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Author Questionnaire:
1. Microscopy: Does your protocol require JoVE to film through your microscope? N
2. Does your protocol require screen capture? Y
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. 
3. Which steps from the protocol section below are the most visually important? 
2.4.-2.9.
4. What is the single most difficult aspect of this procedure and what do you do to ensure success? 
2.5. The Au microelectrode may break during transferring the Au microelectrodes on the micropatterned PEG hydrogel layer. We will ensure that the hydrogel solution cover the entire electrode area to avoid the rupture of the electrodes during the peeling step. Furthermore, we will use a TMSPMA coated glass to guarantee an optimal adhesion of the PEGDA hydrogel onto the glass substrate, thereby preventing its detachment during the transfer step of the microelectrode.
4.2. The detachment of the bioactuator from the supporting glass slide is challenging. This problem can be easily solved when the spontaneous beating of the cardiac tissues is synchronous and strong enough to naturally peel the supporting hydrogel from the glass slide. For this reason, we have already optimized the hydrogels patterns (300µm for CNT-GelMA hydrogel and 75µm for PEGDA hydrogel) to induce a specific cell alignment favorable for the organization of a functional and synchronous cardiac tissue.
5. Will the filming need to take place in multiple locations (greater than walking distance)? N


Section - Introduction
Videographer: Interviewee Headshots are required. Take a headshot for each interviewee.

1. REQUIRED Interview Statements (Said by you on camera): All interview statements may be edited for length and clarity.

1.1. Su Ryon Shin: Our new method of fabricating electrically controlled bio-inspired actuators can not only overcome the limitations of existing bio-hybrid actuators but also strongly enhance the performance of cell-based actuators [1].

1.1.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera

1.2. Su Ryon Shin: Using these low-cost and easy-to handle techniques, the actuation behavior of bio-inspired soft robots can be controlled and tuned, leading to real-time stimulation [1].

1.2.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera

OPTIONAL Interview Statements: (Said by you on camera) - All interview statements may be edited for length and clarity.

1.3. Ting Wang: Our new method can potentially be extended toward the application of wireless-powered implantable flexible electronic devices for heart regeneration [1].

1.3.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera

1.4. Ting Wang: This method can also serve as a new platform for the study of the local electrical stimulation of cell-laden constructs [1]

1.4.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera

Ethics title card: (for human subjects or animal work, does not count toward word length total)

1.5. Procedures involving animal subjects have been approved by the Institutional Animal Care and Use Committee (IACUC) at Brigham and Women’s Hospital.


Section - Protocol
2. Au Microelectrode-Integrated, Micropatterned, Multilayered Hydrogel Scaffold Fabrication
2.1. Begin dissolving 80 milligrams of GelMA (gel-ma) in 4 milliliters of Dulbecco’s PBS [1-TXT].
2.1.1. WIDE: Talent mixing GelMA in DPBS, with GelMA and DPBA containers visible in frame TEXT: GelMA: gelatin methacryloyl
2.2. Then add 20 milligrams of carboxylic acid functionalized multiwalled carbon nanotubes [1] [2] and sonicate the solution for 1 hour at 660 millihertz and 100 Watts [3].
2.2.1. Talent adding CNT to solution, with CNT container visible in frame
2.2.2. Talent adding water to solution 
2.2.3. Solution being sonicated

2.3. [bookmark: _Hlk22218889][bookmark: _Hlk22221162][bookmark: _Hlk27095302]To create micropatterned PEGDA (peg-D-A), place one layer of 50-micrometer-thick, commercial transparent tape to one TMSPMA (T-M-S-P-M-A)-coated glass slide [added shot] and pour 15 microliters of 20% PEGDA prepolymer solution on top of the coated glass slide [1-TXT], then cover it with gold microelectrodes [2-TXT].

   2.3.0  Added shot: Tape being placed
2.3.1. Solution being poured onto slide TEXT: PEGDA: poly(ethylene glycol) diacrylate TEXT: TMSPMA: 3-(trimethoxysilyl)propyl methacrylate
2.3.2. gold microelectrode being placed 

2.4. Place the 1st photomask on top of the slide [1] and expose the entire construct to 200 Watts of ultraviolet light at 800 milliwatts of intensity and an 8-centimeter distance for 110 seconds [2].

2.4.1. Photomask being placed onto slide Videographer: Important step
2.4.2. Talent turning on UV light over slide Videographer: Important step
[bookmark: _Hlk22221394]
2.5. [bookmark: _Hlk22222940]At the end of the UV-exposure, put the glass slide into Dulbecco’s PBS [1] [2].

