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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.  
If Yes, can you record movies/images using your own microscope camera?
Enter Yes or No.  
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.
If a dissection or stereo microscope is required for your protocol, please list all shots from the script that will be visualized using the microscope (shots are indicated with the 3-digit numbers, like 2.1.1, 2.1.2, etc.).
Click here to list microscope shots, using the shot numbers from the protocol section of the video script.

2. Software: Does the part of your protocol being filmed include step-by-step descriptions of software usage?  Enter Yes or No.
If Yes, we will need you to record using screen recording software.
We recommend using the screen capture program OBS. JoVE’s tutorial for using OBS Studio is provided at this link: https://review.jove.com/v/5848/screen-capture-instructions-for-authors?status=a7854k
As these files are necessary for finalizing your script, 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.
If Yes, how far apart are the locations? Click to enter distance between locations.

4. Testimonials (optional): Would you be open to filming two short testimonial statements live during your JoVE shoot? These will not appear in your JoVE video but may be used in JoVE’s promotional materials. Enter Yes or No.

If Yes, please provide the full name and position (e.g., Director of [Institute Name], Senior Researcher [University Name], etc.) of the author willing to participate.
Enter full author name, Enter author position

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

Current Protocol Length
Number of Steps:  24
Number of Shots:  54

Introduction
Videographer: Obtain headshots for all authors available at the filming location. 

Answers to these questions will become interview statements that you will deliver on camera.
· Introduction: Answer the 1st REQUIRED prompt and 1 additional question; Conclusion: Answer any 3 questions. No more than 5 interview statements will be included in the video.
· Enter the full name of the author who will deliver the statement.
· Speak naturally and avoid reading the lines.
· Limit the length of each statement to 20 words or fewer.
· Answers will be edited for length, clarity, and consistency with journal style guidelines.

Authors: Please note that the questions will not appear on screen. Please answer in stand-alone full sentence with sufficient context

INTRODUCTION:

REQUIRED: Summarize your research focus and the main questions it aims to answer.
1.1. Enter author name.: Click here to answer question. Please write in a style that you will be comfortable memorizing and speaking aloud. Limit length to 20 or fewer words.

Describe the research gap or limitation in existing methods and how this protocol addresses them.
1.2. Enter author name: Click here to answer question. Please write in a style that you will be comfortable memorizing and speaking aloud. Limit length to 20 or fewer words.
Describe the research contexts or systems in which this protocol can be applied.
1.3. Enter author name: Click here to answer question. Please write in a style that you will be comfortable memorizing and speaking aloud. Limit length to 20 or fewer words.
CONCLUSION:
What does this protocol allow researchers to study or measure?
1.4. Enter author name: Click here to answer question. Please write in a style that you will be comfortable memorizing and speaking aloud. Limit length to 20 or fewer words.

Describe the most important consideration or challenge when performing this protocol.
1.5. Enter author name: Click here if you choose this question. Please write in a style that you will be comfortable memorizing and speaking aloud. Limit length to 20 or fewer words.

Are there any additional methods or analyses that can be performed following this procedure?
1.6. Enter author name: Click here if you choose this question. Please write in a style that you will be comfortable memorizing and speaking aloud. Limit length to 20 or fewer words.

How can future studies build on this work? Describe the questions or research directions that can be investigated next.
1.7. Enter author name: Click here if you choose this question. Please write in a style that you will be comfortable memorizing and speaking aloud. Limit length to 20 or fewer words.


Videographer: Obtain headshots for all authors available at the filming location.

Ethics Title Card
This research has been approved by the Institutional Animal Care and Use Committee
(IACUC) or equivalent body at (insert Institutional Name)
OR
This research has been approved by the Institutional Review Board (IRB) or equivalent body
at (insert Institutional Name)
Authors: Please fill the above statement.


