Submission ID #: 53688
Editor Name: Michael Linnes
Videographer name: Mark Choi
Film Date: Oct. 27th
Authors and Affiliations: Hojin Kim1, Bohan Zhu1, Huiying Chen2, Oluwatomiyin Adetiba2, Aditya Agrawal1, Pulickel Ajayan3, Jeffrey Jacot2,4, and Rafael Verduzco1,3
1Chemical and Biomolecular Engineering 2Bioengineering 3Materials Sciences and NanoEngineering,
Rice University, Houston, TX 4Congenital Heart Surgery Services, Texas Children’s Hospital, Houston, TX 

Title: Preparation of Monodomain Liquid Crystal Elastomers and Liquid Crystal Elastomer Nanocomposites

Corresponding Author: 

Verduzco, Rafael Verduzco

rafaelv@rice.edu 

Co-authors:

jeff.jacot@rice.edu 

ajayan@rice.edu 

aagrawal004u@gmail.com
tomiadetiba@gmail.com 

Hc26@rice.edu 

bz10@rice.edu
Hk12@rice.edu 

Questionnaire:
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, 2.5, 2.6, and 2.7_____________________________________

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.) _______2.5 and 2.6____________________

E.  Will the filming need to take place in multiple locations? (Y/N) __Yes_____ If yes, how far apart are the locations? _They are in different buildings, but the buildings are adjacent to each other__

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 procedure is to prepare aligned, shape responsive liquid crystal elastomers and nano-composites. (Intro)
B.  Required Interview Statements: (Said by you on camera. Don’t forget to smile!)   
1.1. R. Verduzco: These materials can be used in a variety of applications where shape-responsive materials are needed, including for tissue engineering where cellular growth is influenced by stresses and strains in the surrounding environment. 

1.2. R. Verduzco: The main advantage of this technique is that it is reliable, raw materials are low-cost, and the technique can be easily applied without the need for specialized equipment.   

C.  Optional Interview Statements: (Said by you on camera. Don’t forget to smile!)   
1.3. Jeff Jacot: The application of these materials can potentially be used in the development of cardiomyocyte cell sheets, where we know that stresses and strains influence myocyte growth and tissue properties.    
1.4. Rafael Verduzco: Visual demonstration of this method is critical as the crosslinking, hanging, and loading steps are difficult to learn, because the sample is delicate during these steps and can easily break.   

D. Introduction of Demonstrator: (Said by you on camera. Don’t forget to smile!) 
1.5. ** Rafael Verduzco: Demonstrating the procedure will be Hojin Kim,  Bohan Zhu, and Huiying Chen, students from my laboratory and the Jeff Jacot laboratory.  
1.5.1. Interview style: Author saying the above 

1.5.2. 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. Synthesis of Aligned Polysiloxane Liquid Crystal Elastomers

2.1. Begin by combining 166.23 mg of a reactive mesogen, 40 mg of siloxane, and 12.8 mg of crosslinker with 0.6 mL of anhydrous toluene in a small vial charged with a stirring bar. [2.1.1 - MED - TXT] Stir the solution at 35 °C for 25 minutes for the reagents to completely dissolve. [2.1.2 - MED - TXT]
2.1.1. *Film as written (TEXT: Reactive Mesogen: (4-methoxyphenyl 4-(3-butenyloxy)benzoate, Siloxane: poly(hydromethylsiloxane), Crosslinker: 1,4-di(10-undecenyloxybenzene)) 

2.1.2. *Film as written (TEXT: 35 °C, 25 min)
2.2. In a separate vial, prepare a 1 weight percent solution of a platinum catalyst in dichloromethane. [2.2.1 - MED - TXT] Then, add 30 µL of the catalyst solution to the previously prepared solution and stir the mixture with the stir bar. [2.2.2 - CU]
2.2.1. *Film as written (TEXT: Catalyst: dichloro(1,5-cyclooctadiene)-platinum(II) Slated as 2.2.1 on accident
2.2.2. *Film as written

2.3. Next, pour the solution into a custom-made rectangular polytetrafluoroethylene mold. [2.3.1 - CU - TXT] Cover the mold loosely with a glass slide and place it into an oven at 60 °C for 30 minutes. [2.3.2 - MED] Shake the mold periodically to remove bubbles during the first 15 minutes. [2.3.3 - MED]
2.3.1. *Film as written (TEXT: PTFE Mold Dimensions: 3 cm x 2 cm x 1 cm)
2.3.2. *Film as written

2.3.3. *Film as written

2.3.4. [added] CU shake

2.4. Remove mold from the oven [2.4.1 - MED] and cool it quickly with liquid nitrogen by pouring liquid nitrogen into a small container [2.4.2 - MED] and contacting the bottom of the PTFE mold with the liquid nitrogen for 2 seconds. [2.4.3 - CU]
2.4.1. *Film as written

2.4.2. *Film as written.

