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Author Questionnaire 
1. Microscopy: Does your protocol require the use of a dissecting or stereomicroscope for performing a complex dissection, microinjection technique, or something similar?  Enter Yes or No. Yes; we will be recording flow through the microdevice
If Yes, can you record movies/images using your own microscope camera?
Enter Yes or No. Yes
If your protocol involves microscopy but you are not able to record movies/images with your microscope camera, JoVE will need to use our scope kit. 
If your microscope does not have a camera port, the scope kit will be attached to one of the eyepieces and you will have to perform the procedure using one eye.

Enter make and model of microscope. Nikon TE2000U

2. Software: Does the part of your protocol being filmed include step-by-step descriptions of software usage?  Enter Yes or No. Yes
If Yes, we will need you to record using screen recording software to capture the steps. If you use a Mac, QuickTime X also has the ability to record the steps. Please upload all screen captured video files to your project page as soon as possible.

3. Filming location: Will the filming need to take place in multiple locations?   Enter Yes or No. Yes
If Yes, how far apart are the locations? Click to enter distance between locations. 5 Rooms ~200 ft apart on the same floor of the building

To ensure that your script can be filmed in one day, the Protocol section is restricted to 55 shots (shots are the 3-digit numbers like 2.1.1, 2.1.2…etc)

Current Protocol Length

Number of Steps: 26
Number of Shots: 53 (4 SC)

Introduction

1. Introductory Interview Statements

Your answers to these questions will become author interview statements, which authors will memorize and then deliver on camera.
· Enter the full name of the author who will deliver the statement.
· Fill out both required statements.
· Answer in full sentences, in a style suitable for being spoken aloud. 
· Limit the length of each statement to 30 words or fewer.
· Answers will be edited for length, clarity, and consistency with journal style guidelines.

REQUIRED: Why is your protocol significant? OR What key questions can this method help answer? 
1.1. Jeffrey Zahn: This method allows for researchers to determine optimal electroporation pulsing conditions for a desired cell type, while minimizing the need for the traditional empirical experimental approach.

REQUIRED: What is the main advantage of this technique?
1.2. Maria Atzampou: This method utilizes microfabrication techniques to manufacture a scalable, microfluidic electroporation device that is capable of electrically monitoring the degree of cell membrane permeabilization throughout the electroporation process.


Introduction of Demonstrator on Camera

Complete this statement ONLY if any of the individuals who will be demonstrating the procedure on camera will not be delivering an Introductory Interview Statement.

1.3. Jeffrey Zahn: Kishankumar Busha, a Master’s Student from my laboratory, will be helping with demonstrating the procedure. Include additional demonstrators as needed.  
1.3.1. INTERVIEW: Author saying the above. 
1.3.2. The named demonstrator(s) looks up from workbench or desk or microscope and acknowledges the camera.



Protocol
Please review this section to make sure that it accurately describes your protocol. Use Track Changes when making edits or revisions.
· The one-digit numbers represent sections of the video. The text will appear onscreen.
· The two-digit numbers (e.g. 2.1., 2.2.) represent steps of your protocol. The text will be recorded by a professional voiceover talent. 
· The three-digit numbers (e.g. 2.1.1., 2.2.2.) represent the shots that our videographer will capture at your lab. 
· To ensure that your protocol can be filmed in one day, the protocol is restricted to 25 steps and/or 55 shots. 

Please use this draft script to help you prepare for filming day.
· Filming should take no more than 10 minutes per step. If a step will take more than 10 minutes, prepare the product from that step in advance.

