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Questionnaire:
Authors, please fill out the brief questionnaire below.   
A. Will you require JoVE to record video microscopy, such as filming a complex dissection or microinjection technique? (Y/N)_N 
(If you can record images/videos using your own camera/software, then mark No)
B.   Does your protocol include detailed, step-by-step, descriptions of software usage? (Y/N) N

C.  Which steps of your protocol will viewers benefit most from having filmed? Please list 4-6 individual steps using the step numbers listed in this document. (Please do not list entire sections.) 
2.3, 2.7, 2.8, 2.9, 3.5, 3.6, 3.9, 4.1, 4.3, 4.10
D.  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.) 2.8, 2.9, 3.5, 3.6
E.  Will the filming need to take place in multiple locations? (Y/N) Y 
If yes, how far apart are the locations? Walking distance, 3 minute walk
1. Introduction (Experimental Goal and Author Interviews) – As the beginning of your video, the introduction should clearly present the goal of your method to the viewer and its significance.  Other information can be provided according to the various statements below, but the total introduction should not exceed 150 words. 
A. Experimental Goal (read by voice talent at JoVE):
Authors: Please complete the following statement to describe the overall goal of your protocol. This should consist of a single statement of no more than 40 words.   
The overall goal of this video protocol is to demonstrate complete multi-step photolithography of microfluidic master molds with on-chip valves and multiple height features tunable for any application. (Intro)
B.  Required Interview Statements: (Said by you on camera. Don’t forget to smile!)  
Authors: Below are statements we would like you to complete that provide additional information about the significance of your protocol. You may revise the given prompts as necessary to improve the sentence flow.

Please complete the following two statements and indicate the name of the author who will give the statement. If only one author is giving interview statements, the same author may speak both statements. Please restrict the length of each statement to no more than 30 words.
1.1. Polly Fordyce: This method is a complete overview of how to fabricate master molds with complex geometries, including on-chip membrane valves, for microfluidic devices. 
1.2. Kara Brower: The main advantage of this technique is that it makes it possible to easily control flow on microfluidic devices, overcoming the barrier of entry to using microfluidic devices in biological research.  
C.  Optional Interview Statements: (Said by you on camera. Don’t forget to smile!)  
Authors: The following statements may be spoken by additional authors if desired. These statements must be completed by different authors than those who gave the required statements, and no more than one statement can be spoken by each additional author. Please restrict the length of each statement to no more than 30 words. You may revise the given prompts as necessary to better fit your protocol, but please remember that the total introduction length cannot exceed 150 words. 
1.3. 
1.4. 
1.5. 
1.6. 
1.7. Adam White: Visual demonstration of this method is critical as the photolithography steps 
are often difficult to master for beginners, because proper alignment, development, and exposure all rely on visual cues and cleanroom experience.   
D. Introduction of Demonstrator: (Said by you on camera. Don’t forget to smile!)
Authors: If any individuals will be doing demonstrations on camera but are not assigned a speaking part in the introduction section, please use statement 1.8 to introduce these individuals (for example, the PI introduces a student not speaking on camera). Please use this statement ONLY if the demonstrator has not given an interview statement and limit the statement to no more than 30 words.



*Note to the Authors: Goal and interview statements will be edited to conform to the specified number and length restrictions. I am happy to help if you have any questions.
Protocol (read by voice talent at JoVE): 
Authors:  In order to ensure that your protocol can be filmed in a single day, the protocol text must be limited to 30 steps – each step being defined as 3 lines of 12 pt text in our formatting style below.  This amounts to 3 pages of protocol text.  The scope of the scripted protocol text should include only those aspects of the procedure that require visualization in order to be well understood.     

2. Rounded Valve Fabrication

2.1. To begin, design your device and prepare the individual photomasks for the multilayered geometries.  Additionally, prepare about 4 wafers with a 5 micron layer of SU-8 2005 negative photoresist and flood expose as described in the accompanying text protocol. (TEXT: *See accompanying text protocol for details)
2.1.1. Figure 2 part 2 (photomasks)
2.2. Place the coated wafer on a spin coater, turn on vacuum to affix it to the spin chuck, and use nitrogen or compressed air to blow away any dust from the surface. 

2.3. Then, apply 2-3 mL of AZ50 XT positive photoresist to center of the wafer. Spin coat the photoresist to create a 55 micron layer. (TEXT: Spread: 200 rpm, 10s, 133 rpm/s acceleration; Cast: 12000 rpm, 40 s, 266 rpm/s acceleration; Snap spin: 3400 rpm, 1 s, 3400 rpm/s acceleration.)

