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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    
B.   Does your protocol include detailed, step-by-step, descriptions of software usage? (Y/N) Y 
C.  Which steps of your protocol will viewers benefit most from having filmed? Please list 4-6 steps__
3.11 – 3.16. 

D.  What is the single most difficult aspect of this procedure and what do you do to ensure success?   The insertion of the 15-pin electrode into the PDMS requires very precise alignment into the device.





1. Introduction (Schematic Overview and Interview)

A. Schematic Overview (read by voice talent at JoVE):

Procedural Narrative:

Video editor:  graphics are in ‘graphic overview.ai’

The overall goal of this procedure is to deliver various types of biologically meaningful molecules in a sequential and dosage-controllable manner with high efficiency using the vortex-assisted microfluidic electroporator. (Intro)

This is accomplished by first preparing four 50-mL centrifuge tubes individually containing DPBS, (Video editor: show only the tube with flush solution) solutions with cells, (Video editor: add the cell tube) and biomolecules, (Video editor: add the molecule 1 and molecule 2 tubes) and attaching each tube to its respective vial holder connected to the pneumatic flow control system. (Video editor: add the lines that connect each of the 4 tubes to the pneumatic flow control box, which in turn is connected to the computer) (P1)

The second step is to insert the inlet tubings from each respective vial into the microfluidic device with the embedded 15-pin electrodes. (Video editor: add the black and brown lines from each tube that goes from the solutions to the device.  Show the cartoon of the device and what it is connected to but not the cartoon of the dish of released cells) (P2)

Next, the cells are flowed into the device, where they are trapped in microscale vortices formed in the electroporation chambers. (Video editor: animate the cell solution moving from the tube into the device) (P3)

The final step is to apply short electric pulses to the trapped cells, (Video editor: highlight the pulse generator) promptly followed by injecting the solutions containing the biomolecules to be delivered into the cytosol. (Video editor: animate the purple and green solutions moving from the tubes into the device) (P4)

Ultimately, the cells obtained from this process can be released and collected for downstream analysis. (Video editor: add the arrow from the outlet and the cartoon of the dish of released cells.  Also show Figure5d.tif ) (P5) 












B.  Interview: (Said by you on camera. Don’t forget to smile!)  
1.1. Soojung Claire Hur: The main advantage of this technique over existing methods, like virus-mediated, chemical and optical approaches for intracellular delivery of exogenous molecules, is that the proposed technique is capable of sequentially delivering controlled amount of multiple molecules into a pre-selected identical cell population with high efficiency and viability.
1.2. Dwayne A. L. Vickers: Visual demonstration of this method is critical as the fluid exchange steps are difficult to learn, because the timing of the co-flow step at each solution-switching step determines stability of the cell trapping.   


Protocol (read by voice talent at JoVE):

2. Cell Preparation

2.1. A metastatic breast cancer cell line, MDA-MB-231 (pronounce M-D-A M-B two thirty one), will be used in this experiment. Plate 1×105 cells/mL in a volume of 10 mL per T75 tissue culture flask in Leibovitz’s L-15 Medium supplemented with 10% (v/v) fetal bovine serum and 1% penicillin-streptomycin.

Shots:
2.1.1. MED: Talent setting out the dish/plate of cells to be used for plating the T75 flask.
2.1.2. CU: Cells being plated into a T75 flask. 

2.2. Incubate the cells in a humidified incubator at 37 °C with a 0% CO2 environment.

Shots:
2.2.1. MED: Talent putting the T75 flask into the incubator.

2.3. Two days after seeding, harvest the cells for experiments. After washing the cells with Dulbecco’s phosphate buffered saline, or DPBS, treat cells with 0.25% trypsin-EDTA for 2 minutes. Add 8 mL of growth media to inactivate the enzymatic activity.

Shots:
2.3.1. MED: Talent working by hood: removing media from a T75 flask and then adding DPBS.
2.3.2. CU: DPBS being removed and 0.25% trypsin-EDTA added to the flask.
2.3.3. MED: Talent adding media to inactivate trypsin and then transferring cell suspension to a centrifuge tube.

