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A.  Will you require JoVE to record video microscopy, such as filming a complex dissection or microinjection technique? (Y/N)__no_______   
B.   Does your protocol include detailed, step-by-step, descriptions of software usage? (Y/N)___yes_____  
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.) 
The following steps: 2.17, 3.5, 3.6
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.) ___The most difficult aspect of this procedure is preventing leakage of the flow cell. Printing a 0.05 mm rubber layer in step 2.17 is critical as well as tightening of the nuts evenly in step 3.6.    
E.  Will the filming need to take place in multiple locations? (Y/N) __no 
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): 
The overall goal of this procedure is to demonstrate the design and operation of a 3-D printed microfluidic, cross-flow cell for the purpose of testing the performance and fouling propensity of polymer membranes. (Intro)
B.  Required Interview Statements: (Said by you on camera. Don’t forget to smile!)   
1.1. Chris: This method can help researchers in the membrane field, to study membrane performance and fouling propensity using microfluidics at elevated pressures and well-defined flow conditions, with minimal cost.
1.2. Nathan: Advantages of this small scale setup includes the ability to perform separations of small amounts of high value materials, to perform membrane studies requiring expensive reagents and materials, and to test multiple new membrane formulations or modifications in parallel.   

C.  Optional Interview Statements: (Said by you on camera. Don’t forget to smile!)   
N/A

D. Introduction of Demonstrator: (Said by you on camera. Don’t forget to smile!)
N/A
Protocol (read by voice talent at JoVE):  
2. Design and Fabrication of the Microfluidic Test System
2.1. Begin by designing the microfluidic device in two separate parts [2.1.1 - LM] using a computer aided drafting program. [2.1.2 - LM]
2.1.1. Figure 1a and Figure 1b

2.1.2. Figure 1c (Video Editor: Fade away the images in 2.1.1 and then show Figure 1c as the combination of the 2 previous images.
2.2. To make the bottom layer, [2.2.1 - MED Over the Shoulder] use the rectangle tool to draw a 40 mm by 60 mm rectangle. [2.2.2 - LM - TXT]
2.2.1. Talent at computer working on CAD drawing.

2.2.2. Bottom.mp4 (Timestamp: 0:00-0:12) (TEXT: Bottom Layer)
2.3. At one corner of the rectangle, use the circle tool to create a 6.2 mm diameter circle… [2.3.1 - LM]  Center this circle 10 mm from the left edge and 10 mm from the bottom edge... [2.3.2 - LM] 
2.3.1. Bottom.mp4 (Timestamp: 0:13-0:22)
2.3.2. Bottom.mp4 (Timestamp: 0:22-0:31)

2.4. Then, use the linear pattern tool to replicate the holes across the rectangle with 20 mm spacing for a total of 6 holes. [2.4.1 - LM] 
2.4.1. Bottom.mp4 (Timestamp: 0:34-0:47)

2.5. Next, use the fillet tool to fillet the rectangles with a radius of 1 mm. [2.5.1 - LM] Then, extrude the part 10 mm using the extrude tool. [2.5.2 - LM]  
2.5.1. Bottom.mp4 (Timestamp: 0:47-1:02)

2.5.2. Bottom.mp4 (Timestamp: 1:02-1:08)

2.6. In the center of the top face, use the rectangle tool to create a 30 mm by 1 mm rectangle. [2.6.1 - LM]   Then, use the extrude cut tool to cut a 0.2 mm deep channel into the surface. [2.6.2 - LM]  
2.6.1. Bottom.mp4 (Timestamp: 1:11-1:26)

2.6.2. Bottom.mp4 (Timestamp: 1:27-1:34)

2.7. Next, use the circle tool to make a 1 mm diameter circle at the end of the flow channel. [2.7.1 - LM]  Then, use the line tool in order to construct a path connecting the circle to the nearest 40 mm by 10 mm face, including a 4 mm radius made with the fillet tool. [2.7.2 - LM]   

2.7.1. Bottom.mp4 (Timestamp: 1:34-1:50)

2.7.2. Bottom.mp4 (Timestamp: 2:10-2:35)

2.8. Using the swept cut tool, make a cut along this path. [2.8.1 - LM]  
2.8.1. Bottom.mp4 (Timestamp: 2:35-2:40)

2.9. Next, go to the right plane view and use the circle tool to create a 3.9 mm diameter circle at the center of the flow path. [2.9.1 - LM]   Then, use the extrude cut tool to cut down 8 mm in order to allow room for fittings. [2.9.2 - LM]  
2.9.1. Bottom.mp4 (Timestamp: 2:40-2:56)

2.9.2. Bottom.mp4 (Timestamp: 2:56-3:02)

2.10. Repeat this same process on the other side of the rectangular channel in order to create a mirrored image. [2.10.1 - LM - TXT]
2.10.1. Bottom.mp4 (Timestamp: 4:21-4:25)  (TEXT: Repeat on other side)