2.4. Once coated, lay down the wafer carefully in a 5 inch petri dish and let relax for 20 minutes. 

2.5. Soft bake the wafer on a hotplate for 22 minutes while ramping the temperature from 65°C to 112°C at a rate of 450°C per hour.

2.6. Then, remove the wafer and let it rest overnight at room temperature in a petri dish for ambient rehydration. 

2.7. Tape the flow round transparency mask to the 5” glass plate so that the print-side is closest to the wafer and load into the mask positioner of the UV mask aligner. Expose the wafer to 930 mJ of UV in 6 cycles. (TEXT: 6 cycles: 25 s at 6.2 mW/cm2 / 30 s wait time) 

2.8. Develop the wafer immediately by immersing it in a stirred bath of developer for 3 to 5 minutes or until bath turns purple and the features emerge. Once developed, remove the wafer and rinse it well with deionized water.  (TEXT: Bath: 25 mL of AZ500k 1:3 Developer)

2.9. Then, hard bake the wafer to melt and round valve features.  Ramp the temperature from 65 to 190°C over the course of 15 hours at a rate of 10°C per hour.  Once finished, turn off the hotplate and let the wafer cool to RT.  

3. Fabricating Variable Height Features in Tandem

3.1. In order to fabricate a device with variable height features, place the cleaned wafer on spin coater as previously shown.   Apply 1 to 2 mL of SU-8 2050 negative photoresist to center of the wafer and spin the photoresist over the developed valve features. (TEXT: Spread: 500 rpm, 10s, 133 rpm/s acceleration; Cast: 3000 rpm, 40 s, 266 rpm/s acceleration) 

3.2. Then, carefully place the spun wafer in a 5 inch petri dish and let it relax for 20 minutes on a flat surface or until any streaking patterns fade. 

3.3. Next, preheat two hotplates to 65°C and 95°C and then set the wafer on the 65°C plate for 2 minutes, the 95°C plate for 8 minutes, and the 65°C plate for 2 additional minutes to soft bake the wafer.

3.4. Once the wafer cools back to room temperature, tape the Flow Low transparency mask to a quartz 5” glass plate so that the print-side is closest to the wafer and load it into the mask positioner of the UV mask aligner.

3.5. Then, place the wafer in UV mask aligner chuck and, using microscope eyepiece or camera, carefully align the new Flow Low layer features to the Flow Round valve layer features. [SCOPE]
3.6. Begin by aligning the horizontal, vertical and tilt axes of device borders to the device border features on mask… Next, align cross-hair features between the layers… Finally, confirm that the valve features intersect the Flow Low features where desired. [SCOPE]
3.7. Next, expose the wafer to 170 mJ UV deposition (TEXT: 28 s at 6.2 mW/cm2).  When finished, remove the wafer and bake it post-exposure by switching between the two hotplates set at 65°C and 95°C. (TEXT: 65°C: 2 min, 95°C: 9 min, 65°C: 2 min)

3.8. Without developing the wafer, allow it to cool to RT and then add the Chaotic Mixer Herringbone layer using SU-8 2025 and the Herringbone layer mask as described in the accompanying text protocol.   

3.9. After all layers have been completed, develop the features by immersing the wafer in a stirred bath containing 25 mL of SU-8 developer for 3.5 minutes or until the features clearly emerge. Use a stereoscope to verify that the features have clear, defined feature boundaries. [SCOPE]
3.10. Then, hard bake the wafer to stabilize all of the photoresist features. (TEXT: 65°C – 165°C, 2 h 30 min, 120 °C/h ramping speed) 
3.11. Subsequently, fabricate the control layer as described in the accompanying text protocol
4. Production of Hydrogel Beads from Droplets 

4.1. Fabricate multilayer microfluidic devices in a “push up” geometry on glass according to existing open-access protocols and use visual inspection to ensure that all of the valves are properly aligned to control lines and that all of the inlets are punched fully before proceeding.
4.2. Connect Tygon tubing loaded with water to a flow control system such as a syringe pump, fluidic controllers, or an open-source solenoid valve array with reservoirs. 

4.3. Next, connect metal pins to the tubing and the metal pins to the device ports at control line inlets. Then, set the flow control system to 25 psi for each line to pressurize the device control lines. Ensure that valves close and re-open by inspection under the microscope. [SCOPE] 
4.4. In a microcentrifuge tube, suspend 3.9 mg of photoinitiator into 100 µL of DI water to prepare the photoinitiator solution used to polymerize droplets into hydrogel beads. Cover the solution to protect it from light. (TEXT: Photoinitiator: LAP @ 39 mg/mL)

4.5. In a second microcentrifuge tube, add 132 µL of deionized water, 172 µL of PEG diacrylate, 12 µL of the photoinitiator solution, and 85 µL of HEPES buffer to make the hydrogel droplet solution.