2.4.3. *Film as written

2.5. Once the mixture has cooled, set down a PTFE sheet and use a metal spatula to carefully remove the elastomer from the mold and place it on top of the sheet. [2.5.1 - CU]
2.5.1. *Film as written

2.6. Next, use a razor blade to trim the edges of the liquid crystal elastomer and cut it along its length into three equal sized pieces. [2.6.1 - CU - TXT] Hang each piece to a horizontal rod and hold the elastomer in place using tape.  [2.6.2 - CU]
2.6.1. *Film as written (TEXT:  ~2.7 cm length, 0.5 cm width). 
2.6.2. *Film as written
2.7. Add one paperclip at a time to the end of the elastomers in 10 minute increments. [2.7.1 - CU - TXT] Allow them to hang for 7 days at room temperature and note any changes in length or uniformity. Discard any sample that tears or breaks. [2.7.2 - MED Over the Shoulder]
2.7.1. *Film as written (TEXT: Attach a total of 10 paperclips (4.4 grams))

2.7.2. Talent measures the length of the sample and writes it down.  Then looks at a torn sample and discards it.
3.  Preparation of Electrically-responsive Polysiloxane LCE Nanocomposites

3.1. To prepare an electrically responsive liquid crystal elastomer nanocomposite, add 4.38 mg of carbon black nanoparticles to the reaction solution containing the reactive mesogen, the crosslinker, and siloxane. [3.1.1 - MED]
3.1.1. *Film as written

3.1.1A [added] CU insert

3.2. During the hanging step of the fabrication, use a total of 5 paperclips instead of 10 to load the sample. [3.2.1 - CU]
3.2.1. *Film as written
3.3. Add additional carbon black nanoparticles to the liquid crystal elastomer surface [3.4.1 - CU] Prepare a 1% weight per volume solution of carbon black nanoparticles in toluene. [3.3.1 - CU] Sonicate the solution for 20 minutes to disperse carbon nanoparticles [3.3.2 - MED - TXT] and then pour the dispersion into a petri dish. [3.3.3 - CU]
3.4.1 [moved] *Film as written

3.3.1. *Film as written

3.3.2. Talent places samples in sonicator (TEXT: Sonicate: 20 min.)

3.3.3. *Film as written

3.4. Then immerse the liquid crystal elastomers into the nanoparticle dispersion for 6 hours. [3.4.2 - CU] 
3.4.1. [moved] *Film as written

3.4.2. *Film as written

3.5. Once removed from the solution, use a pipette to withdraw excess solution from the petri dish and allow the elastomer to dry in air. [3.5.1 - CU] Gently clean excess carbon particles on the surface using tape or a cotton swab. [3.5.2 - ECU]
3.5.1. *Film as written

3.5.1A [added] Ethanol insert

3.5.2. *Film as written

4. Preparation of Reversible Epoxy-based LCEs. 

4.1. To prepare reversible epoxy based liquid crystal elastomers, mix 246.15 mg of 4,4’-diglycidyloxybiphenyl, 101 mg of sebacic acid, 71.6 mg of hexadecanedioic acid, and 76 mg of carboxydecyl-terminated PDMS in the rectangular PTFE mold.  [4.1.1 - MED]
4.1.1. *Film as written

4.2. Heat the samples by placing them on a hotplate at 180 °C. [4.2.1 - MED] Then, add 11.48 mg of catalyst and use metal tweezers pre-heated to 180 °C to stir the mixture. Continue to stir the mixture periodically to remove bubbles generated by the reaction. [4.2.2 - CU - TXT]
4.2.1. *Film as written

4.2.2. Talent adds catalyst and then stirs the solution with the tweezers. (TEXT: Catalyst: (1,5,7-triazabicyclo[4.4.0] dec-5-ene))

4.3. Continue reacting the mixture for approximately 20 minutes. Once gelled, remove the PTFE boat from the hotplate and allow the mixture to cool to room temperature. [4.3.1 - MED] Then, use a razor blade to separate the elastomer from the PTFE mold.  [4.3.2 - CU]
4.3.1. Talent checks timer (at “0” min left), checks that the sample has gelled, and then removes the boat from the hot plate.

