Submission ID #: 54193
Editor Name: Michael Linnes
Videographer name: Paul Donahue
Film Date: Feb. 8, 2016
Authors and Affiliations: Afshin Abrishamkar1,2, Markos Paradinas3, Elena Bailo4, Romen Rodriguez-Trujillo5, Raphael Pfattner5, René M. Rossi2, Carmen Ocal5, Andrew J. deMello1, David B. Amabilino6, and Josep Puigmartí-Luis2
1Institute of Chemical and Bioengineering, Department of Chemistry and Applied Bioscience, ETH Zurich, Zurich, Switzerland 2Empa, Swiss Federal Laboratories for Materials Science and Technology,

St. Gallen, Switzerland 3ICN2-Institut Catala de Nanociencia i Nanotecnologia, Campus UAB, Bellaterra, Spain 4WITec GmbH, Ulm, Germany 5Institut de Ciència de Materials de Barcelona,  Campus UAB, Bellaterra, Spain 6School of Chemistry, The University of Nottingham, Nottingham, United Kingdom

Title: Microfluidic Pneumatic Cages: A Novel Approach for In-chip Crystal Trapping, Manipulation and Controlled Chemical Treatment
Corresponding Author: 

Puigmartí-Luis, Josep

Empa

Swiss Federal Laboratories for Materials Science and Technology

St. Gallen, Switzerland

josep.puigmarti@empa.ch 

Co-authors:

afshin.abrishamkar@empa.ch 

afshina@student.ethz.ch 
Questionnaire:

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) No 
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.) 2.13, 2.14, 3.5, 3.6, 4.4
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.) 
2.13. Assembling the devices, particularly aligning the control layer on top of the fluidic layer in such a way that all the valves are properly located inside the fluidic channel and doing so as quick as possible is crucial. To that end, we use a stereoscope for aligning the layers.
E.  Will the filming need to take place in multiple locations? (Y/N) Yes -- The filming will take place in two different labs but they are very close and in the same flour of the building (less than 30 seconds is required to switch between them by 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): 
The overall goal of this approach is to demonstrate the potential of this device for trapping, directing the coordination pathway of a crystalline molecular material, and controlling chemical reactions onto on-chip trapped structures. (Intro)
B.  Required Interview Statements: (Said by you on camera. Don’t forget to smile!)   
1.1. Afshin Abrishamkar: This method can help answer key questions in the material science field, such as the effect of control chemical treatments on the properties of self-assembled structures. 
1.2. Afshin Abrishamkar: It is important to underline that the number of technologies enabling controlled chemical reactions under dynamic conditions are currently very limited, hence making this approach very attractive in materials-related fields.   

Protocol (read by voice talent at JoVE):  
2. Fabrication of the Double-layer Microfluidic Device

2.1. To begin, prepare a silanized master mold using SU-8 photolithography.[1-MED-TXT]
2.1.1. Talent holds up the master mold and examines it. (TEXT: *Follow the methods as described in the accompanying text protocol.) 

2.2. Afshin Abrishamkar: “The following protocol is particularly sensitive to both time and temperature. Any failure to follow to the time frame and temperature described may lead to the fabrication of a non-bonded, and therefore, non-functional device.”[1-INT]
2.2.1. Interview style: Author saying the above 

2.3. Prepare the PDMS mixture by combining 50 grams of the elastomer and 10 grams of the curing agent in a disposable weighing dish. [1-MED-TXT] Mix the components completely using a plastic spatula. [2-CU]
2.3.1. Talent adds the elastomer and then the curing agent into the dish. (TEXT: 5:1 by weight)

2.3.2. Talent stirs the components.
2.4. Next, place the well mixed PDMS into a desiccator under vacuum for 15 minutes to degas the mixture and remove the trapped bubbles. [1-MED] While the first batch of PDMS is being degassed, mix a 2nd batch using 10 grams of elastomer and 0.5 grams of the curing agent. [2-MED-TXT]
2.4.1. Talent places mixture into the desiccator and pulls a vacuum on it.

