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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?  No
2. Software: Does the part of your protocol being filmed include step-by-step descriptions of software usage?  Yes
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?   No

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. No

Current Protocol Length
Number of Steps:  24
Number of Shots:  56

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

Authors: Please note that the questions will not appear on screen. Please answer in stand-alone full sentence with sufficient context
Answers are slightly edited in accordance with journal guidelines.

INTRODUCTION:

REQUIRED: Summarize your research focus and the main questions it aims to answer.
1.1. Hugo Sinha:  Our research develops digital microfluidic platforms for efficient CRISPR editing using fewer cells than conventional methods.
1.1.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera. 

Describe the research gap or limitation in existing methods and how this protocol addresses them.
1.2. Hugo Sinha: Standard electroporation requires millions of cells. This platform achieves high editing efficiency with just ten thousand cells per condition.
1.2.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera. 

CONCLUSION:
What does this protocol allow researchers to study or measure?
1.3. Hugo Sinha: This protocol enables measurement of CRISPR knockout efficiency, post-electroporation viability, and mRNA delivery across multiple parallel conditions.
1.3.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera. 

Describe the most important consideration or challenge when performing this protocol.
1.4. Hugo Sinha: A key challenge is achieving consistent guide RNA spotting on hydrophobic surfaces, where PGA polymer additives are essential for reproducibility.
1.4.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera. 

How can future studies build on this work? Describe the questions or research directions that can be investigated next.
1.5. Hugo Sinha: Future studies can explore allelic editing rates, cytokine function, and in vivo engraftment to advance therapeutic translation.
1.5.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera. 

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



Protocol  
Videographer: Please always record an audio slate while filming each shot mentioned in the shotlist.
2. Preparation of Primary Human T Cell Suspension
Demonstrator: Hugo Sinha 

2.1. To begin, obtain a T75 (T-seventy five) flask from the incubator [1]. In the tissue culture hood, transfer the cells to a 15 milliliter tube [2] and centrifuge at a relative centrifugal force of 1000 for 5 minutes [3]. After discarding the supernatant, resuspend the pellet in 5 milliliters of fresh medium [4].
2.1.1. WIDE: Talent taking out the T75 flask from the incubator.
2.1.2. Talent transferring the cells to a 15 mL tube in tissue culture hood.
2.1.3. Talent placing the tube into a centrifuge.
2.1.4. Talent resuspending the cell pellet in 5 mL fresh medium.

2.2. Using an automated cell counter, determine the cell concentration and viability [1].
2.2.1. Talent loading 10 µL cell sample into an automated cell counter.

2.3. Pipette 1 million cells into 4 to 5 wells of a V bottom well plate [1] and place on ice [2]. 
2.3.1. Close-up shot of pipetting cells into a V bottom well plate.
2.3.2. Talent placing the plate on ice.

3. Preparation of Guide RNA Spots on the DMF Substrate

3.1. Reconstitute 1 TRAC knock out or KO (TRAC-K-O) and 1 non-targeting control or NTC (N-T-C) lyophilized single guide RNA or sgRNA (S-G-RNA) in nuclease-free water to a stock concentration of 100 micromolar [1]. After preparing 100 milligram per milliliter stock solution of poly-L-glutamic acid or PGA (P-G-A) using nuclease-free water in 2 tubes, label the tubes as TRAC and NTC [2]. Combine the sgRNA and PGA at a 5 to 4 volume ratio [3] and vortex briefly [4]. 
3.1.1. Talent adding nuclease-free water to lyophilized RNA.
3.1.2. Talent labelling the tubes as TRAC and NTC.
3.1.3. Talent mixing the sgRNA and PGA in a tube.
3.1.4. Talent vortexing the tube briefly.

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

3.3. 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].
3.3.1. Talent operating an acoustic dispenser to transfer droplets onto a substrate.

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

3.5. Place the Echo plate, sgRNA tubes and PGA tube at minus 80 degrees Celsius [1].
3.5.1. Talent placing Echo plate, sgRNA tubes and PGA Tube back into the –80°C. 