2.5.1. Put glass slide into PBS Videographer: Important/difficult step
2.5.2. Tape being placed Videographer: Important/difficult step{Comment: This shot was not filmed}

2.6. Add a 20-microliter drop of the carbon nanotube-GelMA prepolymer solution between the spacers [1].

2.6.1. CNT-GelMA being added between spaces Videographer: Important step

2.7. After 5-10 minutes, carefully detach the micropatterned PEGDA hydrogel and the gold microelectrodes from the uncoated glass substrate [1] and place the slide upside down onto the spacers [2].

2.7.1. Hydrogel being removed Videographer: Important step
2.7.2. Slice being placed onto spacers Videographer: Important step

2.8. Fix the slide to the dish with adhesive tape [1] and flip the entire assembly upside down [2].

2.8.1. Slide being taped Videographer: Important step
2.8.2. Dish being placed upside down Videographer: Important step

2.9. Place the second photomask onto the glass slide [1] and expose the assembly to UV light as demonstrated for 200 seconds [2].

2.9.1. Photomask being placed onto slide Videographer: Important step
2.9.2. Shot of assembly, then UV light coming on Videographer: Important step

2.10. At the end of the exposure, wash the scaffold one time with fresh Dulbecco’s PBS [1] and one time with cell culture medium supplemented with 10% fetal bovine serum [2-TXT].

2.10.1. Scaffold being washed with PBS, with PBS container visible in frame
2.10.2. Scaffold being washed with medium, with medium container visible in frame TEXT: See text for all medium and solution preparation details

2.11. Then place the scaffold in fresh medium in a new Petri dish in a 37-degree Celsius incubator overnight [1].

2.11.1. Talent placing scaffold into incubator

3. Neonatal Rat Cardiomyocyte Soft Robot Culture

3.1. After cardiomyocyte isolation from 2-day-old neonatal rat hearts according to standard protocols [1-TXT], resuspend the cells at a 1.95 × 106 cells/milliliter of cardiac medium concentration [2] and seed the cells onto the fabricated soft robot in droplets [3].

3.1.1. WIDE: Talent removing tube(s) from centrifuge TEXT: See text for neonatal heart harvest and cardiomyocyte isolation details
3.1.2. Shot of pellet if visible, then medium being added to tube, with medium container visible in frame
3.1.3. Cells being added to robot

3.2. When the entire surface of the device has been covered, incubate the samples at 37 degrees Celsius for 5 days [1], replacing the culture supernatant with 0.5 milliliters of fresh cell culture medium supplemented with 2% fetal bovine serum and 1% L-glutamine on the first and the second days after seeding [2-TXT]. 

3.2.1. Talent placing robot into incubator
3.2.2. Medium being added to robot, with medium container visible in frame TEXT: Replace medium every time color changes thereafter

4. Actuator Testing and Behavior Evaluation 

4.1. [bookmark: _Hlk21472672]To assess the spontaneous beating of the cardiomyocytes on the soft robot, starting on day 3 of culture, place the robot onto an inverted optical microscope stage [1] and use a 5- or 10x objective and video capture software to image the cardiomyocyte activity for 30 seconds at 20 frames per second [2].

4.1.1. WIDE: Talent placing robot onto stage
4.1.2. SCREEN: Cardiomyocyte beating being recorded by microscope.avi: Cardiomyocyte beating being recorded

4.2. On day 5, use a cover slide to gently lift the membranes at the edge [1].

4.2.1. Membrane being lifted Videographer: Difficult step

4.3. Using a 3-centimeter-spaced PDMS (P-D-M-S) as a holder, affix two carbon rod electrodes with platinum wire to a 6-centimeter Petri dish filled with cardiac medium [1-TXT] and carefully transfer the soft robot to the dish [2].

4.3.1. Electrodes being fixed to dish TEXT: PDMS: polydimethylsiloxane
4.3.2. Robot being placed into dish

4.4. Then apply a square waveform with a 50-millisecond pulse width, direct current offset value of 0 volts, and peak voltage amplitude between 0.5 and 6 Volts [1-TXT].

4.4.1. Talent applying current TEXT: Frequency varies between 0.5, 1, and 2 Hz and respective 2.5%, 5%. And 10% duty cycle

4.5. For electrical stimulation with the gold microelectrodes, use silver paste to attach two copper wires to the gold electrodes though an external square port [1] and cover the paste with a thin layer of PDMS precured at 80 degrees Celsius for 5 minutes [2].