4.3.2. *Film as written

4.4. Next, place two PTFE sheets in a polymer press at 180 °C. [4.4.1 - MED] Place the elastomer between the PTFE sheets and compress the sample to a thickness of 0.3 to 0.5 mm. Continue heating the elastomer at 180 °C for 4 hours. [4.4.2 - MED]
4.4.1. *Film as written

4.4.2. Talent places elastomer between PTFE sheets and compresses the sample and then checks the heat setting.

4.5. After 4 hours, remove the sample and cool it to room temperature. [4.5.1 - MED] Then, cut the sample into rectangular pieces, 2.5 cm in length and 0.5 cm in width. [4.5.2 - CU - TXT] Hang the sample at one end using polyimide tape inside a heating oven. [4.5.3 - MED]
4.5.1. *Film as written

4.5.2. *Film as written(TEXT: 2.5 cm x 0.5 cm)

4.5.3. *Film as written 

4.6. Attach 12 paperclips with a total weight of 8.88 g to the free end of the sample. [4.6.1 - CU] Then, set the temperature of the oven to 165 °C and heat the samples overnight. [4.6.1 - MED - TXT]
4.6.1. *Film as written Slated as 4.5.3A
4.6.2.  *Film as written (TEXT: 165 °C, 12-16 hrs) Slated as 4.5.3
4.7. Remove the elastomer from the oven and note the change in length. [4.7.1 - CU] Next, heat the sample to 80 °C on a hotplate to remove residual stress, then cool back to room temperature. [4.7.2 - CU]
4.7.1. *Film as written

4.7.2. Talent places sample on hot plate.

5. Thermal Testing and Characterization of LCEs 

5.1. Measure reversible strain by placing the samples onto a hotplate and heating the plate back up to 120 °C. [5.1.1 - MED - TXT] 

5.1.1. *Film as written (TEXT: Heat to 120 °C)

5.2. Image the sample at room temperature, after heating to 120 °C, and after cooling back to room temperature.   Use the images to measure the sample length at each step.  [5.2.1 - MED]
5.2.1. Talent images the sample, then places it onto a hot plate to heat up. 
5.3. For thermo-mechanical measurements, use a razor blade to manually cut samples to dimensions of 2 cm by 0.3 cm and carefully fasten them, one at a time, in between the tension clamps. [5.3.1 - CU - TXT] Apply a force of 1 mN to the sample in order to first remove any slack. [5.3.2 - MED]
5.3.1. Talent fastens sample to the clamps (TEXT: 2 cm x 0.3 cm)

5.3.2. Talent applies 1 mN to the sample.
5.4. Then, thermally equilibrate samples at 30 °C followed by heating and cooling cycles. Heat the sample at 5 °C/min from 30 °C up to 120 °C. [5.4.1 - MED Over the Shoulder - TXT] Record the changes in the length and width of the sample during the temperature change.  [5.4.2 - MED Over the Shoulder]
5.4.1. Talent runs experiment at tester. (TEXT: 5 °C/min, 30 - 120 °C)

5.4.2. Talent records the sample length and width in a notebook.
6. Active Cell Culture through Electrical Stimulation of LCE Nanocomposites

6.1. Treat one surface of liquid crystal elastomer nanocomposites under oxygen plasma for 30 seconds. [6.1.1 - MED/CU] Then, spin cast 300 µL of a 1% weight per volume solution of polystyrene in toluene at 3300 rpm for 1 minute on top of the plasma cleaned surface. [6.1.2 - CU - TXT] 

6.1.1. *Film as written

6.1.2. Talent adds solution to polystyrene and then starts the spincoater. (TEXT: 3300 RPM, 1 min)

6.2. Dry the elastomer under vacuum for 12 hours to remove toluene [6.2.1 - MED] and then treat the polystyrene-coated surface of the LCE nanocomposite using oxygen plasma for 30 seconds. [6.2.2 - MED]
6.2.1. Talent removes sample from vacuum chamber.