Authors: Acquire screen capture videos for all shots labeled SCREEN and upload them to your project page: https://www.jove.com/account/file-uploader?src=19246463

2. Device Fabrication- Photolithography

2.1. To begin, secure the silicon wafer to the chuck of the wafer spin coater using the spin coater’s vacuum system [1], then program the spinner [2-TXT].
2.1.1. WIDE: Establishing shot of talent securing the wafer to the chuck of the wafer spin coater with spin coater’s vacuum system visible in the frame.
2.1.2. Talent programming the spinner with monitor/screen visible in the frame. TEXT: See text for program details


2.2. Next, dispense 4 milliliters of SU-8 2010 (S-U-eight-twenty-ten) photoresist onto the center of the silicon wafer [1] and run the program [2]. Once the system comes to a halt, turn off the vacuum [3]. Authors: Please confirm that the pronunciation guide (red italic font) for SU-8-2010 is correct.
2.2.1. Talent dispensing photoresist solution onto the silicon wafer
2.2.2. Talent pressing run.
2.2.3. Talent turning off the vacuum from the vacuum system.


2.3. Then, secure the photomask with the 2D microfluidic channel designs onto the mask holder [1] and insert the silicon wafer, with the SU-8 coating facing upwards, onto the wafer chuck [2]. Set the exposure settings for 150 millijoules per square centimeter and run the machine [3].
2.3.1. Talent securing photomask with 2D microfluidic channel designs onto the mask holder.
2.3.2. Talent inserting silicon wafer onto the wafer chuck. 
2.3.3. Talent adjusting the exposure settings and starting run, monitor/ screen visible in the frame.


2.4. After the UV exposure, submerge the silicon wafer in the SU-8 developer solution with gentle agitation for  3 to 4 minutes [1], then remove the wafer from the solution and rinse the surface with isopropanol [2].
2.4.1. Talent placing the silicon wafer in the SU-8 developer solution with agitation.
2.4.2. Talent rinsing the surface of silicon wafer with isopropanol.


2.5. Next, place the silicon wafer into a 150-degree Celsius oven for 30 minutes for a hard bake [1]. Then, allow it to cool down to room temperature before using stylus profilometry to measure the exact height and slope of the channel sidewalls [2].
2.5.1. Talent placing the silicon wafer into an oven.
2.5.2. Talent measuring height and slope of the channel sidewalls with stylus profilometry instrument visible in the frame.


2.6. Next, dispense 1 milliliter of photoresist onto the surface of the glass slide and run the program once again [1]. Once the system comes to a halt, turn off the vacuum and remove the glass slide [2].
2.6.1. Talent adding photoresist onto the surface of the glass slide.
2.6.2. Talent removing the glass slide from the spinner.


2.7. After securing the photomask with the 2D electrode designs onto the mask holder, insert and align the glass wafer, with the S1818 (S-Eighteen-Eighteen) coating facing upwards, onto the wafer chuck [1]. Set the exposure settings for 250 millijoules per square centimeter and run the machine [2]. Authors: Please confirm that the pronunciation guide (red italic font) for S1818 is correct.
2.7.1. Talent inserting and aligning glass wafer onto the wafer chuck.
2.7.2. Talent adjusting the exposure settings and starting run, monitor/ screen visible in the frame.


2.8. After the exposure, submerge the glass slide in MF-319 (M-F-three-nineteen) developer solution for 2 minutes, applying gentle agitation [1]. Then, remove the glass wafer and rinse its surface with isopropanol [2]. Authors: Please confirm that the pronunciation guide (red italic font) for M-F-three-one-nine is correct?
2.8.1. Talent placing the glass slide in the MF-319 developer solution with agitation.
2.8.2. Talent rinsing the glass slide surface with isopropanol.


2.9. Finally, place the glass slide into the 150-degree Celsius oven for a hard bake, ensuring that the substrate surface of interest is facing up. After 30 minutes, remove the slide from the oven and protect it from light [1]. Authors: How will you protect the glass slide after removing it from the oven? Will it be covered in aluminum foil? Please confirm. The cleanroom has filtered lights
2.9.1. Talent placing the glass slide into an oven.

3. Device Fabrication

3.1. To etch the glass slide, submerge it in a 10:1 buffered hydrofluoric acid solution for 1 minute in a polytetrafluoroethylene container [1]. Then, transfer and wash the glass slides in deionized water three times [2]. 
3.1.1. WIDE: Talent placing the glass slide in buffered HF solution.
3.1.2. Talent washing the glass slides with deionized water. 


