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A.  Will you require JoVE to record video microscopy, such as filming a complex dissection or microinjection technique? (Y/N)__No _____________________________________________

B.   Does your protocol include detailed, step-by-step, descriptions of software usage? (Y/N)__No 
C.  Which steps of your protocol will viewers benefit most from having filmed? Please list 4-6 individual steps using the step numbers listed in this document. (Please do not list entire sections.) _2,3, 2.4, 3.1, 3.2, 4.7, 4.8  
D.  What is the single most difficult aspect of this procedure and what do you do to ensure success?  Please list 1-2 individual steps using the step numbers listed in this document. (Please do not list entire sections.) The most difficult aspect of the procedure is really getting the printing parameter down for a particular bioprinting device. Unfortunately, it’s difficult to demonstrate this aspect of the procedure, as other users would be adapting the hydrogel bioink to a different type of bioprinter. As we describe in the main text, some input and protocol customization is necessary on the part of other users. The individual steps in this procedure are relatively straightforward.
E.  Will the filming need to take place in multiple locations? (Y/N) __Yes___ If yes, how far apart are the locations? __Normally we would perform the Hydrogel Bioink Preparation and initial Printing Compatibility on the 4th floor of our building. The actual bioprinting takes place on the 2nd floor of our building. These are within the same building, and moving from one area to the other is straightforward with an employee with building access.

If desired, we can try to set up a space to perform the first steps near the bioprinting room. 
1. Introduction (Experimental Goal and Author Interviews) – As the beginning of your video, the introduction should clearly present the goal of your method to the viewer and its significance.  Other information can be provided according to the various statements below, but the total introduction should not exceed 150 words. 

A. Experimental Goal (read by voice talent at JoVE): 
The overall goal of this protocol is to demonstrate a versatile approach for designing hydrogel bioinks that can be extruded through bioprinting devices.  The bioinks can then be used to fabricate three-dimensional tissue constructs. (Intro)
B.  Required Interview Statements: (Said by you on camera. Don’t forget to smile!)   
1.1. Aleksander Skardal: This method can help answer key questions in the bioprinting field, such as how to control the mechanical properties needed in order to provide a material that can be extruded using a bioprinter. 

1.2. Aleksander Skardal: The main advantage of this technique is that we use commercially available components combined in a modular fashion to create a simple and effective bioprintable hydrogel bioink.   

C.  Optional Interview Statements: (Said by you on camera. Don’t forget to smile!)   
1.3. Thomas Shupe: The implications of this technique extend toward creating different types of 3D tissue constructs, which allow us to model how human organs respond to drugs, toxins, and disease.  

1.4. Mahesh Devarasetty: Though this method can provide a methodology to bioprint 3D liver constructs, it can also be applied to other tissue types, such as muscle, lung, and colon.
1.5. Steven Forsythe: Generally, individuals new to this method will struggle because there are a number of different reagents used to create the hydrogel bioink, but it is actually quite straightforward.

D. Introduction of Demonstrator: (Said by you on camera. Don’t forget to smile!) 
1.6. ** Aleksander Skardal: Demonstrating the procedure will be Young-Joon Seol, a postdoc on our team.    

1.6.1. Interview style: Author saying the above 

1.6.2. The named technician, post doc, student looks up from workbench or desk or microscope and acknowledges the camera.

Protocol (read by voice talent at JoVE):  
2. Hydrogel Bioink Formulations and Preparation

2.1. To begin, prepare a tissue specific extra-cellular matrix digest to be used in the hydrogel formulation as described elsewhere. [2.1.1 - MED - TXT]
2.1.1. Talent prepares ECM digest. (TEXT: See Skardal, A. et al. Biomaterials 33, 4565-4575, (2012) for details)

2.2. Then, dissolve a photoinitiator in water at a weight per volume ratio of 0.1%. [2.2.1 - CU - TXT]
2.2.1. *Film as written (TEXT: Photoinitiator: 2-hydroxy-4′-(2-hydroxyethoxy)-2-methylpropiophenone)
2.3. To form the hydrogel bioinks, first dissolve the base material components from the hyaluronic acid hydrogel kits into individual aliquots of the water-photoinitiator solution. [2.3.1 - CU - TXT]
2.3.1. *Film as written (TEXT: *See the accompanying text protocol for details)
2.4. Then, combine the ECM solution, the 2% thiolated hyaluronic acid, the 2% thiolated gelatin, the crosslinkers, and hepatocyte culture media in the ratios shown here.[2.4.1 - MED - TXT]
2.4.1. Talent combines the solution in the order listed. *Use well marked individual containers. (TEXT: 4 : 2% thiolated HA, 4 : 2% thiolated gelatin, 1 : crosslinker 1, 1 : crosslinker 2, 8 : ECM solution, 2 :HCM)
2.5. To improve the extrusion properties of the bioink, add 1.5 mg/mL of unmodified hyaluronic acid and 30 mg/mL of gelatin to the mixture.[2.5.1 - CU]
2.5.1. *Film as written
2.6. Then, vortex the resulting mixture on high for 10 seconds prior to use. [2.6.1 - CU]
2.6.1. *Film as written
3. Printer Compatibility Testing