Protocol  
[bookmark: _Hlk188263998]Please review this section to make sure that it accurately describes your protocol. Use Track Changes when making edits or revisions.
· The two-digit steps (e.g., 2.1., 2.2.) with purple font are the narration.  JoVE is responsible for the narration of the protocol and results.
· Red italics are pronunciation guides indicating how the word will be spoken. 
· Filming should take no more than 10 minutes per step. If a step takes more than 10 minutes, prepare the product for that step in advance.
· The three-digit shots (e.g., 2.1.1., 2.2.2.) are the actions that the videographer will capture. 
Videographer: Please always record an audio slate while filming each shot mentioned in the shotlist.
2. Preparation and activation of primary human T cells 
Demonstrator: Click here to enter name of demonstrator(s) 

If the same person is the demonstrator throughout, mention them once here and remove the "Demonstrator" field from the other sections; if the demonstrator changes, retain the field in the respective sections.

2.1. To begin, thaw cryopreserved primary human CD3 (C-D-Three) positive T cells rapidly in a 37 degrees Celsius water bath [1]. Transfer the cells to prewarmed basal T-cell medium [2] and centrifuge at a relative centrifugal force of 180 for 10 minutes [3]. After discarding the supernatant, resuspend the pellet in fresh medium [4].
2.1.1. WIDE: Talent placing a vial of cryopreserved T cells into a 37 degrees Celsius water bath.
2.1.2. Talent transferring thawed cells into a tube containing prewarmed basal medium.
2.1.3. Talent placing the tube into a centrifuge.
2.1.4. Talent resuspending the cell pellet in fresh medium.

2.2. Using an automated cell counter, determine the cell concentration and viability [1].
2.2.1. Talent loading a cell sample into an automated cell counter.

2.3. Resuspend the cells at 1 million cells per milliliter in T-cell culture medium containing CD3 and CD28 (C-D-twenty-eight) T cell activator stimulus and 200 international units per milliliter interleukin 2 or IL 2 (I-L-Two) [1]. Incubate the cells for 72 hours at 37 degrees Celsius and 5 percent carbon dioxide [2].
2.3.1. Talent mixing cells with culture medium and reagents in a tube. Authors: This step in done in a tube or U-bottom 96-well plate?
2.3.2. Talent placing the cells into an incubator.

3. Preparation of guide RNA spots on the DMF substrate
Demonstrator: Click here to enter name of demonstrator(s) 

3.1. Reconstitute lyophilized single guide RNA or sgRNA (S-G-RNA) in nuclease-free water to a stock concentration of 100 micromolar [1]. In a separate tube, prepare a 100 milligram per milliliter stock solution of poly-L-glutamic acid or PGA (P-G-A) using nuclease-free water [2]. Combine the sgRNA and PGA at a 5 to 4 volume ratio [3]. Vortex briefly [4] and centrifuge at a relative centrifugal force of 1000 for 30 seconds [5].
3.1.1. Talent adding nuclease-free water to lyophilized RNA.
3.1.2. Talent adding poly-L-glutamic acid solution to water in a separate tube.
3.1.3. Talent mixing the sgRNA and PGA in a tube.
3.1.4. Talent vortexing the tube briefly.
3.1.5. Talent placing the tube into a centrifuge.

3.2. Aliquot the mixture into single-use volumes [1] and store the unused aliquots at minus 80 degrees Celsius [2].
3.2.1. Talent dispensing solution into small aliquot tubes.
3.2.2. Talent placing aliquots into a freezer.

3.3. Add the guide PGA mixture to a low-dead-volume acoustic source plate in wells corresponding to the desired reaction site layout [1].
3.3.1. Talent pipetting the mixture into wells of an acoustic source plate.

3.4. Using an acoustic dispenser, transfer 40 nanoliters of the guide PGA mixture to each target spotting region of the Digital microfluidic or DMF (D-M-F) substrate [1].
3.4.1. Talent operating an acoustic dispenser to transfer droplets onto a substrate.

3.5. In a biological safety cabinet, let the spotted droplets air-dry completely at room temperature until no visible liquid remains [1].
3.5.1. Talent placing the substrate inside a biological safety cabinet for drying.

3.6. Align the top plate over the spotted substrate by matching the asymmetrical snapping features with the notches [1]. Apply even pressure along the short edges until a mechanical snap confirms engagement [2].
3.6.1. Talent aligning two plates carefully.
3.6.2. Talent pressing the plates together until a snap is observed.
3.7. Store the unused assembled cartridges in a sealed package with desiccant at room temperature for up to 48 hours [1].  
3.7.1. Talent placing the unused assembled cartridges in a sealed package with desiccant.

