed methodology is broadly applicable to different combinations of species and chemoattractants, as well as to biological processes beyond chemotaxis, such as population and community dynamics under spatially heterogenous, dynamic conditions [1].
6.1.1. INTERVIEW: Named author says the statement above in an interview-style shot while looking slightly off-camera.
6.2. Francesco Carrara: Classical techniques in microbiology and microbial ecology – such as growth in batch cultures and chemostats – have largely ignored the spatiotemporal characteristics of microbial habitats. The near-instantaneous creation of chemical pulses at the microscale by photolysis aims to reproduce the types of nutrient pulses that marine bacteria encounter in the wild from a range of sources, for example, the diffusive spreading of plumes behind sinking organic particles, or the nutrient spreading from lysed phytoplankton cells [1].
6.2.1. INTERVIEW: Named author says the statement above in an interview-style shot while looking slightly off-camera.
6.3. Ela Burnmeister: The aminosilane solution is acutely toxic and should be handled with extreme care exclusively under a chemical hood with gloves. We suggest to change gloves immediately after handling the solution [1]. 
6.3.1. INTERVIEW: Named author says the statement above in an interview-style shot while looking slightly off-camera. Author NOTE: These lines were performed by Ela Burmeister, the lab manager in our lab. She is also acting in 2.1 and 3.1.1
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