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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

3. Filming location: Will the filming need to take place in multiple locations?  Yes
Cell culture, bench and fume hood on the same floor, within 30 meters; microscope on the floor below.

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. Yes


Current Protocol Length
Number of Steps: 24 
Number of Shots: 53   

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

Authors: The statements have been edited for length and clarity. 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. Maria Carmo-Fonseca: We use human cardioids to determine how oligonucleotide delivery can be optimized for safe, effective RNA therapies for heart disease.
1.1.1. [bookmark: _Hlk148697315]INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera. 

Describe the research contexts or systems in which this protocol can be applied.
1.2. Maria Carmo-Fonseca: This protocol applies to human cardioid models in cardiovascular research, oligonucleotide delivery and trafficking studies, RNA therapeutic development, and preclinical evaluation.
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. Maria Carmo-Fonseca: This protocol allows researchers to measure oligonucleotide uptake and distribution in human cardioids and optimize delivery strategies for RNA therapeutics.
1.3.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera. 

Are there any additional methods or analyses that can be performed following this procedure?
1.4. Maria Carmo-Fonseca: Following this procedure, researchers can perform advanced imaging, machine-learning-based image analysis, and functional assays to investigate oligonucleotide delivery mechanisms.
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. Maria Carmo-Fonseca: Future studies can incorporate additional cardiac cell types and maturation strategies to examine how tissue complexity influences oligonucleotide delivery and therapeutic efficacy.
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.

Testimonial Questions (OPTIONAL): 

Videographer: Please capture all testimonial shots in a wide-angle format with sufficient headspace, as the final videos will be rendered in a 1:1 aspect ratio. Testimonial statements will be presented live by the authors, sharing their spontaneous perspectives.

What problem in your field of research does your JoVE article address?
1.6. Maria Carmo-Fonseca, Professor (University of Lisbon) and Group Leader (Gulbenkian Institute for Molecular Medicine): (authors will present their testimonial statements live)
How does the video format of your article help you to share your work with the broader scientific community?
1.7. Maria Carmo-Fonseca, Professor (University of Lisbon) and Group Leader (Gulbenkian Institute for Molecular Medicine): (authors will present their testimonial statements live)


Protocol  
Videographer: Please always record an audio slate while filming each shot mentioned in the shotlist.
2. Culture, Dissociation, Counting, and Plating Density Preparation of iPSCs
Demonstrator: Rita Tomás 

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. Begin by placing a 6-well tissue culture plate coated with an appropriate basement-membrane matrix inside the class II (two) biosafety cabinet [1]. Add human induced pluripotent stem cells suspended in defined, feeder-free, pluripotent stem cell medium to each well [2]. Allow cells to grow at 37 degrees Celsius with 5% Carbon dioxide [3]. Replace medium every 24 hours and passage cells at 70–80% confluency, to prevent culture from becoming over-confluent [4].
2.1.1. WIDE: Talent placing a 6-well tissue culture plate in the class II biosafety cabinet.
2.1.2. CU: Talent adding pluripotent stem cell suspension to each well of the plate.
2.1.3. Talent placing the 6-well plate in the 37 degrees Celsius incubator.
Videographer: Please obtain multiple reusable takes of 2.1.3, as these will be used later in the protocol
2.1.4. Shot of healthy cells being maintained by replacing medium every day in addition to passaging them below over-confluency.

2.2. Now, take a 6-well plate with growing iPSCs (i-p-s-sees) from the incubator and place it inside the biosafety cabinet [1]. Discard the culture medium [2] and wash the cells once with 1 milliliter of PBS [3]. Add 500 microliters of Accutase per well of the 6-well plate [4] and incubate at 37 degrees Celsius for 5 to 7 minutes [5].
2.2.1. WIDE: Talent removing a 6-well plate from the incubator and placing it inside the biosafety cabinet 
2.2.2. Talent discarding medium from each well.
2.2.3. CU: Talent washing cells in the well with PBS by gently pipetting up and down.
2.2.4. CU: Talent adding 500 microliters of Accutase per well of the 6-well plate.
2.2.5. Please reuse 2.1.3.

