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Authors, please fill out the brief questionnaire below.   
A.  Will you require JoVE to record video microscopy, such as filming a complex dissection or microinjection technique? (Y/N) ____No_____ If yes, please list make and model of your microscope: ___________________

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 steps____1. Thermal evaporation_ 2. Spin coating the photoresist onto the substrate _3. Lithography using mask aligner _4. Electroplating to pattern panels and hinges_5.Release of the 2D precursors from the substrate_6. Folding. ________________

D.  What is the single most difficult aspect of this procedure and what do you do to ensure success?  ___________For static, sealed particles, the most difficult aspect of this procedure is to have correct amount of hinge material to achieve desired folding angle whereas for reconfigurable particles, the most difficult aspect is to choose the correct thickness of the stress and neutral layer to achieve optimum bending. ___________________

1. Introduction (Schematic Overview and Interview)

A. Schematic Overview (read by voice talent at JoVE):

Authors, please select from “Procedural Narrative” or “Conceptual Narrative” and complete the statements below. Please do not add additional steps.  Then, attach your finished graphic overview.  See accompanying instructions for details and examples.  
Procedural Narrative:
This protocol synthesizes precisely-patterned static and reconfigurable particles of different shapes and sizes (Intro). First, design masks for the two dimensional net that will eventually self-assemble to the desired patterned particles.  (P1) Then deposit the sacrificial and conducting layers onto a flat substrate (P2). Fabricate the 2D precursors by patterning panels and hinges using photolithography, thin film deposition and etching. (P3) Then dissolve the sacrificial layer to release the 2D precursors from the substrate (P4). Ultimately, the released 2D precursors are exposed to specific stimuli to trigger folding of the particles, ranging from the micrometer to the centimeter scale (P5).
Video Editor:  In P2, P3, and P5: Start with the upper-most image, then have it turn into the image immediately below it, then that turns into the image below that, etc. So in P2, the layers are building up. In P3, the layers are disappearing. 
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B.  Interview: (Said by you on camera. Don’t forget to smile!)  

Authors: Below are statements we would like you to complete that are complementary to the information contained within the schematic overview.   

· Only one statement should be chosen and completed per author who will be on camera demonstrating the protocol.    

· Enter the name of the individual who will say each line. 

· Please choose and fill out the statement(s) that convey the most important fact(s) about your protocol. You may revise the given prompts as necessary to improve the sentence flow.

· If any individuals will be doing demonstrations on camera but are not assigned a speaking part in this interview section, please use statement 1.8 to introduce these demonstrators (for example, the PI introduces students)

1.1. Evin Gultepe: This approach has key advantages over existing methods, like emulsion polymerization or molding of particles. It transforms the accuracy and precision of planar lithography to three dimensional patterning of particles with different 3D shapes and sizes.  

1.2. David H. Gracias: The implications of this technique extend toward the creation of miniaturized smart particles such as those that can do biopsies in hard to reach places in the body. Further, the methodology can be utilized to create particles composed of metals and semiconductors and even polymeric capsules that could be important in drug delivery, since they can form non-spherical multi-functional particles and capsules.  
1.3. Shivendra Pandey: The patterning and self-folding steps are difficult to learn, so visual demonstration of  both lithography and self-assembly skills are instructive. 

Protocol (read by voice talent at JoVE):

Authors:  In order to ensure that your protocol can be filmed in a single day, the protocol text must be limited to 30 steps – each step being defined as 3 lines of 12 pt text in our formatting style below.  This amounts to 3 pages of protocol text.  The scope of the scripted protocol text should include only those aspects of the procedure that require visualization in order to be well understood.     

2. First Section of Protocol
2.1. Talent: In this demonstration, we will fabricate static, permanently sealed, 300 µm size hollow dodecahedra as well as reconfigurable thermo-sensitive microgrippers.

2.1.1. Interview style (while seated at computer workstation, if possible holding a final products)
2.2. Start with a two-dimensional vector graphics software program. First determine the number of panels in the polyhedra. Proceed to figure out the high-yielding two-dimensional arrangement of panels, also called nets.

2.2.1. SCREEN: Talent opens a two-dimensional vector graphics software program. 

2.2.2. SCREEN: Talent determines the number of panels in the polyhedra. 

2.2.3. SCREEN: Talent starts to configure the high-yielding two-dimensional arrangement of panel nets.

2.3. Talent: Nets that have the lowest radius of gyration and greatest number of secondary vertex connections will typically assemble with the highest yields. 