2.4.2. Talent mixes up the second batch of PDMS (TEXT: 20:1 by weight)
2.5. Then, fix the master mold containing the “control layer” into a round 11 mm PTFE frame. [1-CU-TXT]
2.5.1. *Film as written (TEXT: PTFE: polytetrafluoroethylene)
2.6. Once the 5 to 1 mixture of PDMS has been degassed, remove it from the vacuum chamber. [1-MED-TXT]
2.6.1. Talent removes the PDMS from the vacuum chamber and sets it next to the master mold. (TEXT: Elapsed Time: 15 min)
2.7. Now, pour the 5 to 1 mixture of PDMS onto the “control layer” master mold until the mixture reaches the level of the straight vertical wall of the PTFE frame [1-CU] and then place it into the desiccator.[2-MED]
2.7.1. *Film as written

2.7.2. *Film as written

2.8. At the same time, also place the 20 to 1 mixture of PDMS into the desiccator and again pull a vacuum.  [1-MED]
2.8.1. Talent opens the desiccator and sets the 20:1 mixture next to the molded PDMS.

2.9. Degas both the coated master mold and the 20 to 1 ratio of PDMS for an additional 30 minutes. [1-MED-TXT] Then, take both of them out of the desiccator and place the “control layer” master mold in an oven that has been preheated to 80 °C. [2-MED-TXT]
2.9.1. Talent sets timer for 30 min and sets it next to the desiccator. (TEXT: Elapsed Time: 45 min)
2.9.2.  Talent removes both items from the desiccator and places the “control layer” into the oven. (TEXT: Oven: 80 °C, 30 min)

2.10. While the “control layer” bakes, place the master mold for the “fluidic layer” onto a spin-coater. [1-MED] Pour around 4 mL of the 20 to 1 mixture of PDMS onto the master mold for the “fluidic layer” and spin coat the wafer for 40 seconds at 1200 rpms to achieve a layer that is 60 µm thick. [2-CU]
2.10.1. Talent places the master mold for the fluidic layer onto the spin coater.

2.10.2. Talent pours the PDMS onto the mold, then and shuts the lid and 

2.10.3. [split shot] turns on the spin coater. 

2.11. After 1 hour of total elapsed time, open the oven, place the spin-coated wafer next to the control layer, and bake them together for an additional 15 minutes at 80 °C. [1-MED-TXT]
2.11.1. *Film as written (TEXT: Oven: 80 °C, 15 min.)  
2.12. Then, after 75 minutes of total elapsed time, remove both of the wafers from the oven. [1-MED-TXT]  First, peel off the 5 to 1 mixture of PDMS for the “control layer”.  [2-CU] Cut out the chips using a razor blade [3-CU-TXT] and then punch the holes for the inlets using a 1 mm biopsy punch. [4-CU]
2.12.1. *Film as written  (TEXT: Elapsed Time: 75 min)

2.12.2. *Film as written

2.12.3. *Film as written (TEXT: Control layer: 24 mm x 24 mm) 
2.12.4. *Film as written
2.13. Next, use adhesive tape to remove any debris from diced “control layer” chips. [1-CU] Once the chips are clean, use a stereomicroscope to align the control layer chip on top of the “fluidic layer” master mold. [2-ECU-TXT]
2.13.1. Talent uses tape to remove debris from the surface of the chips.

2.13.1.b. 
Added shot: Talent at microscope.
2.13.2. Talent looks into stereoscope to align the layers of the chips. (TEXT: 500x Magnification)
2.14. Then, pour and draw the residual PDMS around the assembled chips [1-CU] and place the entire setup into an oven at 80°C.  Bake the assembled devices overnight.  [2-MED-TXT]
2.14.1. *Film as written

2.14.2. *Film as written (TEXT: Bake at 80°C, 12 hours)

2.15. The following day, take the cured assembly out of the oven and allow it to cool down to room temperature. [1-MED]  Then, peel off the PDMS assembly from the “fluidic layer” master mold. [2-CU]
2.15.1. Talent removes the assembly from the oven and sets it on the bench.