2.11. To design the top layer of the microfluidic test system, [2.11.1 - MED Over the Shoulder] first make a rectangle with 6 screw holes having the same dimensions as the bottom layer. [2.11.2 - LM - TXT] 

2.11.1. Talent at computer designing the top part of the CAD drawing from a different angle than 2.2.1.

2.11.2. Bottom.mp4 (Timestamp: 1:03-1:13)  (TEXT: Top Layer)
2.12. Next, in center of the top face, create a 30 mm by 1 mm by 0.5 mm permeate channel using the rectangle tool to first create a 30 mm by 1 mm rectangle [2.12.1 - LM] and then use the extrude cut tool to cut the rectangle 0.5 mm into the top surface. [2.12.2 - LM]
There were some grammar problems here, which I tried to clean up.
2.12.1. Top.mp4 (Timestamp: 0:00 - 0:13)

2.12.2. Top.mp4 (Timestamp: 0:13 - 0:19)
2.13. Now, use the circle tool to make a 1 mm circle centered in the permeate channel, 5 mm from one end of the channel. [2.13.1 - LM] Then, as before, use the line and the fillet tools to construct a path which includes a 4 mm radius bend to connect the circle to one of the 1 cm by 6 cm faces of the rectangle.[2.13.2 - LM]
2.13.1. Top.mp4 (Timestamp: 0:19 - 0:37)

2.13.2. Top.mp4 (Timestamp: 1:01- 1:22

2.14. Use the swept cut tool to cut along the path and create a channel. [2.14.1 - LM]
2.14.1. Top.mp4 (Timestamp: 1:22 - 1:29)

2.15. Then, use the circle tool to create an additional 3.9 mm diameter circle with its center on the permeate path [2.15.1 - LM] and use the extrude cut tool to cut the circle 8 mm into the surface. 
2.15.1. Top.mp4 (Timestamp: 1:34 - 1:46)
2.15.2. Top.mp4 (Timestamp: 1:46 - 1:53)
2.16. At the parts top 40 mm edges, with the rectangle tool, create rectangles 40 mm by 5 mm adding a 4 mm radius with the fillet tool. Use the extrude tool to extrude 3 mm downward for handles.[2.16.1 - LM]
2.16.1. Top_Handles.mp4 (Timestamp: 0:00 – 1:10)
2.17. Finally, print the top and bottom pieces using a multi-material photopolymer 3-D printer with a hard transparent polymer.  [2.17.1 - LM] Include a 0.05 mm overcoating with a soft rubbery polymer on the face of each part that contains the channel in accordance with the manufacturer’s protocol.[2.17.2 - LM]
2.17.1. 3D printing of flowcell1.mp4 (Timestamp: 0:00-0:10)

2.17.2. 3D printing of flowcell2.mp4 (Timestamp: 0:05-0:14)

3. Ultrafiltration Fouling Experiment
3.1. To begin, set up the microfluidics including the pump, the valves, the pressure transducer, [3.1.1 - MED] the servos, the flow meter, the regulators, and the microcontroller as described in the accompanying text protocol. [3.1.2 - MED]
3.1.1. Talent points to the pump, the valves, and the pressure transducer in the order listed.

3.1.2. Talent points to the 1st servo
3.1.2 B. [split shot] Talent pointes to the second servo, the flow meter, the regulators, and the microcontroller in the order listed.

3.2. Then, configure the system to measure 4 membranes in parallel by opening all of the valves to the flow cells.[3.2.1 - CU]
3.2.1. Talent connects the tubing and then opens the valves. 
3.3. Place one pump inlet tube into the ultrapure water reservoir and place the other inlet tube into a reservoir containing 0.08 g/L of BSA solution. [3.3.1 - CU]
3.3.1. *Film as written (Repeated at the end because forgot to wear gloves)
3.4. Using a syringe, prime the tubing to remove all of the air bubbles in the system. [3.4.1 - CU]
3.4.1. *Film as written  (Repeated at the end because forgot to wear gloves)
3.5. Next, place the ultrafiltration membranes onto the bottom part of the flow cells so that the active side of the membrane is towards the feed channels.  [3.5.1 - ECU] Then, close the cells and feed the screws through the holes in the device.[3.5.2 - CU]
3.5.1. *Film as written

3.5.2. *Film as written

3.6. Fasten the nuts by hand initially. [3.6.1 - CU] Then, use a wrench to tighten them by alternating around the device so that there is even pressure on the chamber. Do not over tighten any one side, as improper tightening may lead to water leakage. [3.6.2 - CU - TXT]
3.6.1. *Film as written

3.6.2. Talent uses wrench to tighten the nuts the last bit. (TEXT: *Caution: Do not over tighten)
3.7. Next, select the ultrapure water using the reservoir switch. [3.7.1 - CU] Set the pump flow rate to 8 mL/minute and then start the pump. [3.7.2 - CU] With the pump running, adjust the pressure regulator to 0.4 bar. [3.7.3 - CU]
3.7.1. *Film as written