4. Preparation of Cells 
Demonstrator: Click here to enter name of demonstrator(s) 

4.1. Prepare 1 milliliter of complete transfection buffer by adding DMF compatible electroporation buffer into a tube containing non ionic surfactant at a 20 to 1 volume ratio [1]. After mixing it gently, keep it on ice [2].
4.1.1. Talent pipetting DMF compatible electroporation buffer into a tube containing non ionic surfactant.
4.1.2. Talent placing the tube on ice.

4.2. Wash activated T cells once with transfection buffer without surfactant [1]. Centrifuge at a relative centrifugal force of 180 for 5 minutes [2] and aspirate the supernatant [3]. Resuspend the cell pellet in complete transfection buffer at 10 million cells per milliliter in a total volume of 100 microliters per cartridge [4]. Keep the cells on ice [5].
4.2.1. Talent adding buffer to the cells.
4.2.2. Talent placing the tube into a centrifuge.
4.2.3. Talent removing the supernatant.
4.2.4. Talent adding buffer to the cells.
4.2.5. Talent placing the tube on ice.

4.3. Before loading onto the cartridge, add CRISPR associated protein 9 or Cas9 (Cas-9) nuclease directly to the 100 microliters of T cell suspension [1]. Mix by gentle pipetting [2] and keep on ice [3].
4.3.1. Talent adding Cas9 to the cell suspension.
4.3.2. Talent gently pipetting to mix.
4.3.3. Talent placing the tube on ice.

5. Electroporation and Flow Cytometry Analysis
Demonstrator: Click here to enter name of demonstrator(s) 

5.1. Using a multichannel pipette, dispense 10 microliters of the T cell and Cas9 mixture into each of the 8 cell loading ports [1]. Dispense 10 microliters of complete transfection buffer into the 16 liquid electrode loading ports [2].
5.1.1. Talent pipetting cell mixture into cell loading ports.
5.1.2. Talent adding buffer into electrode loading ports.

5.2. Set the voltage to 500 volts, pulse duration to 3 milliseconds, and number of pulses to 2 [1]. Initiate the electroporation [2].
5.2.1. SCREEN: Show the device interface where voltage, pulse duration, and pulse number are being entered.
Videographer: Please record the computer screen for the shots labeled as SCREEN as back-up
Authors: Please create screen capture videos of the shots labeled as SCREEN,
create a screenshot summary, and upload the files to your project page as soon as possible: https://review.jove.com/account/file-uploader?src=21524813
5.2.2. SCREEN: Cursor clicking Start to initiate the electroporation run.

5.3. Review the postrun quality control report immediately after the run [1]. Replace the cartridge and run a system health check if failures are systematic [2].
5.3.1. SCREEN: Display the postrun quality control report.
5.3.2. SCREEN: Show system health check option being selected.

5.4. Using a liquid handler, transfer electroporated cells from each reaction site into a 96 well U bottom (U-Bottom) plate containing 150 microliters of prewarmed basal medium with IL 2 [1].
5.4.1. Talent transferring cells from cartridge into a 96-well plate containing basal medium using a liquid handler.

5.5. Incubate the cells for 72 hours at 37 degrees Celsius and 5 percent carbon dioxide [1].
5.5.1. Talent placing the plate into an incubator.

5.6. Transfer cells to a sterile 96 well conical bottom plate [1]. Wash cells twice with flow cytometry buffer by centrifuging at a relative centrifugal force of 400 for 5 minutes [2] and removing the supernatant by inverting the plate [3].
5.6.1. Talent transferring cells into a conical bottom plate.
5.6.2. Talent placing the plate into a centrifuge.
5.6.3. Talent inverting the plate to remove liquid.

5.7. Prepare a surface staining master mix containing anti CD4, anti CD8, and anti T Cell Receptor alpha beta antibodies in flow cytometry buffer [1]. Add 25 microliters per well [2] and incubate for 20 minutes at 4 degrees Celsius protected from light [3]. Wash twice with phosphate buffered saline or PBS (P-B-S) by centrifuging at a relative centrifugal force of 400 for 5 minutes [4].
5.7.1. Talent preparing antibody mix.
5.7.2. Talent adding staining mix to wells. 
5.7.3. Talent placing the plates covered with foil into the refrigerator. Authors: Using which method, the samples are protected from light?
5.7.4. Talent placing the plates into the centrifuge.