3.1. Before testing the bioink in a bioprinting device, first test the extrusion characteristics on the laboratory bench. [3.1.1 - MED] Using a standard syringe, draw up a sample of the bioink and then attach a 20 to 30 gauge needle to the syringe. [3.1.2 - CU]
3.1.1. Talent sets out required items on the bench.

3.1.2. *Film as written

3.2. Allow the bioink to crosslink and then push the bioink through the needle to achieve smoothly extruded hydrogel filaments. [3.2.1 - MED] If the formulation is able to create a filament with few or no bumps, then it is ready for bioprinting. [3.2.2 - ECU]
3.2.1. Talent begins to extrude a filament.

3.2.2. Close-up of filament showing bumps or no bumps (preferably showing smooth formulation being extruded next to a bumpy filament.)
3.3. To load the bioink preparations in a bioprinter, pipette the bioinks into sterilized printer cartridges. [3.3.1 - MED] Allow them to sit for 30 minutes before extrusion as the bioink will undergo spontaneous stage 1 crosslinking within the cartridge.[3.3.2 - CU]
3.3.1. *Film as written

3.3.2. [combined with 3.3.1] Talent closes the cartridge and then sets it down on the bench and starts a timer.
3.4. Next, load the cartridge into the print setup [3.4.1 - MED] and connect a pneumatic pressure source to the cartridge. [3.4.2 - CU] Prepare a simple pattern, like this 7 x 7 mm grid of parallel lines, to print in order to evaluate its extrusion compatibility. [3.4.3 - LM]
3.4.1. *Film as written

3.4.2. *Film as written

3.4.3. Figure 3a

3.5. While the printhead moves in the X-Y plane, at a velocity of approximately 300 mm/min, apply a pressure of 20 kPa to the cartridge to extrude the bioink. [3.5.1 - CU/ECU]
3.5.1. Bioink is extruded by the printer in the pattern described. Same as 3.4.2, additional ECU video file uploaded
3.6. Aleksander Skardal: “If the extruded materials are lumpy or irregular, reduce the amount of the crosslinker added in order to soften the stage 1 crosslinked material. A properly prepared bioink formulation should extrude smoothly, allowing for precise deposition in architectures.” [3.6.1 - INT - LM]
3.6.1. Interview style: Author saying the above (Video Editor: Show Figure 3b as an insert during the words “lumpy or irregular, reduce the amount of crosslinker added” and show Figure 3c with the words “should extrude smoothly, allowing for precise deposition in architectures.”)
4. Bioprinting Liver-specific Hydrogel Bioink Containing Primary Liver Constructs

4.1. Prepare 3-D primary cell liver spheroids in a 96-well plate using the hanging drop method as described in the accompanying text protocol. [4.1.1 - MED]
4.1.1. Talent removes cells from incubator and places into TC hood.

4.2. After 3 days in culture, collect the liver spheroids from the hanging drop plate using a pipette and transfer them into a sterile 15 mL conical tube. [4.2.1 - CU]
4.2.1. Talent transfers a number of spheroids to a conical tube.
4.3. Let the spheroids settle to the bottom of the conical tube for 1 to 2 minutes. [4.3.1 - ECU] Then, carefully aspirate the media with a pipette.[4.3.2 - CU]
4.3.1. Close-up showing settled spheroids.

4.3.2. Talent aspirates the media.
4.4. Transfer 110 to 125% of the desired printed 3-D construct volume of the freshly prepared hydrogel bioink solution to the conical tube containing the spheroids.[4.4.1 - MED] 
4.4.1. *Film as written

4.5. Then, carefully pipette the spheroids up and down to resuspend them in the hydrogel bioink solution. [4.5.1 - CU]
4.5.1. *Film as written

4.6. Once evenly suspended, transfer the spheroid solution to a bioprinter cartridge using a pipette and allow the solution to undergo the first crosslinking stage for 30 minutes.[4.6.1 - CU]
4.6.1. Talent transfers the solution to the cartridge, closes the cartridge, and starts a timer.

4.7. Following stage 1 crosslinking, use a bioprinting device to create [4.7.1 - MED] the desired hydrogel structures containing the primary liver spheroids. [4.7.2 - CU - TXT]
4.7.1. Talent places cartridge into the bioprinter.