2.3. Next, add 1.5 milliliters of washing medium per well to gently resuspend the cells, generating a single-cell suspension [1]. Transfer the cell suspension to a 15-milliliter conical tube [2] and centrifuge at 200 g (gee) for 3 minutes at room temperature [3]. Discard the supernatant [4] and resuspend the cell pellet in feeder-free, iPSC medium supplemented with ROCK (rock) inhibitor at a final concentration of ten micromolar [5].
2.3.1. CU: Talent adding 1.5 milliliter of washing medium to the wells and gently pipetting up and down to generate a cell suspension 
2.3.2. Talent transferring the cell suspension to a 15-milliliter conical tube.
2.3.3. Talent placing the tube in the centrifuge at room temperature.
2.3.4. Talent discarding the supernatant.
2.3.5. CU: Talent resuspending the pellet in supplemented feeder-free iPSC medium by pipetting up and down.

2.4. Count the viable iPSCs using a hemocytometer [1]. For each well of an AggreWell-800 24-well plate, prepare a single-cell suspension of iPSCs at a density of 0.9 million cells per milliliter [2].
2.4.1. Talent taking viable counts using a hemocytometer.
2.4.2. Talent preparing a single cell suspension of the required cell density.

3. Microwell Plate Priming and iPSC Seeding 

3.1. Add 500 microliters of feeder-free iPSC medium containing ROCK inhibitor at a final concentration of 10 micromolar to each well [1]. Centrifuge the microwell plate at 300 g for 3 minutes at room temperature to remove air bubbles from the microwells [2].
3.1.1. CU: Talent adding 500 microliter of supplemented feeder-free iPSC medium to each well of the 24-well microwell plate.
3.1.2. Talent placing the microwell plate in the centrifuge at room temperature to remove air bubbles.

3.2. Add 1.0 milliliter of the prepared single-cell suspension of iPSCs to each well of the 24-well plate [1]. Using a P1000 (pee-one thousand) pipette, gently resuspend the cells within each well 3 to 5 times without introducing air bubbles [2]. Centrifuge the plate at 200 g for 3 minutes at room temperature to pellet the cells into the microwells [3].
3.2.1. CU: Talent adding iPSCs cell suspension to each well of the 24 well plate.
3.2.2. CU: Talent using a wide-bore pipette tip to gently resuspend cells in each well of the plate.
3.2.3. Talent placing the microwell plate in the centrifuge at room temperature to pellet the cells into the wells.

3.3. Verify microscopically that the cells have settled into the microwells [1], then incubate the plate at 37 degrees Celsius with 5% Carbon dioxide for 24 hours [2].
3.3.1. SCOPE: Shot of iPSCs settled into the microwells of the plate. 	Comment by Ruchira  Mukherji: Authors: yes you can capture an image of iPSCs settled into the microwells using the EVOS XL Core camera. 
3.3.2. Talent placing the plate in the 37 degrees Celsius incubator for 24 hours.
Videographer: Please obtain multiple reusable takes of 3.3.2. as these will be used later in the protocol

4. Expansion of iPSC Aggregates in Microwells


4.1. Tilt the plate containing iPSC aggregates, slowly aspirating approximately 1.0 milliliter of medium from each well, with a P1000 pipette, without disturbing the aggregates [1]. Next, gently aspirate the remaining approximately 500 microliters of medium [2]. Using a serological pipette, add 1.5 milliliter of feeder-free iPSC medium to each well by dispensing it slowly down the side of the well [3]. Incubate at 37 degrees Celsius with 5% carbon dioxide [4] and change medium daily [5]. 
4.1.1. CU: Talent gently tilting the plate and removing one milliliter of medium from each well using a wide-bore pipette tip without disturbing the aggregates. 
4.1.2. CU: Talent removing the remaining 500 microliters of the medium from the wells. 
4.1.3. CU: Talent adding feeder-free iPSC medium to each well from the side of the well using a serological pipette.
4.1.4. Please reuse 3.3.2.
4.1.5. Shot of fresh medium being added to wells every day after discarding the old medium.