5.8. Resuspend cells in 100 microliters of PBS containing viability dye at 1 to 1000 ratio [1] and incubate for 10 minutes at room temperature protected from light [2].
5.8.1. Talent adding viability dye to cells.
5.8.2. Talent placing the wrapped plate aside for incubation.

5.9. After washing the cells twice with flow cytometry buffer, resuspend them in 150 to 200 microliters per sample for acquisition [1].
5.9.1. Talent adding flow cytometry buffer to the cells.

5.10. Configure the cytometer with appropriate laser lines and filter sets for the fluorochromes used [1]. Set voltages using single-stain compensation controls and an unstained sample [2]. Collect at least 5000 live singlet events per sample [3]. Gate sequentially on scatter singlets, live cells, CD4 or CD8 populations, and T-cell receptor alpha beta expression [4].
5.10.1. SCREEN: Show the cytometer configuration panel with laser lines and filter sets being selected for the fluorochromes.
5.10.2. SCREEN: Display voltage settings being adjusted using single-stain controls and an unstained sample.
5.10.3. SCREEN: Show the acquisition panel with events being recorded and the counter increasing to at least 5000 live singlet events per sample.
5.10.4. SCREEN: Show gating plots in sequence, highlighting scatter singlets, live cells, CD4 or CD8 populations, and T cell receptor alpha beta expression.

5.11. Determine TRAC (T-RAC) gene disruption by measuring the frequency of T cell receptor alpha beta negative cells within CD4 and CD8 populations [1]. Report knockout efficiency as the percentage of T cell receptor negative cells relative to live singlets [2].
5.11.1. SCREEN: Display analysis plot highlighting T-cell receptor negative cells. 
5.11.2. SCREEN: Show calculated knockout efficiency results.









Results
Please review this section to make sure that it accurately reflects your findings.
· This section will not be recorded by the videographer. It only includes the figures/tables from your manuscript (called LAB MEDIA). 
· Use Track Changes when making edits or revisions. Ensure the voiceover length is below 200 words. Current word count: 205.
· Please note that the video cannot include voiceover without an accompanying visual.

6. Results 
6.1. Droplet deposition variability was most evident at intermediate droplet volumes ranging from 40 to 120 nanoliter [1].
6.1.1. LAB MEDIA: Figure 3A. Video editor: Emphasize the blue bars along with the vertical lines on top of the blue bars with the labels 40 nL H2O, 90 nL H2O, and 120 nL H2O. Authors: Please check the figure numbers.
 
6.2. Addition of PGA resulted in fluorescein deposition that scaled linearly with absorbance [1] and reduced variance across cartridges [2].  
6.2.1. LAB MEDIA: Figure 3A. Video editor: Emphasize all the purple bars labeled as PGA.
6.2.2. LAB MEDIA: Figure 3A. Video editor: Emphasize the vertical lines on top of all the purple bars labeled as PGA.

6.3. Free sgRNA exhibited a small hydrodynamic radius [1], while Cas9 titration formed a larger ribonucleoprotein complex [2].
6.3.1. LAB MEDIA: Figure 3B. Video editor: In the panel labeled 0 mg/ml PGA, emphasize the curve from x-axis 0.001 up to 0.01. 
6.3.2. LAB MEDIA: Figure 3B. Video editor: In the panel labeled 0 mg/ml PGA, emphasize the curve from x-axis 0.01 to near 1000. Authors: Please confirm the accuracy of the shots.

6.4. Addition of PGA reduced the apparent affinity between Cas9 and sgRNA and decreased complex size to approximately 10 nanometers [1].
6.4.1. LAB MEDIA: Figure 3B. Video editor: Emphasize the curve in the panel labeled 0.005 mg/ml PGA.