4.7.2. Bioprinter prints the structures. (TEXT: 400 - 500 µm diameter nozzle, 20 kPa pneumatic pressure, 300 mm/min printhead speed) additional ECU video file uploaded
4.8. After each layer of deposition, expose the printed bioink to UV light [4.8.1 - MED] for 2 to 4 seconds to initiate the secondary crosslinking mechanism.  This will stabilize the constructs and increase the stiffness to the desired level. [4.8.2 - CU - TXT]
4.8.1. Talent removes printed scaffold and places under UV lamp. (If the scaffold isn’t removed, then simply show the UV light setup prior to exposure.)

4.8.2. Talent exposes the scaffold to UV light. (TEXT: 365 nm, 18 w/cm2, 2-4 sec)

4.9. Aleksander Skardal:  “The concentration of PEG-alkyne in the solution is what controls the overall crosslinking density and therefore primarily controls the stiffness of the final construct.”[4.9.1 - INT]
4.9.1. Interview style: Author saying the above 

5. Results: Tissue-specific Bioinks Aid in Maintaining Native Cell Function
5.1. After bioprinting, high cell viability in the liver constructs was observed using confocal microscopy. Under optimal environmental conditions viability should be above 85%.[5.1.1 - LM]
5.1.1. Figure 4a (Video Editor: Label Figure 4a “Live/Dead”)

5.2. Additionally, when the constructs were stained for markers indicative of liver tissue, positive expression of; CYP3A4, a cytochrome p450 isoform; intracellular albumin E-cadherin, an epithelial cell-cell adhesion protein; and DPP-4, a protein expressed highly in the liver are all observed.[5.2.1 - LM]
5.2.1. Figure 4d-f (Video Editor: Label Figure 4d as “CYP3A4”, Figure 4e as “Albumin”, and Figure 4f as “DPP-4” and “E-cadherin”

5.3. When the culture media was tested for levels of urea and albumin, it was found that the constructs secreted both urea and albumin at constant levels over the 14 day time course.  This further suggests that the tissue-specific hydrogel bioinks aid in maintaining the function of the liver cells.[5.3.1 - LM]
5.3.1. Figure 4b-c (Video Editor: Remove the “B” and “C” labels from the images.  Label Figure 4b “Urea” and 4c “Albumin”).

6. Conclusion (said by authors on camera) 
6.1. Aleksander Skardal: Once mastered, this technique can be done in about 2 hours from start-to-finish if it is performed properly. However, this is often dependent on the particular bioprinting device that is employed.
6.2. Mahesh Devarasetty: While attempting this procedure, it’s important to remember that the steps demonstrated must often be adapted to be compatible with other tissue types or bioprinting devices. 
6.3. Steven Forsythe: Following this procedure, other hydrogel bioink formulations can be created in order to support the bioprinting of other tissue types.
6.4. Thomas Shupe: The development of this technique paved the way for researchers in the field of in vitro organoid models to create a multi-organoid “Body-on-a-Chip” that is being employed for human-specific drug and toxicology screening, as well as disease modeling.

6.5. Aleksander Skardal: After watching this video, you should have a good understanding of how to begin designing materials that can be used for bioprinting 3D tissue constructs, by using multi-step crosslinking. 

6.6. Steven Forsythe: Don't forget that working with ultra violet light can be extremely hazardous to one’s vision, and precautions such as using UV protective goggles should always be taken while performing this procedure.    
Provided Media

Authors, Please list all images, movie files, or 3-D rendered animations that can be included in the video per editor’s request.  The step in the script/video where these images will be inserted should be specified.   For example:

6.2 –  0123_PIname_Figure1.tif -  dual color imaging of tumor angiogenesis at 40X 

6.2 –  0123_PIname_Figure2.tif -  dual color imaging of tumor angiogenesis at 100X

Formats:  For static images we prefer .tiff, .eps, Illustrator, Powerpoint or Photoshop files at dimensions of at least 720X480 pixels and 300 dpi.  The higher resolution, the better.  Likewise any exported movie files should have at minimum these dimensions and be rendered to .mov, .mp4, or .avi files.  

Insert your media filenames here.
I don’t think we have any additional media files other than our results figures that are needed.

General Preparation

It’s critical for a smooth and organized shoot that all reagents are accounted for, in advance.   

Any overnight or long incubation steps should be recognized and specimens/samples be prepared in advance so that prior steps can be recorded and shooting can continue with pre-prepared specimens/samples.  

All tubes/flasks should be pre-labeled neatly before we arrive.  

Ex. Luciferase assay done in 96 well plates should be labeled with negative/positive control wells and experimental samples are labeled accordingly.

You will receive more detailed preparation instructions are included in the email accompanying the finalized script.
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