3.2. Next, using a physical vapor deposition system, sputter titanium for 8 minutes at a rate of 100 Angstroms per minute and platinum for 10 minutes at 200 Angstroms per minute [1]. 
3.2.1. Talent starting the sputter coating system. 


3.3. Then, to lift off the photoresist, submerge the metal-coated glass slides in an acetone bath for 10 minutes and sonicate the bath to introduce agitation [1]. If necessary, use an acetone-soaked wipe to remove any residues [2].
3.3.1. Talent placing the metal-coated glass slides in an acetone bath and starting sonication.
3.3.2. Talent wiping the glass slides with an acetone-soaked wipe.

3.4. Next, for PDMS (polydimethylsiloxane) replica molding, mix the PDMS elastomer base with a hardener at a 10:1 weight ratio in a disposable container placed on top of an electronic balance [1-TXT]. Then, pour the PDMS solution over the silicon wafer and place the mixture under a vacuum to remove air bubbles [2]. 
3.4.1. Talent mixing elastomer base with a hardener in a container on an electronic balance. TEXT: PDMS: Polydimethylsiloxane
3.4.2. Talent pouring PDMS solution over the silicon wafer and placing the mixture under vacuum.


3.5. After curing the mixture at 65 degrees Celsius for a minimum of 4 hours [1], use the tip of a razor blade to cut out the molded PDMS and peel from the silicon wafer [2]. Then, using a sharpened biopsy punch, remove the PDMS from the inlet and outlets of the device [3-TXT]. 
3.5.1. Talent placing the mixture at 65 °C.
3.5.2. Talent cutting the molded PDMS and removing it from the silicon wafer. 
3.5.3. Talent removing the PDMS from inlet/outlets of the device. TEXT: Biopsy punches: Use 0.75 mm for inlets and 3 mm for outlets


3.6. Next, program the plasma generator for PDMS bonding [1-TXT], then place the PDMS and electrode glass slide into the system with the features facing up and run the program [2].
3.6.1. Talent programming the plasma generator, with plasma generator visible in the frame. TEXT: Power: 70-Watt, Time: 35 s, Pressure: 325 mTorr, Flow Rate of oxygen gas: 60 SCCM
3.6.2. Talent placing PDMS and electrode glass slide into the system and starting program with monitor/screen visible in the frame.


3.7. After the program is complete, remove the devices and use a stereoscope [1] to quickly align channel features to the electrodes. Firmly apply pressure from the center of the PDMS towards the sides to remove any unwanted air bubbles at the bonding interface [2].
3.7.1. Talent placing the device under a stereoscope.
3.7.2. SCOPE: Aligning channel features to the electrodes, removing air bubbles.


4. Cell Culture and Harvest


4.1. [bookmark: _Hlk82177067]After centrifugation [1-TXT], resuspend the cells in the electroporation buffer at approximately 5 million cells per milliliter [2] and add pDNA (Plasmid-D-N-A) encoding for GFP to a final concentration of 20 micrograms per milliliter [3]. After gentle mixing,  transfer the pDNA-cell suspension into a 1-cubic centimeter syringe for experimentation [4].
4.1.1. Talent placing the tube in a centrifuge. TEXT: 2 min, 770 x g  
4.1.2. Talent resuspending the cells in electroporation buffer.
4.1.3. Talent adding pDNA to the cell suspension.
4.1.4. Talent transferring the pDNA-cell suspension into a 1 cc syringe.

5. Experimental Setup, Operation, and Analysis

5.1. Place the micro-device onto the stage of the microscope via a slide holder [1]. Then, turn on the CCD (charge coupled device; see-see-dee) camera and bring the microfluidic channel into focus [2-TXT].
5.1.1. WIDE: Talent placing the micro-device onto the stage of the microscope.
5.1.2. SCREEN: To be uploaded by Authors: Camera being turned on and microfluidic channel being focused. TEXT: Use a 4x or 10x objective
Authors: Is the camera turned on using software or by pressing a physical button? By pressing a button.