4.6. Transfer the hydrogel droplet solution to a customized cryogenic tube vessel. Then, connect the tubing of the cryogenic tube vessel to a controllable pressure source and connect the PEEK tubing to the device reagent inlet. (TEXT: *See accompanying text protocol for details on vessel preparation) 

4.7. Next, insert the PEEK tubing at the device outlet in order to collect the droplets... Remove air bubbles from the device, repressurized the system, and then depressurize the Ro1 oil valve and set the oil pressure to 10 psi. 

4.8. Next, set the PEG mixture pressure to 9 psi, depressure the upstream valves and adjust the pressure as necessary to produce droplets of the desired size. Determine the droplet size via microscopy using a camera with 50 fps or higher. 

4.9. When the droplets have stabilized, position a UV light source over the polymerization region of the device and apply 100 mW/cm2 of 365 nm light from the source onto a 5 mm spot.

4.10. Pressurize the bead sieve valve to watch polymerized beads collect and ensure that droplets have hardened into beads. If necessary, adjust the positioning of the UV light to achieve full polymerization. 

4.11. Finally, depressurize the bead sieve valve and collect beads into a tube through the PEEK outlet tubing. 
SCREEN CAPTURES:  Authors: if we are going to show how techniques are performed on computers, you will be asked to make movie files of the software in use.  Filming screens from a video camera often results in artifacts due to the screen refresh. When you receive the final script, and a shot is listed a “SCREEN CAPTURE” you will need to make a movie file of the actions required.  Make exactly one file per requested SCREEN CAPTURE containing only the requested actions.  Do not bundle several action sequences into one large file.  Name the file according to the shot number.  Then, upload each of these files to your project folder.

OPTIONAL: Author Protocol Interviews: In this section, please submit a brief statement stressing the required technique for the single most critical step of the procedure.  This will be an interview style shot, interjected into the appropriate point of the protocol section of the video. If there is no single critical step, then there is no need to fill this out.  If there are two critical steps, please fill out two statements, but this is the maximum.  Each statement, should be 40 words or less.  Please specify who will speak these parts and which step(s) in the protocol the statement pertains to.  Use the step numbers given above.
Kara Brower, Step  2.9 : This hardbake is critical to properly reflow rectangular valve features into a smooth rounded profiles necessary for fully closed valves in multilayer microfluidic devices. Shorter times may cause feature cracking or instability.
Adam White, Step 3.9 : During development, be sure to check every 20 seconds if features have become fully defined and resist has washed away. Overdevelopment may cause feature damage so it is important to keep checking a developing wafer, especially for complex molds.
5. Results: Production of PEG-diacrylate Hydrogel Droplets
5.1. This protocol starts by demonstrating a method for rounding flow valves. [1-LM] Here, a profilometer was used to determine the typical post-reflow valve rounding profile resulting from this method, showing a height of approximately 55 microns..[2-LM]
5.1.1. Figure 3, step 3

5.1.2. Figure 5a

5.2. In the image of the left, the valve is off and liquid can pass through the channels. [1-LM] Once activated, by pressurizing the valves, the flow through these valves is cut off. [2-LM]
5.2.1. Figure 5c-d (Video Editor: Place figure 5c on the left and 5d on the right.  Add arrows pointing to the two valve locations in figure 5c with the 2nd half of the sentence.)
5.2.2. Figure 5c-d (Video Editor: Place figure 5c on the left and 5d on the right.  Add arrows pointing to the two valve locations in figure 5d with the words “by pressurizing the valves”.)

5.3. Here, one can see the bead synthesizer device in operation producing hydrogel droplets in an oil emulsion at the T junction droplet generator. [1-LM] By partially closing a downstream flow using a sieve valve, the fluid can continue to flow, but the droplets are trapped behind the valve.[2-LM]
5.3.1. Figure 6a

5.3.2. Figure 6b 

Authors: Do you have a video of either of these processes that could be used instead of static images?  If so, please upload to the server page as 55276_video_5_3_1.mov/mp4 and 55276_video_5_3_2.mov/mp4 respectively. 