2.4. Pellet cells by centrifuging for 5 minutes at 200 × g, and resuspend in media to a final concentration of 5 × 105 cells/mL. (TEXT: 5 × 105 cells/mL)

Shots:
2.4.1. MED: Talent putting centrifuge tube(s) into the centrifuge and starting the spin.
2.4.2. MED: Talent discarding supernatant from a tube and then adding DPBS the media to resuspend cells to correct concentration.


3. Flow Experiments

3.1. The design and fabrication of the microfluidic electroporation device will not be shown in this video, but is described in the accompanying manuscript.  (show Figure 1a) The system consists of inlets for cells (Video editor: highlight the ‘C & F’ inlet), molecules (Video editor: highlight the M1 and M2 inlets) and a flush solution (Video editor: highlight the ‘C & F’ inlet); two straight channels where inertial focusing occurs, (Video editor: highlight the two horizontal channels) 10 electroporation chambers with electrodes, (Video editor: highlight the ten black rectangles) and an outlet. (Video editor: highlight the black circle outlet)

Shots:
3.1.1. LAB MEDIA: panel ‘a’ only of Figure 1.tif

3.2. To set up for the flow experiments, insert an outlet poly-ether-ether-ketone, or PEEK (pronounce as one word, rhymes with “geek”), tubing and the 15-pin aluminum electrode for short-pulse high voltage application into the designated places via the holes in the microchannel.

Shots:
3.2.1. CU: Outlet PEEK tubing being inserted into the correct hole in the microchannel.
3.2.2. CU: 15-pin aluminum electrode being inserted into the correct hole in the microchannel.

3.3. (Figure 2) The 15-pin electrode consists of 10 positive and five negative electrodes. Each positive electrode is spaced 1.5 mm apart from a negative electrode, and each electrode of the same polarity is spaced 1.35 mm apart. 

Shots:
3.3.1. LAB MEDIA: Figure 2.tif

3.4. Connect the electrical equipment for generating high-voltage short square-wave pulses to the aluminum electrodes that are in contact with flowing solutions in the PDMS mold. The equipment should consist of a pulse generator and an in-house built high-voltage amplifier.

Shots:
3.4.1. MED: Talent connecting the pulse generator and the high voltage amplifier to the aluminum electrodes.

3.5. Prepare four 50-mL centrifuge tubes individually containing DPBS, and solutions with cells and biomolecules. Attach each tube to its respective vial holder connected to the pneumatic flow control system. 

Shots:
3.5.1. MED/CU: Talent setting out the four 50-ml tubes with their respective solutions. (Author: please clearly label the tubes: DPBS/flush solution, Cells, Biomolecule 1, Biomolecule 2)
3.5.2. MED: Talent attaching each tube to its respective vial holder connected to the pneumatic flow control system.

3.6. Connect inlet PEEK tubing from the vial holders into the respective inlet holes in the microfluidic device.

Shots:
3.6.1. MED/CU: Talent connecting inlet PEEK tubing from the vial holders into the respective inlet holes in the microfluidic device.

3.7. Next set the magnitude of square-wave pulses, V, to 100 V in order to have the electric field strength across the electroporation chamber be equivalent to 0.7 kV/cm. (TEXT: V = 100 V; E = 0.7 kV/cm)

Shots:
3.7.1. MED: Talent setting the V using the high-voltage amplifier.
3.7.2. CU: A shot of the V setting showing 100 V.

3.8. Set the pressure regulator to 40 psi. A single manually adjustable nitrogen source is used to uniformly pressurize all sample vials, and utilizes a high-speed manifold to timely activate individual solution ports using the custom-built LabVIEW software.

Shots:
3.8.1. MED: Talent manually setting the pressure regulator to 40 psi.

3.9. For valve control, open the LabVIEW software labeled Valve Runner, and click ‘run’ from the dropdown menu entitled ‘operate.’

Shots:
3.9.1. MED/over the shoulder: talent at the computer, opening Valve Runner, selecting ‘operate’ from the dropdown menu and clicking ‘run’.
3.9.2. LAB MEDIA: Panel ‘a’ only of Figure 4(1). tif – uploaded 2/27/14 (Video editor: please make sure you use the figure that was uploaded on 2/27/14 and not the older versions)

3.10. Click on the corresponding valve icon (valve 1) to open the valve for the DPBS reservoir to prime the flow speed required for stable cell-trapping vortex generation for 1.5 minutes. The valve icon should turn from grey to green when it is activated. (TEXT: Keep Valve 1 open for 1.5. min)

Shots:
3.10.1. LAB MEDIA: Panel ‘a’ only of Figure 4(1). tif – uploaded 2/27/14. (Video editor: highlight the icon for Valve 1)
3.10.2. LAB MEDIA: Valve 1 on.jpg 

3.11. Flow both washing and cell solutions through the device simultaneously for 10 seconds prior to the cell-trapping step to ensure undisrupted flow during the solution-switching step. This brief co-flow step should be repeated at each solution-switching step.