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 the Liquid Handler

4.1. To prepare the liquid handler deck, rerack the tip box and position on the deck [1]. After keeping the spare tips into an empty box, place the cooling block in position A of the liquid handler [2]. Add two 8-strips [3] and pipette liquid electrode and cells into the wells of one strip [4]. Once 15 milliliter of complete media is added into the reservoir, pipette 130 microliters into each well of the other strip for quenching [5].
4.1.1. Close-up of a tip box being placed on the deck.
4.1.2. Close-up of a cooling block being placed onto the slot labeled position A on the liquid handler.
4.1.3. Close-up of two empty 8 strip tubes being placed onto the deck.
4.1.4. Close-up of pipetting liquid electrode solution followed by cell suspension into the well.
4.1.5. Close-up of pipetting media into the well of the other strip.

4.2. Using a multichannel pipette, fill up the well plate with complete media [1] and place in position B [2]. Position the dock onto the liquid handler in position C [3]. Position the custom bin in the bin position and route cables carefully [4]. 
4.2.1. Close-up of well plate being filled up with complete media using multichannel pipette.
4.2.2. Close-up of plate being placed in position B.
4.2.3. Close-up of dock being placed in position C.
4.2.4. Close-up of custom bin being placed in bin position and cables are being routed.

5. Preparation of Cells 

5.1. 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 by flicking the tube, keep it on ice [2].
5.1.1. Talent pipetting DMF compatible electroporation buffer into a tube containing non ionic surfactant.
5.1.2. Talent placing the tube on ice.

5.2. Centrifuge the V bottom well plate at a relative centrifugal force of 180 for 2 minutes [1]. After aspirating the supernatant, resuspend the cell pellet in DMF compatible electroporation buffer [2]. Centrifuge at a relative centrifugal force of 180 for 2 minutes and repeat washing as previously demonstrated [3]. Once the cells are resuspended in 100 microliters of complete transfection buffer containing surfactant, place it on ice [4].
5.2.1. Talent placing the V bottom well plate into a centrifuge.
5.2.2. Talent adding buffer to the cells.
5.2.3. Talent placing the tube into a centrifuge.
5.2.4. Talent placing the tube on ice.

5.3. 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].
5.3.1. Talent adding Cas9 to the cell suspension.
5.3.2. Talent gently pipetting to mix.
5.3.3. Talent placing the plate on ice.


6. Electroporation and Flow Cytometry Analysis

6.1. Once the system is booted, select experiment type and run a system health check [1].
6.1.1. SCREEN: Cursor clicking on the heath check button.
 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
Videographer: Please record the computer screen for the shots labeled as SCREEN as back-up

6.2. After turning on the voyager pipette, pair it to the liquid handler [1]. Run the vialab script [2] and initiate run [3].
6.2.1. SCREEN: Show the pipette screen where the Voyager pipette is being connected to the liquid handler.
6.2.2. SCREEN: Show the Vialab software interface with a script being selected from the list and opened.
6.2.3. SCREEN: Show the cursor clicking the Run or Start button.

6.3. Set the voltage to 500 volts, pulse duration to 3 milliseconds, and number of pulses to 2 [1]. Initiate the electroporation [2].
6.3.1. SCREEN: Show the device interface where voltage, pulse duration, and pulse number are being entered.
6.3.2. SCREEN: Cursor clicking NEXT to initiate the electroporation run.

6.4. Close the dock to clamp the consumable [1]. Observe the hardware indicator light flashing blue, indicating the system is idle and ready for loading [2]. 
6.4.1. Close-up of the dock closing and clamping the consumable.
6.4.2. Close-up of the hardware indicator light flashing blue on the device.

6.5. After starting the liquid handler, initiate the software run [1]. Observe the movement of droplets across the consumable during operation [2]. Once the software run is complete, restart the liquid handler to quench the samples [3] and transfer contents into a 96 well plate containing 100 microliters of prewarmed basal medium with interleukin 2 [4].
6.5.1. SCREEN: Shot of the cursor clicking the Start or Run button.
6.5.2. Close-up of droplets moving across the consumable surface.
6.5.3. SCREEN: Shot of DropGenie software, showing resume liquid handler.
6.5.4.  Close-up of the liquid handler being enabled and operating as it transfers liquid into a 96 well plate.