2.15.2. *Film as written 

2.16. Once free from the master mold, dice the fabricated double-layer devices with a blade [1-CU-TXT] and use a 1.5 mm biopsy punch to form the fluidic inlets and outlets. [2-CU]
2.16.1. *Film as written (TEXT: 24 mm x 24 mm)
2.16.2. *Film as written
2.17. Next, treat glass coverslips and the fluidic layer of the assembled device with a corona discharge for 1 minute or use oxygen plasma [1-MED-TXT] and then immediately bond the two surfaces together to complete the microfluidic device. [2-CU]
2.17.1. Talent passes corona discharge device over the components a few times. (TEXT: Coverslips: 24 mm × 60 mm)
2.17.2. *Film as written
2.18. Bake the bonded double-layer chips in an oven at 70 to 80°C for at least 4 hours. [1-MED]
2.18.1. Talent sets chips in the oven and sets a timer for 4 hours.
3. Pneumatic Cage Actuation of the Laminar Flow Regime
3.1. In order to manipulate the flow regimen using a syringe pump and a pneumatic controller, [1-MED] first connect the syringes, previously loaded and placed in a syringe pump, to the microfluidic device’s fluidic inlets [2-MED/CU] and a pneumatic controller system to the microfluidic device’s control inlets.  [3-MED/CU]
3.1.0. Added shot: Talent loads water into the syringe and connects the fitting and tubing to the syringe.
3.1.1. Talent sets up the pneumatic controller syringe pump.

3.1.2. *Film as written

3.1.3. *Film as written

3.2. To visualize the flow, load one of the syringes with an aqueous dye [1-MED] and flow it into the chamber at a flow rate of 20 μL per minute. [2-CU] Then, use the pneumatic controller system to close the valve by actuating it at 3 bar.[3-SCREEN]
3.2.1. *Film as written

3.2.1.b. Added shot: Talent sets the flow at 20 µL/min and starts the flow. {Comment: There is also a screen capture video for this part showing how the microchannel inside the microfluidic device is filled with dye solution after starting the flow at 20 µL/min (54193_SCREEN_3_2_1_b)}
3.2.2. Closeup showing dye flowing into the chamber.

3.2.2.b. Added shot: Talents regulate the air pressure to 3 bar.
3.2.2.c. Added shot: Talent switch on the controller.
3.2.3. Screen capture video showing the valve closing while the dye flows. To be submitted by author as “54193_SCREEN_3_2_3”
3.3. Afshin Abrishamkar: “It is important to note that the fluid can still flow around the valve once it is closed. This feature is important for achieving controlled chemical treatment of trapped structures such as coordination polymers.” [1-INT]
3.3.1. Interview style: Author saying the above 

3.4. To open the valve, simply use the controller system to release the pressure. [1-CU] [2-SCREEN]
3.4.1. Talent uses the controller system to release the pressure. (Videographer: Leave some room on the screen for the inlay in the bottom right corner.)

3.4.2. Screen capture video as the valve goes from closed to open. (Video Editor: Show video as an inlay in the bottom right corner.) To be submitted by author as “54193_SCREEN_3_4_1”
3.5. While the dye solution flows through the first channel, inject another aqueous fluid into the second inlet channel at the same flow rate [1-CU-TXT] to form an interface between the two aqueous flows. [2-SCREEN]
3.5.1. Show closeup of 2nd fluid flowing into the chip assembly. (TEXT: 20 μL/min)
3.5.2. Screen capture video as the interface is formed. To be submitted by author as “54193_SCREEN_3_5_2”
3.6. Then, close the valve by actuating it at 3 bar. [1-MED/CU] The actuation of the valve during dual flow changes the interface of the two aqueous flows. [2-SCREEN]
3.6.1. Talent actuates the valve at 3 bar.

3.6.2. Screen capture video as the valve is closed and the interface changes as described. To be submitted by author as “54193_SCREEN_3_6_2”
3.7. Next, change the fluid flow rates of the two syringes to 30 μL/min and 10 μL/min respectively [1-MED] in order to shift the interface between the two fluids. [2-SCREEN]
3.7.1. *Film as written {Comment: This shot was split into two shots as below. For each shot the actual video showing that the talent changes the flow rates in the pump system was recorded during the shooting day and the corresponding screen capture videos showing what happens in the microfluidic device after talent changes the flow rates are submitted.}
3.7.1.a. Added shot: Talent change the flow rates configurations to 30 µL/min for dye solution and 10 µL/min for aqueous solution. (Screen capture video as “54193_SCREEN_3_7_1_a”)
3.7.1.b. Added shot: Talent change the flow rates configurations to 10 µL/min for dye solution and 30 µL/min for aqueous solution. (Screen capture video as “54193_SCREEN_3_7_1_b”)
3.7.2. Screen capture video as the interface shifts as described. To be submitted by author as “54193_SCREEN_3_7_2” {Comment: Two screen capture videos are submitted where in the first one (54193_SCREEN_3_7_1_a) two flows are running at 20 µL/min each and the flows are changed according to 3.7.1.a. (30 µL/min for dye solution and 10 µL/min for aqueous solution) and in the second video (54193_SCREEN_3_7_1_b) the configurations of flows are switched from 30 µL/min for dye solution and 10 µL/min for aqueous solution to 10 µL/min for dye solution and 30 µL/min for aqueous solution according to section 3.7.1.b.}
4. Localization of Microparticles