4.5.1. Wires being attached to electrodes
4.5.2. Paste being covered with PDMS 

4.6. Then place the sample on a hot plate at 45 degrees Celsius for 5 hours to fully crosslink the PDMS [1] and apply a square wave electrical stimulus on the copper wires with a direct current offset value of 1 volt, a peak voltage amplitude between 1.5 and 5 Volts, and frequencies of 0.5, 1, and 2 hertz respectively [2].

4.6.1. Talent placing sample onto hot plate
4.6.2. Talent applying current



Section – Results
5. Results: Representative Cardiomyocyte Beating Behavior Analyses NOTE: Authors provided new figures, please use the ones uploaded on 12/16/19

5.1. These soft robots were designed by biomimicking the patterns of two different aquatic animals [1] - the caraibic starfish [2] and the manta ray [3].

5.1.1. LAB MEDIA: Figure 2
5.1.2. LAB MEDIA: Figure 2 Video Editor: please emphasize left column of images
5.1.3. LAB MEDIA: Figure 2 Video Editor: please emphasize right column of images

5.2. The cardiomyocyte-seeded carbon nanotube-GelMA layers exhibited different beating behaviors according to the pattern distances [1].

5.2.1. LAB MEDIA: Figures 4A and 4B B&W images only

5.3. [bookmark: _GoBack]To prevent irreversible complete rolling of the soft robot during the dynamic beating of the cardiomyocytes, the pattern spacing of the PEGDA hydrogel support layer was optimized to 300 micrometers [1].

5.3.1. LAB MEDIA: Figure 4C Video Editor: please emphasize With 300 micrometers PEG image

5.4. In these frames acquired from contraction recordings [1], a manta ray-shaped actuator can be clearly observed bending the wings as expected [2], with the tail balancing the structure by straightening when the wings were robustly closing in the middle [3].

5.4.1. LAB MEDIA: Figure 4D
5.4.2. LAB MEDIA: Figure 4D Video Editor: please emphasize wings in top row of images
5.4.3. LAB MEDIA: Figure 4D Video Editor: please emphasize tail in bottom row of images

5.5. Some of the membranes demonstrate a rotating movement while contracting due to misaligned micropatterned carbon nanotube-GelMA and PEGDA hydrogels [1].

5.5.1. LAB MEDIA: Figure 4E

5.6. Cardiac tissue on micropatterned PEGDA- and carbon nanotube-GelMA patterns can also be visualized by F-actin-DAPI confocal imaging [1].

5.6.1. LAB MEDIA: Figure 4B color image

5.7. Partial uniaxial sarcomere alignment and interconnected sarcomere structures can also be observed on the patterned areas by confocal microscopy [1], as well as well-interconnected sarcomere structures of cardiac tissues located directly above the microelectrodes [2].

5.7.1. LAB MEDIA: Figure 5D
5.7.2. LAB MEDIA: Figure 5E

5.8. The excitation threshold voltage is different at different frequencies of electrical stimulus through the external carbon electrode [1] or copper wire connected to the gold electrode [2].

5.8.1. LAB MEDIA: Figure 5F Video Editor: please emphasize grey data bars
5.8.2. LAB MEDIA: Figure 5F Video Editor: please emphasize white data bars



Section - Conclusion
6. Conclusion Interview Statements: (Said by you on camera) - All interview statements may be edited for length and clarity.
6.1. Ting Wang: The UV crosslinking process of PEGDA and CNT-GelMA micropatterning using photomasks is important for obtaining high quality, Au microelectrode-incorporated, multi-layer scaffolds [1].
6.1.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera (Step: 2.3.-2.10.)
6.2. Su Ryon Shin: Bioprinting is can be used for fabricating micropatterned hydrogels and flexible electrode. We use bioprinting to obtain geometrically well-defined soft robots in a rapid, inexpensive, and high-throughput manner [1].
6.2.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera
6.3. Su Ryon Shin: Our method can potentially contribute to the development of the wireless electrical stimulation of soft-biorobots through the integration of flexible electronic devices directly into hydrogel-based scaffolds [1].
6.3.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera
6.4. Ting Wang: Carbon nanotube and organic solvents should always be handled inside a hood, as the carbon nanotube fibers can make their way into the lungs, posing a risk for cancer development [1].
6.4.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera
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