6.6. Place the plate cover onto the plate [1] and discard the well strips [2]. Complete the run by pressing enter on the software [3]. Once the dock opens, remove and discard the consumable [4].
6.6.1. Close-up of placing a lid onto the 96 well plate.
6.6.2. Close-up of discarding the used well strips into waste.
6.6.3. SCREEN: Shot of the cursor clicking Enter on the software.
6.6.4. Close-up of removing the consumable and placing it into a disposal pouch.

6.7. Review the postrun quality control report immediately after the run [1]. 
6.7.1. SCREEN: Display the postrun quality control report.

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

6.9. After removing the plate from the incubator, view it under a microscope [1]. Using a flow cytometer, perform downstream analysis and acquire cellular fluorescence data [2].
6.9.1. Talent placing the plate under microscope.
6.9.2. Close-up of plate being placed into the flow cytometer.


























Results

7. Results 
7.1. Droplet deposition variability was most evident at intermediate droplet volumes ranging from 90 to 120 nanoliter [1].
7.1.1. LAB MEDIA: Figure 2A. Video editor: Emphasize the blue bars along with the vertical lines on top of the blue bars with the labels 90 nL H2O and 120 nL H2O. 

7.2. Addition of PGA resulted in fluorescein deposition that scaled linearly with absorbance [1] and reduced variance across cartridges [2].  
7.2.1. LAB MEDIA: Figure 2A. Video editor: Emphasize all the purple bars labeled as PGA.
7.2.2. LAB MEDIA: Figure 2A. Video editor: Emphasize the vertical lines on top of all the purple bars labeled as PGA.

7.3. Free sgRNA exhibited a small hydrodynamic radius [1], while Cas9 titration formed a larger ribonucleoprotein complex [2].
7.3.1. LAB MEDIA: Figure 2B. Video editor: In the panel labeled 0 mg/ml PGA, emphasize the curve from x-axis 0.001 up to 0.01. 
7.3.2. LAB MEDIA: Figure 2B. Video editor: In the panel labeled 0 mg/ml PGA, emphasize the curve from x-axis 0.01 to near 1000. 

7.4. Addition of PGA reduced the apparent affinity between Cas9 and sgRNA and decreased complex size to approximately 10 nanometers [1].
7.4.1. LAB MEDIA: Figure 2B. Video editor: Emphasize the curve in the panel labeled 0.005 mg/ml PGA.

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

7.6. Editing efficiency remained high at 40, 20, and 10 nanoliter input [1].
7.6.1. LAB MEDIA: Figure 2D. Video editor: Emphasize the blue and purple bars at 40 nL, 20 nL, and 10 nL.

7.7. A standard gating strategy identified live singlet cells [1], followed by CD4 [2] and CD8 positive subsets [3], and T cell receptor expression [4].
7.7.1. LAB MEDIA: Figure 3A. Video editor: Emphasize plots labeled as cells F7 and singlets F7 under control and cells C3 and singlets C3 under experimental. 
7.7.2. LAB MEDIA: Figure 3A. Video editor: Emphasize the orange box in the plot labelled Live F7 under control and Live C3 under experimental.
7.7.3. LAB MEDIA: Figure 3A. Video editor: Emphasize the green box in the plot labelled Live F7 under control and Live C3 under experimental.
7.7.4. LAB MEDIA: Figure 3A. Video editor: Emphasize the plot CD4-F7, CD8-F7 under control and CD4-C3, CD8-C3 under experimental.

7.8. High-efficiency TRAC KO was achieved in CD4 and CD8 positive T cells [1] compared to non-targeting and off-cartridge controls [2].
7.8.1. LAB MEDIA: Figure 3B. 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+.
7.8.2. LAB MEDIA: Figure 3B. 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+.

7.9. Cell viability exceeded 96 percent across all conditions [1].
3.16.1. LAB MEDIA: Figure 3B. 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.  
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