5.4. The resulting beads produced using this process averaged 52.6 microns in diameter with a standard deviation of only 1.6 microns.[1-LM]  Out of nearly 3000 beads, less than 1% were off by more than 3 standard deviations.[2-LM]
5.4.1. Figure 6c

5.4.2. Figure 6d

Authors: Please resubmit the images used above as layered images or images with no markups/letters embedded into the image.  This will make it easier for your video editors to work with animations and image emphasis for the video.
RESULTS INSTRUCTIONS FOR AUTHORS:

Please ensure that the representative results narration is appropriate and correctly describes your images, movies, or figures.  Our editors will ensure that the results are written in our format.   

We consider this section a critical aspect of the video, because here is where you provide validation for your experiments.  For example, if this is a cell culture preparation, this section is where the video will show your cells at various time points following culturing.  If this is an imaging prep, then this part is where you will show examples of your imaging experiments.  

Please limit the extent of narration to no more than 2-3 lines of text per image or movie file being described.  The results section is limited to 200 words total. If your results section contains more than 3-4 , please choose the most important figures to illustrate your results. Figures with multiple panels submitted with the original protocol should be broken up so that each panel is a separate image. Each image or movie file supplied for the video results section should be referenced by its specific file name.
Below is an example of results text:

EXAMPLE REPRESENTATIVE RESULTS

5.  Evaluation of Morpholino Injection and Knockdown

5.1   Representative results of both morpholino injection and mRNA injection are shown here. The    

        uninjected control at 48 hours post fertilization looks normal, as expected 

        -LAB MEDIA: 0123_PIname_Figure1.tif  (Replace 0123 with your jove video #)

5.2   However, embryos injected with the morpholino heg_e3i3_egfr1, which knocks down Heg isoforms

                     containing the first of two EGF-like repeats, exhibit brain edema.


        -LAB MEDIA: 0123_PIname_Figure2.tif


5.3   Injection of heart of glass mRNA also produced an obvious phenotype. At 24 hours post fertilization, 

        the heads of the uninjected controls look normal 

        -LAB MEDIA: 0123_PIname_Figure3.tif

5.4   Conversely, some of the embryos injected with the mRNA exhibit cyclopia     

                     -LAB MEDIA: 0123_PIname_Figure4.jpg

Please visit the following URL to see an example of how the results will look when complete:
http://www.jove.com/video/1597/results-example-mably?status=a3603k
6. Conclusion (said by authors on camera)
Authors: Below are statements we would like you to complete that summarize and conclude the video. Please choose the statement(s) you wish to conclude the video and indicate the name of the author who will give the statement. Please restrict the length of each statement to no more than 40 words. You may revise the given prompts as necessary to better fit your protocol.

6.1. Adam White: Once mastered, this technique can be completed from design to testing in under 3 days if it is performed properly, allowing for fast device design iteration.

6.2. 
6.3. Polly Fordyce: Following this procedure, even researchers with little fabrication experience can build their own complex microfluidic devices and apply them towards their own biological question. 
6.4. 
6.5. Kara Brower: After watching this video, you should have a good understanding of how to perform the photolithography steps necessary to make microfluidic devices with any level of complexity including variable height features and valve structures. 
6.6. 
*Note to the Authors: Interview statements will be edited to conform to the length restrictions. I am happy to help if you have any questions.
Provided Media

Authors, Please list all images, movie files, or 3-D rendered animations that can be included in the video per editor’s request.  The step in the script/video where these images will be inserted should be specified.   For example:

6.2 –  0123_PIname_Figure1.tif -  dual color imaging of tumor angiogenesis at 40X 

6.2 –  0123_PIname_Figure2.tif -  dual color imaging of tumor angiogenesis at 100X

Formats:  For static images we prefer .tiff, .eps, Illustrator, Powerpoint or Photoshop files at dimensions of at least 720X480 pixels and 300 dpi.  The higher resolution, the better.  Likewise any exported movie files should have at minimum these dimensions and be rendered to .mov, .mp4, or .avi files.  

(1) 55276_video_5_3_1.avi – Hydrogel Droplet Creation
(2) 55276_video_5_3_2.avi-Sieve Valve Bead Retention

General Preparation

It’s critical for a smooth and organized shoot that all reagents are accounted for, in advance.   

Any overnight or long incubation steps should be recognized and specimens/samples be prepared in advance so that prior steps can be recorded and shooting can continue with pre-prepared specimens/samples.  

All tubes/flasks should be pre-labeled neatly before we arrive.  

Ex. Luciferase assay done in 96 well plates should be labeled with negative/positive control wells and experimental samples are labeled accordingly.

You will receive more detailed preparation instructions are included in the email accompanying the finalized script.
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