3.7.2. *Film as written

3.7.3. *Film as written (slate showed 3.7.1 by mistake)
3.8. Monitor the flux values of the membranes using data acquisition software [3.8.1 - MED Over the Shoulder - TXT] and adjust the pressure regulator until an average flux of between 180 and 220 L/m2/hr is achieved. [3.8.2 - CU]
3.8.1. Talent sits at computer while monitoring flux. (TEXT: Follow the manufacturer’s recommended protocol for data acquisition)

3.8.2. Talent adjusts the pressure regulator.
3.9. Replace an individual membrane before running the experiment if is not able to get within 20 L/m2/hr of this range. [3.9.1 - CU]
Did you mean “…if IT is not able..”?
3.9.1. Talent replaces the membrane.
3.10. When ready, set up the experimental run by first selecting the ultrapure water in reservoir 1 for 60 minutes with a constant flux of between 180 and 220 L/m2/hr. Then, select the BSA in reservoir 2 for an additional 420 minutes with manual control of the pressure regulator.[3.10.1 - LM]
3.10.1. Control_Software.mp4 (Timestamp: 0:00-0:19) (Video Editor: Highlight the selected “Manual” control button in the far right column of the “Step 2” input area with the words “manual control of the pressure regulator”.)
3.11. Select the ultrapure water in reservoir 1 for the final 15 minutes of the experiment to flush the system.  Use manual control of the pressure regulator during this step. [3.11.1 - LM]
3.11.1. Control_Software.mp4 (Timestamp: 0:19-0:24) (Video Editor: Highlight the selected “Manual” control button in the far right column of the “Step 3” input area with the words “manual control of the pressure regulator”.) 
3.12. Then, set the reservoir switch to auto [3.12.1 - MED/CU] and start the experiment. [3.12.2 - LM]
3.12.1.  *Film as written

3.12.2. Control_Software.mp4(Timestamp: 0:24-0:28)
3.13. After the experimental run has completed, shut the system down and remove the membranes from flow cells.  [3.13.1 - MED] Then, rinse out the BSA inlet tubing by drawing ultrapure water through it with a syringe.[3.13.2 - CU]
3.13.1. *Film as written (repeated after 3.13.2)
3.13.2. *Film as written

4. Results: Fouling Analysis of Membranes using a Printed Microfluidic Cross-flow System
4.1. To measure the performance and fouling of the nanofiltration membranes, a flow meter was connected to the line to measure the permeate flux as various solutions were flowed through the system.  [4.1.1 - LM]
4.1.1. Figure 3 (Show the axes of the graph only)

4.2. First, the system was equilibrated with water for 45 minutes [4.2.1 - LM] followed by 45 minutes of 10 mM magnesium sulfate.  [4.2.2 - LM] The system was then returned to pure water for an additional 45 minutes until a stable flux was achieved [4.2.3 - LM] before 0.8 g/L of BSA was fed into the system for 45 minutes. [4.2.4 - LM] Finally, the system was returned to pure water for the final 45 minutes.[4.2.5 - LM]
4.2.1. Figure 3 (Video Editor: Reveal the first 45 minutes of the graph) 

4.2.2. Figure 3 (Video Editor: Reveal the first 90 minutes of the graph.)

4.2.3. Figure 3 (Video Editor: Reveal the first 135 minutes of the graph.)

4.2.4. Figure 3 (Video Editor: (Video Editor: Reveal the first 180 minutes of the graph. Do not show the blue data points or blue label in section 4.)

4.2.5. Figure 3 (Video Editor: Reveal the entire graph, but do not show the blue data points or blue label in section 4.)

4.3. The decrease in flux compared to the flux of a control membrane under the conditions of 10 mM NaCl indicated membrane fouling due to BSA. [4.3.1 - LM]
4.3.1. Figure 3 (Video Editor: Add the blue data points and shade in the region between the black points and the blue points with yellow.)

4.4. The graph shown here displays the fouling of ultrafiltration membranes.  The flux across the 50 kDa membranes is shown in blue, and the flux across the 30 kDa membranes is shown in red.  While the 50 kDa membrane had a higher normalized flux at the termination of the experiment, the difference was not significant.[4.4.1 - LM]
4.4.1. Figure 4 (Video Editor: Highlight the respective colors on the graph when mentioned.  With the last sentence, highlight the last data point of both runs. 
5. Conclusion (said by authors on camera) 
5.1. Nathan: We found that the multimaterial 3D inkjet photopolymerization based technology was essential to producing a flow-cell that was robust and included a printed rubber-like gasket layer, which was crucial to seal the flow cell, and prevent leakages. 
5.2. Chris: After watching this video, you should have a good understanding of how to design and operate your own custom 3-D printed microfluidic cross-flow cell for ultrafiltration or nanofiltration membrane applications. 
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.  

Insert your media filenames here.

2.2.2-2.11.2 - Bottom.mp4 – design of bottom part

2.12.1-2.15.2 – Top.mp4 – design of top part

2.16 – Top_Handles.mp4 – design of handles on top part

3.10-3.12 – Control_Software.mp4 – operation of control software
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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