4.1. In order to visualize the ability of the valve to trap microparticles, [1-MED] first prepare an aqueous solution containing 10% polystyrene fluorescent microparticles by weight. [2-CU-TXT]
4.1.1. Talent sets out the reagents on the workspace. 

4.1.2. Talent prepares the mixture. (TEXT: 5 μm diameter, Ex: 468 nm: Em 508 nm) 

4.2. Introduce the particle-laden fluid into the two inlet channels at a total flow rate of 20 μL per minute. Wait for 2 minutes until a stable flow is established. [1-MED]
4.2.1. Talent connects the syringe and places it in the syringe pump, 
4.2.2. [split shot] then sets the pump to the correct speed and starts flow.
4.3. Then, excite the fluorescence beads [1-CU] using a source with a wavelength of 488 nm to best view the beads. [2-SCREEN]
4.3.1. Closeup of the assembly when the fluorescence light is turned on to show it “glowing”.

4.3.2. Screen capture video as talent turns on the fluorescence source and the beads can be seen in focus. To be submitted by author as “54193_SCREEN_4_3_2”
4.4. When ready, actuate the valve at 3 bar to close it. Image the area of the valve to see several particles trapped underneath the valve and localized on the surface while the flow is maintained. [1-SCREEN]
4.4.1. Screen capture video as talent closes the valve and takes images of the surface. To be submitted by author as “54193_SCREEN_4_4_1”
5. Results: Controlled Trapping and Chemical Treatment using Pneumatic Actuators
5.1. The injection of gas through channels in the control layer squeezes the fluid layer towards the surface.  This can be used to deflect fluids around a region controlled by the actuator, here indicated by the absence of a rhodamine dye.[1 - LM]
5.1.1. Figure 2c (Video Editor: Show the top image in 2c on the left and the bottom image in 2c on the right.  Label the right image with “Valves Actuated” and “Dye Flowing”)
5.2. These pneumatic actuators can also be used to trap particles or cells, such as these fluorescent microparticles which were trapped on the microchannel surface.[1 - LM]
5.2.1. Figure 2d-e (Video Editor: Show Figure 2d-e as a grid.  Label the top 2 images as “Free Flowing Particles in Buffer” and the bottom panels as “Valves Actuated - Buffer Flowing”)

5.3. Another feature of this device is its ability to trap in situ generated coordination polymers through the actuation of the pneumatic cage. For this setup, two reagent flows are used and a controlled chemical reaction takes place at the interface of the two liquids in the laminar flow.[1 - LM]
5.3.1. Figure 3a (Video Editor: Show Figure 3a with annotations. Highlight the line through the middle of the channel with the words “at the interface of the two liquids”.

5.4. Once trapped, the coordination polymers can be chemically treated in a controlled manner by employing the pneumatic valves.[1 - LM]
5.4.1. Figure 3b-c (Video Editor: Show Figure 3b on the left and label “Water Flowing” and “3 bars”.  Show Figure 3c on the right and label “Ascorbic Acid Flowing” and “1 bar”.  Highlight 3b with the words “replaced with water” and 3c with “stained...”)

6. Conclusion (said by authors on camera) 
6.1. Afshin Abrishamkar: After watching this video, you should have a good understanding of how to effectively fabricate a double-layer microfluidic device which can be used to conduct controlled chemical reactions onto various on-chip trapped structures.  
6.2. Afshin Abrishamkar: While attempting this procedure, it’s important to be constrained to the time frame and temperature reported in the present protocol; otherwise, your efforts may lead to fabrication of non-bonded or defective, and therefore, non-functional devices.
6.3. Afshin Abrishamkar: After its development, this technique paves the way for researchers in the field of material science to explore various types of in-chip controlled chemical treatments with high precision, using a double-layer microfluidic platform.
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.

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.

( 2013, Journal of Visualized Experiments