5. Cardiac Differentiation of iPSC Aggregates 

5.1. On Day 0, from the plate with expanding iPSCs remove the medium from the wells using the gentle aspiration method as demonstrated [1]. To each well of the plate, now add 1.5 milliliter of basal medium supplemented with 2% B27 (bee-twenty-seven) minus insulin and Wnt (wint) or β-catenin (beta-cah-tee-nin) pathway activator - CHIR99021 (kyre-nine nine oh twenty-one) [2-TXT]. Incubate for 24 hours under standard conditions [3].
5.1.1. Talent gently discarding spent media from plate wells.
5.1.2. CU: Talent slowly adding supplemented basal medium to each well of the plate. TXT - Day 0: Mesoderm Induction; CHIR99021 concentration – 11 µM per well
Videographer: Please obtain multiple reusable takes of 5.1.2. as these will be used later in the protocol
5.1.3. Please reuse 3.3.2.

5.2. On Day 1, 24 hours after adding CHIR99021, gently discard the medium from each well [1-TXT]. Add 1.5 milliliter of fresh basal medium supplemented with 2% B27 minus insulin to each well [2] and then incubate for 48 hours [3].
5.2.1. CU: Talent gently discarding medium from each well after 24 hours. TXT: Day1 – Medium Change after Induction
5.2.2. Please Reuse 5.1.2.
5.2.3. Please Reuse 3.3.2

5.3. On Day 3, prepare conditioned medium by transferring 760 microliter of spent medium from each well to a sterile 50 milliliter conical tube [1 -TXT]. To this tube, add an equal amount fresh basal medium supplemented with 2% B27 minus insulin and mix gently [2]. Add IWP4 (iee-w-pee-four) to this tube of mixed medium at a final concentration of 5 micromolar and gently invert the tube several times to mix [3]. 
5.3.1. CU: Talent removing spent medium from each well and adding it to a sterile 50 milliliter conical tube. TXT: Day 3 - Cardiac Commitment via WNT Inhibition
5.3.2. Talent adding fresh supplemented basal medium to the 50-milliliter conical tube, at an amount equal to the spent medium in the tube.
5.3.3. CU: Talent mixing IWP4 into the tube by gently inverting it several times.

5.4. Carefully aspirate the remaining medium from each well as demonstrated [1]. Then add 1.5 milliliter per well of conditioned medium supplemented with IWP4 [2]. Incubate at 37 degrees Celsius with 5% Carbon dioxide for 48 hours [3].
5.4.1. Talent gently aspirating old medium from each well. 
5.4.2. CU: Talent adding IWP4 supplemented conditioned medium to each well of the plate.
5.4.3. Please reuse 3.3.2

5.5. On Day 5, discard the old medium using the gentle aspiration as demonstrated [1]. Add 1.5 milliliter of basal medium supplemented with 2% B27 minus insulin to each well [2], then incubate at 37 degrees Celsius with 5% carbon dioxide for 48 hours [3].
5.5.1. Talent gently aspirating old medium from each well. 
5.5.2. Please reuse 5.1.2.
5.5.3. Please reuse 3.3.2.