Shots:
3.11.1. MED/over the shoulder: talent clicking on the icons for Valve 1 and Valve 2 to open them. 
3.11.2. LAB MEDIA: ‘valve 1 and valve 2 on for coflow.jpg’

3.12. Switch the active solution port from the washing solution to the cell solution to trap cells in the electroporation chamber for 30 seconds. In this movie, the blue fluorescent signals represent viable Hoechst 33345 (pronounce “hookst 3-3-3-4-5) -stained cells.

Shots:
3.12.1. MED/over the shoulder: talent closing Valve 1. 
3.12.2. LAB MEDIA: Valve 2 on.jpg
3.12.3. LAB MEDIA: Single Chamber Living Cell Trap.mp4 

3.13. Turn on the washing port and flush the device for 20 seconds in order to remove non-trapped contaminating cells. (TEXT: Flush for 20 s)

Shots:
3.13.1. LAB MEDIA: Valve 1 on.jpg

3.14. Flow the solution containing the first molecule of interest, Propidium Iodide, into the device. For visualization purposes in this demonstration, nucleic acid dyes are used instead of fluorescently tagged Dextrans because of the superior noise to signal ratio of the dyes. 

Shots:
3.14.1. MED/over the shoulder: talent activating Valve 3.
3.14.2. LAB MEDIA: Valve 3 on.jpg

3.15. Apply five short pulses (TEXT: Δt= 30 msec with 2 s intervals) promptly after injection of the molecular solution. Monitor the magnitude and number of the applied electrical pulses in real-time using an oscilloscope. The fluorescent signals of the molecules can be visualized under the microscope.

Shots:
3.15.1. MED: Talent manually turning on the pulse generator and applying 5 short pulses.
3.15.2. CU: A shot of the oscilloscope screen to show the readings.
3.15.3. LAB MEDIA: Single Chamber 1st mol.mp4 

3.16. Incubate the cells for 100 seconds in the molecular solution.

Shots:
3.16.1. CU/ECU: A shot of the microfluidic device.

3.17. Next flow the solution containing the second molecule, the nuclei acid dye YOYO-1 (pronounce Yo-Yo-one), into the device. In this demonstration, the second molecule is delivered without additional electrical pulse applications. Incubate the cells for 100 seconds in the molecular solution. 

Shots: 
3.17.1. MED: Talent activating Valve 5. (molecule 2)
3.17.2. LAB MEDIA: Valve 5on_v2. jpg (uploaded 3-11-14)
3.17.3. LAB MEDIA: Single Chamber 2nd mol.mp4 

3.18. This movie confirms that the cells now express all three fluorescent signals: green for YOYO-1, red for Propidium Iodide, and blue for Hoechst 33345.

Shots:
3.18.1. LAB MEDIA: Single Chamber Delivery Complete.mp4 

3.19. Release the cells into a 96-well plate for downstream analysis by lowering the operating pressure below 5 psi. Approximately 100 μL of solution with 100 cells is collected from each release.  The electroporation procedure must be repeated at least three times to collect enough cells for flow cytometry. 

Shots:
3.19.1. MED: Talent lowering the operating pressure below 5 psi.
3.19.2. LAB MEDIA: 3Chamber Cell releasing.mp4
3.19.3. MED: Talent removing 96-well plate from electroporation system after enough cells have been collected.

3.20. Centrifuge the 96-well plate containing processed cells at 228 × g for 5 minutes at room temperature. (TEXT: 228 × g; 5 min; room temperature)

Shots:
3.20.1. MED: Talent putting the 96-well plate into the centrifuge.

3.21. Remove the supernatant that contains excess fluorescent molecules, and resuspend the cells in DPBS.  If fluorescently tagged Dextrans were delivered, the cells are subsequently analyzed for molecular uptake efficiency by flow cytometry.