6.2.2. Talent places the sample in the plasma chamber and starts to treat sample.

6.3. Sterilize the plasma treated elastomer nanocomposites in 70% ethanol for 30 minutes and then wash them with phosphate buffered saline. [6.3.1 - CU] Transfer the washed elastomer nanocomposites to a dry petri dish with the polystyrene-coated side facing up. [6.3.2 - CU]
6.3.1. *Film as written

6.3.1A [added] Washing with buffer

6.3.2. *Film as written

6.4. Next, add 5 mL of type one collagen solution to a dish and coat the entire surface of the samples by immersing them in the collagen solution. [6.4.1 - CU - TXT] Then, cover the samples and incubate them at 37 °C and 5% CO2 for at least 30 minutes. [6.4.2 - MED - TXT]
6.4.1. *Film as written  (TEXT: Collagen Solution: 50 µg/mL in 0.02 N acetic acid)

6.4.2. Talent places covered sample in incubator. (TEXT: 37 °C, 5% CO2, ≥ 30 min.)

6.4.3. Washing with buffer, use 6.3.1

6.5. Place the sample across the carbon rods and fix it on one end to ensure a good electrical contact. [6.7.1 - CU] Plate isolated neonatal rat ventricular cardiomyocytes on top of the substrates at a density of 100,000 – 600,000 cells/cm2. [6.5.1 - CU] Culture the cells as described in the accompanying text protocol.  [6.5.2 - MED]
6.7.1 [moved] *Film as written
6.5.1. *Film as written

6.5.2. Talent adds additional medium to plate.

6.6. Once the cells have firmly attached, transfer the seeded liquid crystal elastomer nanocomposites to a custom 3D-printed vessel.  [6.6.1 - CU] Ensure that the vessel is filled with cell culture maintenance media [6.6.2 - CU] and is equipped with parallel conductive carbon rods connected to an electric source. [6.6.3 - MED]
6.6.1. *Film as written

6.6.2. *Film as written

6.6.3. Talent connects rods to electric source

6.7. Next, insert a rectangular plastic piece through the notches in the 3-D vessel to hold the liquid crystal elastomer in place at one or both ends. [6.7.2 - CU]
6.7.1. [moved] *Film as written

6.7.2. *Film as written

6.8. Electrically stimulate liquid crystal elastomers with a 40 V AC electrical potential which has a 5 second on/off time for a total of 24 hours. [6.8.1 - MED - TXT]
6.8.1. Talent turns on voltage source to start treatment of sample (TEXT: 40 V A/C, 5 sec on - 5 sec off, 24 hrs)  
7. Results: Shape-response of LCEs and LCE Nanocomposites
7.1. Liquid crystal elastomers contract and elongate reversibly when heated from room temperature [7.1.1 - LM] to above the nematic-to-isotropic transition temperature, roughly 80 °C [7.1.2 - LM]
7.1.1. Figure 1a-b (Video Editor: Highlight Figure 1a)

7.1.2. Figure 1a-b (Video Editor: Highlight Figure 1b)

7.2. Dynamic mechanical analysis provides a quantitative measure of the liquid crystal elastomer shape change as a function of temperature.  The sample described by the graph shown here was heated and cooled through 4 cycles.  Once heated, the samples display about a 35% shortening in the direction it was hung during fabrication. The sample also expands 25-30% in the perpendicular direction.[7.2.1 - LM]
7.2.1. Figure 3a (Video Editor: Point to the bottom of the blue valleys with the words “35% shortening” and the peaks of the red line with the words “expands 25-30% in the perpendicular direction”.)

7.3. Liquid crystal elastomer nanocomposites contract on the application of an electrical potential. [7.3.1 - LM]
7.3.1. Figure 1c-d
7.4. When exposed to 40 V AC, the liquid crystal elastomer nanocomposites shorten about 22 and a half percent in the direction they was hung during fabrication.  Here, the samples were exposed to an on/off cycle every 15 seconds.[7.4.1 - LM]
7.4.1. Figure 3b (Video Editor: Draw a line at -22.5% strain with the words “about 22 and a half percent in the direction it was hung during fabrication”.)

8. Conclusion (said by authors on camera) 
8.1. Rafael Verduzco: Once mastered, this technique can be done in 2 hours if it is performed properly. The full LCE synthesis will be complete after hanging for 1 week
8.2. Hojin Kim: While attempting this procedure, it’s important to remember to hang the LCE with the correct weight, otherwise it may not align or it may break during fabrication.

8.3. Hojin Kim: Following this procedure, other additives (such as nanoparticles, nanotubes) can be added to the LCE to understand what stimuli-responsive properties it may have.
8.4. Jeff Jacot: We hope this technique will pave the way for researchers in biology and bioengineering to explore cellular growth on shape-responsive substrates and understand the effects of strain on cellular growth and alignment.

8.5. Rafael Verduzc: After watching this video, you should have a good understanding of how to produce aligned, shape responsive liquid crystal elastomers and liquid crystal elastomer nanocomposites.  
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.  

Figure1.tiff

Figure2.riff

Figure3.tiff

Figure4.tiff

Figure5.tiff

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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