5.6. On Day 7, carefully aspirate the old medium using the gentle aspiration method as demonstrated [1]. Add 1.0 milliliter of basal medium supplemented with 2% B27 with insulin to each well [2]. Using a P1000 pipette, gently pipette the medium up and down five times while moving the tip in a circular motion across the well to dislodge the aggregates into suspension [3 -TXT]. 
5.6.1. Talent gently aspirating old medium from each well. 
5.6.2. Please reuse 5.1.2.
5.6.3. CU: Talent using a wide-bore pipette tip to gently mix the medium in the wells while moving the tip in circular motion. TXT: Day 7 - Transfer Aggregates from Microwells to 6-well Plates

5.7. Next, transfer the aggregate suspension from each well of the 24-well microwell plate into the corresponding well of a non-treated 6-well culture plate [1]. Rinse each well of the microwell-plate with an additional 1.0 milliliter of fresh medium two to three times and transfer each rinse to the same well of the 6-well plate [2]. Incubate at 37 degrees Celsius with 5% carbon dioxide for 72 hours [3].
5.7.1. CU: Talent transferring the aggregate suspension from one well to a single well of an untreated 6-well plate.
5.7.2. Shot of wells of the 24 well plate being rinsed with fresh medium and all the rinses being transferred to the same corresponding well of the 6 well plate.
5.7.3. Please reuse 2.1.3.

5.8. On Day 10, gently agitate the plate to dislodge any loosely attached aggregates [1]. Tilt the plate and allow the aggregates to settle at the bottom of the well by gravity [2]. Carefully discard the spent medium without disturbing or aspirating the aggregates [3]. 
5.8.1. CU: Talent carefully agitating the 6-well plate to dislodge loosely attached aggregates.
5.8.2. Talent placing the plate in a titled position to let the aggregates settle at the bottom by gravity.
5.8.3. ECU: Talent carefully discarding the spent medium without disturbing the aggregates that have settled down.

5.9. Subsequently, add 2.0 milliliter of fresh basal medium supplemented with 2% B27 with insulin to each well [1] and incubate at 37 degrees Celsius with 5% Carbon dioxide for 48 to 72 hours [2]. For extended maturation, maintain beating cardioids in suspension culture and continue replacing the medium every 2 to 3 days [3].
5.9.1. Talent adding fresh supplemented basal medium to each well of the 6-well plate.
5.9.2. Please reuse 2.1.3
5.9.3. Shot of old medium being discarded and fresh medium being added to each well of the plate.

6. Fluorescent Oligonucleotide Uptake by Cardioids


6.1. Prepare a stock solution of lyophilized, palmitic acid-conjugated, fluorescently labeled oligonucleotide in nuclease-free water to a final concentration of one millimolar [1]. On the day of the experiment, add the oligonucleotide stock solution to 1 milliliter of cardioid culture medium in the 6 well plate, to obtain a final oligonucleotide concentration of one micromolar, and mix by gentle agitation [2-TXT]. Incubate at 37 degrees Celsius with 5% Carbon dioxide for 24 hours [3].
6.1.1. Talent preparing stock solution of fluorescently labeled oligos in covered 1.5 milliliter microcentrifuge.
6.1.2. CU: Talent adding appropriate amount of oligonucleotide to each well to obtain final concentration of one micromolar and mixing gently. TXT- 1 µL of 1 mM oligonucleotide stock + 1 mL cardioid culture medium (1:1000 dilution)
Video Editor: 1:1000 is a ratio
6.1.3. Please reuse 2.1.3

6.2. Remove the 6-well plate, containing oligonucleotide treated cardioids, from the 37 degrees Celsius incubator and transfer the contents of the wells into individual 1.5 milliliter microcentrifuge tubes [1]. Wash the cardioids three times with PBS to remove extracellular oligonucleotide [2]. Fix the cardioids in 4% paraformaldehyde for 20 minutes at room temperature [2]. Wash the fixed cardioids three times with PBS [3].
6.2.1. Shot of 6-well plate being taken out of the incubator and contents from each well, being transferred into individual 1.5 milliliter microcentrifuge tubes.
6.2.2. Talent washing the cardioids in the 1.5 milliliters microcentrifuge tubes with PBS. 
Videographer: Please obtain multiple reusable takes of 6.2.2. as these will be used later in the protocol
6.2.3. Talent adding 1 milliliters 4% paraformaldehyde to the tubes, in the fume hood, to fix the cardioids.
6.2.4. Please reuse 6.2.2