Shots:
3.21.1. MED: Talent removing supernatant from 96-well plate.
3.21.2. CU: DPBS being added and cells resuspended.
3.21.3. WIDE/MED: General shot of talent at the flow cytometer Talent takes 96-well plate with samples and walks out of the room to perform flow cytometry.


4. Results: macromolecules of various sizes and electrical charges are delivered into living cells

4.1. [bookmark: _GoBack](Figure 5a) Successful molecular delivery was qualitatively determined by monitoring changes in fluorescence intensity of electroporated orbiting cells in situ, which confirmed that 90% of treated cells uptake the 70,000 Da (pronounce “Dalton”) anionic dextran molecule.

Shots:
4.1.1. LAB MEDIA: Figure5a.tif (uploaded 2/20/14)

4.2. (Figure 5b) The efficiency for each transferred dextran molecule, defined as the ratio of the number of cells successfully taking up the molecule of interest to the total number of processed cells, did not vary substantially depending on molecular weight or electrical charges. All tested dextran molecules were delivered into the cytosol with efficiency greater than 70%.

Shots:
4.2.1. LAB MEDIA: Figure5b.tif (uploaded 2/20/14)

4.3. (Figure 5c) Shown here are representative flow cytometry profiles for cells, which were not treated with electroporation. The fluorescent threshold indicating successful molecular delivery is set from the data such that the signals from control samples are found below the threshold. 

Shots:
4.3.1. LAB MEDIA: Figure5c.tif (uploaded 2/20/14)

4.4. (Figure 5d) This representative flow cytometry data for sequentially electroporated cells displays the flow cytometry plot next to the fluorescent streak images.  The green boxes represent signals from cells uptaking 3,000 Da neutral dextran only (Video editor: highlight the green boxes), and the red boxes represent signals from cells uptaking 3,000 Da anionic dextran only (Video editor: highlight the red boxes). Fluorescent signals from cells uptaking both dextran molecules, shown in yellow (Video editor: highlight the yellow boxes), indicate a dual molecule delivery efficiency of 56%.

Shots:
4.4.1. LAB MEDIA: Figure5d.tif (uploaded 2/20/14)

5. Conclusion (said by authors on camera)

5.1. Soojung Claire Hur: After its development, this technique will be useful for researchers in the field of medicine, biotechnology and pharmacology to explore combinations of therapeutic reagents to achieve synergic effects in treating complex diseases including cancer, HIV, and diabetes.

5.2. Dwayne A. L. Vickers: Don't forget that working with high voltage electric pulses can be extremely hazardous, and precautions, such as ensuring you are grounded, should always be taken while performing this procedure.   


Provided Media

1A. graphic overview.ai; Figure5d.tif
3.1. panel ‘a’ only of Figure 1.tif
3.3. Figure 2.tif
3.9. Panel ‘a’ only of Figure 4(1). tif – uploaded 2/27/14 
3.10. Panel ‘a’ only of Figure 4(1). tif – uploaded 2/27/14 ; Valve 1 on.jpg (uploaded 3/4/14)
3.11. valve 1 and valve 2 on for coflow.jpg (uploaded 3/4/14)
3.12. ‘Valve 2 on.jpg’ - Screen shot of only Valve 2 open (uploaded 3/4/14); Single Chamber Living Cell Trap.mp4 (uploaded 3/4/14)
3.13. Valve 1 on.jpg
3.14. Valve 3 on.jpg
3.15. Single Chamber 1st mol.mp4 - Movie illustrating delivery process (uploaded 3/4/14)
3.17. Valve 5on_v2. jpg (uploaded 3/11/14); Single Chamber 2nd mol.mp4 (uploaded 3/4/14)
3.18. Single Chamber Delivery Complete.mp4 (uploaded 3/4/14)
3.19. 3Chamber Cell releasing.mp4 (uploaded 3/4/14)
4.1. Figure5a.tif (uploaded 2/20/14)
4.2. Figure5b.tif (uploaded 2/20/14)
4.3. Figure5c.tif (uploaded 2/20/14)
4.4. Figure5d.tif (uploaded 2/20/14)


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, as well as an introduction to your videographer, closer to your filming date.
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