5.2. [bookmark: _Hlk66179583]Next, for single-cell electroporation, set the syringe pump flow rate to 0.1 to 0.3 microliters per minute to ensure the flow of single cells through the electrode set [1-TXT]. Then, set the pulse parameters for the initial and lowest electrical energy electroporation pulse [2]. 
5.2.1. Talent setting the flow rate with syringe pump visible in the frame. TEXT: Cell transit time between electrodes should be 250 ms 
Authors: Is the flow rate set using software? No; manually on syringe pump If yes, please acquire a screen capture video for this shot and upload it to your project page. 
5.2.2. SCREEN: To be uploaded by Authors: Parameters being set for initial and lowest electrical energy electroporation pulse. Manually setting the pulses.

5.3. Follow a pre-determined number of cell detections per pulse application. At the end of each tested condition, aspirate cells from the microdevice outlet and replenish the outlet with recovery media [1]. 
5.3.1. Talent aspirating cells and adding recovery media to the microdevice outlet.


5.4. Iterate to the next electroporation pulse condition and repeat until all electroporation pulse conditions are tested. Then, determine the electroporation pulse parameters for high-throughput, population-based feedback [1]. 
5.4.1. SCREEN: To be uploaded by Authors: Iterating to the next electroporation pulse condition, determining parameters for high-throughput, population-based feedback. Manually updating the pulses.


5.5. For population-based feedback-controlled electroporation, set the syringe pump flow rate to 1 to 3 microliters per minute [1-TXT] and set the pulse amplitude to the ‘optimized’ condition, then turn off the trigger mode and set the pulse width to match the cell transit time [2].
5.5.1. Talent setting the flow rate with syringe pump visible in the frame. TEXT: Cell transit time between electrodes should be 25 ms
Authors: Is the flow rate set using software? No, manually using a syringe pump. If yes, please acquire a screen capture video for this shot and upload it to your project page. 


5.6. After the desired number of cells have been electroporated, turn off both the syringe pump and function generator [1]. Then, transfer the cells from the outlet reservoir into an appropriately sized cell culture flask or plate filled with pre-warmed recovery media and transfer the culture flask or plate into an incubator [2].
5.6.1. The syringe pump and function generator are being turned off.
5.6.2. Talent transferring the cells into the cell culture flask/plate.


5.7. For data analysis, load the data into an analysis software and generate a plot of Current versus Time for each pulsing condition [1]. Then, manually determine the degree of cell membrane permeabilization, generate the Cell Membrane Permeabilization Map over all tested pulse conditions, and verify the ‘optimal’ pulsing condition [2].
5.7.1. [bookmark: _Hlk107222686]SCREEN: To be uploaded by Authors: Data loaded into analysis software and plot of current vs. time generated.
5.7.2. SCREEN: To be uploaded by Authors: Determining degree of cell membrane permeabilization, cell membrane permeabilization map generated for all tested pulse conditions, verifying the ‘optimal’ pulsing condition. (N/A)


5.8. After the incubation, capture epifluorescent images using FITC (fit-see) and Far-Red filters [1] and analyze the image sets manually or via an algorithm [2].
5.8.1. [bookmark: _Hlk107222713]SCREEN: To be uploaded by Authors: Epifluorescent images being captured and processed.
5.8.2. Talent at the computer looking at the images with monitor/screen visible in the frame.

Authors: Acquire screen capture videos for all shots labeled SCREEN and upload them to your project page: https://www.jove.com/account/file-uploader?src=19246463




Protocol Script Questions
Authors: Please use the step and shot numbers from the script above (not step numbers from the manuscript) when answering the questions below. Do not include steps that will be screen-captured and do not list entire sections.

1) Which steps from the protocol are the most important for viewers to see? Please list 4 to 6 individual steps (steps are indicated with the 2-digit numbers, like 2.1, 2.2, etc.). 

[bookmark: Text1]Click here to list 4 to 6 individual steps, using the step numbers from the protocol section of the video script. 2.2, 2.3, 2.4, 3.6, 5.2, 5.5 

2) If a dissection or stereo microscope is required for your protocol, please list all shots that will be visualized using the microscope (shots are indicated with the 3-digit numbers, like 2.1.1, 2.1.2, etc.).