6.3. To fluorescently label intact, fixed cardioids, incubate them overnight in staining mixture at 4 degrees Celsius away from light [1-TXT]. After staining overnight, wash cardioids three times in PBS [2]. 
6.3.1. Talent adding staining mixture to the fixed cardioids and placing at 4 degrees Celsius. TXT- Staining Mixture: PBS with 5 µg/mL wheat germ agglutinin and green fluorophore; 1 µg/mL DAPI.
6.3.2. Please reuse 6.2.2

6.4. Subsequently prepare a spacer glass slide by fixing two square coverslips, one on each slide of the glass slide with nail varnish [1]. Now, mix the washed cardioids with anti-fade mounting medium and pipette the mixture into the space between the two square coverslips, in the center of the slide [2]. Place a rectangular coverslip on top, resting on the two square spacer coverslips, and seal the open edges of the rectangular coverslip with nail varnish [3].
6.4.1. CU: Talent preparing the spacer glass slide by affixing two cover slips on each side of a regular glass slide.
6.4.2. Talent adding the mixture of cardioids and anti-fade mounting medium to the center of the slide.
6.4.3. Talent placing a rectangular coverslip on top of the sample and sealing the open edges with nail varnish.

6.5. Acquire images using a laser-scanning confocal microscope equipped with an array detector for super-resolution imaging and a 40× (forty- ex) water-immersion objective [1]. Acquire eight-section z-stacks (zee-stack) with a single z-step size of 2 micrometer, covering a total depth of 16 micrometer [2]. Visualize each fluorescent label using the appropriate laser line and emission detection settings, adjusting the laser power to obtain a clear signal without saturation [3-TXT]. Acquire images using the specified imaging and scanning settings [4]. 
6.5.1. Talent switching on the computer and setting up the microscope for imaging the cardioids.
6.5.2. SCREEN: Z-stack parameters being set in the microscope software.
6.5.3. SCREEN: Laser lines and laser transmission intensity being adjusted in the microscope software. TXT: Refer to the Text Protocol for Laser Lines and Transmission Intensities
Authors: Please create a screen capture video of the shots labelled SCREEN and upload them onto your project page: https://review.jove.com/files_upload.php?src=21964013
6.5.4. TEXT ON A PLAIN BACKGROUND: 
Volumetric pixel size = 0.0449 × 0.0449 × 2 µm³
Bidirectional Scanning Speed = 5 
Line Averaging = 1 
Pixel dwell time = 1.51 µs per pixel
6.5.5. 

Results
7. Results 

7.1. Confocal microscopy images showed intracellular fluorescent anti-sense oligonucleotides as discrete yellow puncta in 14-day old cardioids [1], with cell membranes labeled in magenta and nuclei in blue [2]. The panel on the right presented a higher-magnification view of the boxed region [3]. Negative controls showed cardioids without fluorescent ASO signals [4].
7.1.1. LAB MEDIA: Figure 4 Video Editor: Please highlight the bright yellow spots in the white box of panel A with an arrow.
7.1.2. LAB MEDIA: Figure 4 Video Editor: Please highlight the magenta cell boundaries and blue nuclei of cells using white arrows in all four panels A, B, C, and D.
7.1.3. LAB MEDIA: Figure 4 Video Editor: Please highlight the bright yellow spot in panel B using an arrow.
7.1.4. LAB MEDIA: Figure 4 Video Editor: Please highlight panels C and D simultaneously.

7.2. Confocal images showed fluorescent anti-sense oligonucleotides distribution at different z-positions under constant imaging conditions [1], while quantification studies demonstrated comparable ASO (a-es-oh) uptake throughout the tissue [2].
7.2.1. LAB MEDIA: Figure 5 Video Editor: Please highlight all three images labeled 0µm, 6µm and 10 µm in panel B of the figure, at the same time.
7.2.2. LAB MEDIA: Figure 5 Video Editor: Please highlight both the X and the Y-axis of the graph in panel C simultaneously.
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