6.5. Without polymer, Cas9–sgRNA mixtures showed aggregation [1], whereas addition of PGA produced uniform dispersion profiles [2].
6.5.1. LAB MEDIA: Figure 3C. Video editor: Emphasize the graph in the panel labeled 0 mg/ml PGA.
6.5.2. LAB MEDIA: Figure 3C. Video editor: Emphasize the graph in the panel labeled 0.0025 mg/ml PGA.

6.6. Editing efficiency remained high at 40, 20, and 10 nanoliter input [1].
6.6.1. LAB MEDIA: Figure 3D. Video editor: Emphasize the blue and purple bars at 40 nL, 20 nL, and 10 nL.

6.7. A standard gating strategy identified live singlet cells [1], followed by CD4 [2] and CD8 positive subsets [3], and T cell receptor expression [4].
6.7.1. LAB MEDIA: Figure 2A. Video editor: Emphasize plots labeled as cells F7 and singlets F7 under control and cells C3 and singlets C3 under experimental. . Authors: Please confirm the accuracy of the shots.
6.7.2. LAB MEDIA: Figure 2A. Video editor: Emphasize the orange box in the plot labelled Live F7 under control and Live C3 under experimental.
6.7.3. LAB MEDIA: Figure 2A. Video editor: Emphasize the green box in the plot labelled Live F7 under control and Live C3 under experimental.
6.7.4. LAB MEDIA: Figure 2A. Video editor: Emphasize the plot CD4-F7, CD8-F7 under control and CD4-C3, CD8-C3 under experimental.

6.8. High-efficiency TRAC knockout or KO (K-O) was achieved in CD4 and CD8 positive T cells [1] compared to non-targeting and off-cartridge controls [2].
6.8.1. LAB MEDIA: Figure 2B. Video editor: In the graph with X-axis CD4+ and CD8+ and Y-axis %TCRa/b KO, emphasize the two tall bars with blue dots labeled as TRAC KO under CD4+ and CD8+.
6.8.2. LAB MEDIA: Figure 2B. Video editor: In the graph with X-axis CD4+ and CD8+ and Y-axis %TCRa/b KO, emphasize the bars with orange dots labelled as non targeting control and grey dots labeled as off chip control under CD4+ and CD8+.

6.9. Cell viability exceeded 96 percent across all conditions [1].
3.16.1. LAB MEDIA: Figure 2B. Video editor: In the graph with X-axis viability (singlets) and Y-axis % live, emphasize all three bars labeled as TRAC KO, NTC, and OCC.  

6.10. Spheroid recovery resulted in 4 to 6 spheroids per reaction family [1].
3.17.1. LAB MEDIA: Figure 4B. Video editor: Emphasize all the bars except labeled as G.

6.11. Some spheroids failed to enter the tri-droplet region [1] and at least one spheroid was present in most electroporation sites [2].
6.11.1. LAB MEDIA: Figure 4B center panel. Video editor: Emphasize the single spheroid marked by the green circle.
6.11.2. LAB MEDIA: Figure 4B right panel. Video editor: Emphasize the bright blue spheroids scattered across the image.

6.12. Fluorescence imaging showed uniform GFP expression in electroporated spheroids [1], with no signal in controls [2]. 
6.12.1. LAB MEDIA: Figure 4C. Video editor: Emphasize the bright green spheroid in the experimental image under GFP.
6.12.2. LAB MEDIA: Figure 4C. Video editor: Emphasize the dark control images under GFP.

6.13. Electroporated spheroids showed higher mean fluorescence intensity [1].
6.13.1. LAB MEDIA: Figure 4D. Video editor: In the graph with Green MFI/Area as Y-axis, emphasize the bars labeled as 500V 2ms 2pulse and 375V 6ms 1pulse.

6.14. Electroporated spheroids exhibited growth kinetics [1] comparable to untreated controls over 5 days [2].
6.14.1. LAB MEDIA: Figure 4D. Video editor: In the graph with elapsed time as X-axis and diameter as Y-axis, emphasize the lines labeled as 500V 2ms 2 pulse and 375V 6ms 1pulse.
6.14.2.  LAB MEDIA: Figure 4D. Video editor: In the graph with elapsed time as X-axis and diameter as Y-axis, emphasize the lines labeled as 0V control and OC control.
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