[bookmark: Text3][bookmark: Text2]Click here to list microscope shots, using the shot numbers from the protocol section of the video script.     N/A



Results
Please review this section to make sure that it accurately reflects your findings.
· Use Track Changes when making edits or revisions.
· If you would like the video to include different results, please revise this section.
· When revising, please keep the length of the voiceover below 200 words. Current word count: 112. (Voiceover is the text that follows the two-digit numbers)
· Please note that the video cannot include voiceover without an accompanying visual. 

6. Results: Cell Membrane Permeabilization and Electro-Transfection Efficiency using the Continuous Flow, Micro-Electroporation System 

6.1. Operating principles behind the single-cell-level membrane permeabilization detection for a single pulse amplitude are highlighted here [1].
6.1.1. LAB MEDIA: Figure 4

6.2. After each electroporation pulse parameter [1], the next highest energy electroporation pulse is tested [2]. 
6.2.1. LAB MEDIA: Table 1
6.2.2. LAB MEDIA: Table 1 Video Editor: Please sequentially emphasize each value from Electric Field Strength (kv/cm) column

6.3. The cell membrane permeabilization map for HEK293 cells showed a distinct correlation between applied electrical energy and the degree of cell membrane permeabilization [1].
6.3.1. LAB MEDIA: Figure 5

6.4. In this experiment, an electric field strength of 1.8 kilovolts per centimeter [1] and a 670-microsecond pulse was determined as ‘optimal’ [2]. At these values, a 70% electro-transfection efficiency was achieved [3].
6.4.1. LAB MEDIA: Table 1 Video Editor: Please emphasize the Electric Field Strength column (kv/cm) column at 1.8
6.4.2. LAB MEDIA: Table 1 Video Editor: Please emphasize the pulse duration (ms) column at 0.67
6.4.3. LAB MEDIA: Figure 7A 


6.5. In contrast, with an electric field strength of 0.4 kilovolts per centimeter [1] and a 3-millisecond pulse duration [2], the electro-transfection efficiency at 24 hours was less than 5% [3].
6.5.1. LAB MEDIA: Table 1 Video Editor: Please emphasize the Electric Field Strength column (kv/cm) column at 0.4
6.5.2. LAB MEDIA: Table 1 Video Editor: Please emphasize the pulse duration (ms) column at 3.0
6.5.3. LAB MEDIA: Figure 7B 



Conclusion
7. [bookmark: _Hlk27388131]Conclusion Interview Statements

Below are prompts for interview statements that can be used to further emphasize the significance of your protocol. 
· Answer one of the prompts below.
· Limit the statement to 30 words.
· Answer the question in full sentences; you will need to memorize and deliver the interview statements during filming. 
· Indicate the full name of the author who will deliver the statement. 
What is the most important thing to remember when attempting this procedure? Please indicate the steps (e.g., 2.4., 2.5.) in the Protocol section of the script that this advice applies to.

7.1. Kishankumar Busha: (2 & 3) The term ‘recipe’, which is often used when describing the specifics of the microfabrication process, hints at the importance of following/optimizing each step to successfully fabricate a functioning device.
Following this procedure, what other methods can be performed? What questions would these additional methods answer?

7.2. Maria Atzampou: This electroporation technology can be utilized in other biomedical research projects, such as the generation and testing of CAR-T cells or for the optimization and testing of CRISPR-Cas9 gene-editing techniques.
After its development, did this technique pave the way for researchers to explore new questions within a specific scientific field? If so, how?
7.3. Jeffrey Zahn: This micro-electroporation technology allows for the electrical interrogation of different cell types’ responses to applied electrical pulsing conditions and correlating that information to the delivery of clinically-relevant molecular cargo.


Thank you for addressing our questions. We will incorporate your answers and suggestions, and send you the final script before your filming day. You will also receive detailed preparation instructions in the email accompanying the final script.
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