2.3.1. Interview style.

2.4. For the panel mask, draw the panels of the polyhedra as nets. Space the adjacent panels by a gap width. Then insert registry marks for subsequent alignment with the hinge mask. 
(Please add SCREENs from the video file “Movie 1 (Steps 2.4-2.5).avi” )

2.4.1. SCREEN: Talent begins panel mask by drawing the panels of the polyhedra as nets. 

2.4.2. SCREEN: Talent spaces the adjacent panels by a gap width of 30 µm. 

2.4.3. SCREEN: Talent inserts registry marks for subsequent alignment with the hinge mask.

2.5. Now for the hinge mask, define the folding hinges in between the panels.  Also define the sealing hinges at the edges of the panels. Then verify that the panel and hinge masks overlay, with registry. 
(Please add SCREENs from the video file “Movie 1 (Steps 2.4-2.5).avi” )

2.5.1. SCREEN: Talent defines the 240 µm x 60 µm folding hinges in between panels of the hinge mask.  

2.5.2. SCREEN: Talent defines the 240 µm x 30 µm sealing hinges at the edges of the panels. 

2.5.3. SCREEN: Talent verifies that the panel and hinge masks overlay, with registry.

2.6. Talent: Sealing hinges provide considerable error-tolerance during self-folding. 
2.6.1. Interview style
2.7. Now print the masks on transparency films using a high resolution printer. 
2.7.1. CU/ECU: Talent shows printed masks.
3. Substrate preparation

3.1. Begin the substrate preparation with a flat substrate. Clean the silicon wafers with methanol, acetone and isopropyl alcohol. Then dry them with nitrogen gas, and heat at 150 ºC for 5 to 10 minutes.
3.1.1. MED/CU: Talent arranges required number of silicon wafers. 
3.1.2. CU/ECU: Talent clean the silicon wafers with methanol, acetone and isopropyl alcohol. 
3.1.3. MED/CU: Talent places the wafers under nitrogen gas.
3.1.4. MED: Talent places the wafers at 150 ºC.
3.2. On the silicon wafers, spin coat a 5.5 micron thick layer of 950 PMMA A11 at 1000 rpm. After 3 minutes, bake the substrate at 180 ºC for 60 seconds.
3.2.1. ECU: Talent spin coats a 5.5 micron thick layer of 950 PMMA A11 at 1000 rpm. 
3.2.2. CU: Talent places substrate at 180 ºC.
3.3. Using a thermal evaporator, deposit an adhesion promoter of 30 nm chromium and the conducting layer of 150 nm copper.
3.3.1. CU/ECU: Talent places the wafer in a thermal evaporator 
3.3.2. ECU: Talent removes the copper coated wafer from the thermal evaporator.
3.4. Then add a spin coat of ~10 micron thick SPR220 at 1700 rpm. Set aside for 3 minutes.
3.4.1. CU/ECU: Talent adds a spin coat of ~10 micron thick SPR220 at 1700 rpm. 
3.4.2. MED: Talent sets timer for 3 minutes.
3.5. Now expose the wafers to the panel mask, using ~460 mJ/cm2 of UV light and a mercury based mask aligner.
3.5.1. ECU: Talent exposes the wafers to the panel mask, using ~460 mJ/cm2 of 365 nm UV light and a mercury based mask aligner.
3.6. Develop in MF 26 developer for 2 minutes.  Replenish the developer solution and develop for another 2 minutes.
3.6.1. MED/CU: Talent develops wafers in MF 26 developer
3.6.2. ECU: Talent sets timer for for 2 minutes.  
3.6.3. CU: Talent removes the wafer from first developer dish and places in a dish with fresh developer solution. 
3.6.4. ECU: Talent places wafers in developer.
3.7. Proceed to calculate the total panel area, and compute the current required to electrodeposit nickel from a commercial nickel sulfamate solution [Text over video: 1-10 mA/cm2, electroplate thickness ~ 8 µm]. Then dip the wafer in the nickel electroplating solution.
3.7.1. SCREEN: Talent calculates the total panel area (Please add SCREEN from the video file “Movie 2 (Step 3.7.1).avi”)
3.7.2. SCREEN: Talent computes the current required to electrodeposit nickel from a commercial nickel sulfamate solution. (Please add SCREEN from the video file “Movie 3 (Step 3.7.2).avi”)
3.7.3. Talents dips the wafer in the nickel electroplating set up.
3.8. Repeat the spin coating and alignment steps for the hinge mask.
3.8.1. MED/CU: Talent spin coats on hinge mask.
3.9. Now dice the wafer into small pieces that contain 50 to 60 nets. Coat the edges of the pieces with nail polish.
3.9.1. ECU: Talent uses a diamond cutter to dice the wafer into small pieces that contain 50 to 60 nets  (show beginning and end product, if possible) 
3.9.2. ECU: Talent coats the edges of the pieces with nail polish.
3.10. Next, calculate the total exposed hinge area, and use it to compute the current required to electrodeposit lead-tin solder from a commercial solder plating solution [Text over video: 20-50 mA/cm2; electroplate thickness ~15 µm]. Then dip the wafer into the solder plating solution.
(Please add SCREENs from the video file “Movie 4 (Step 3.10).avi”)
3.10.1. SCREEN: Talent calculates the total exposed hinge area, 
3.10.2. SCREEN: Talent computes the current required to electrodeposit lead-tin solder from a commercial solder plating solution.
3.10.3. Talents dips the wafer piece in the solder electroplating set up.
3.11. Dissolve the photoresist in acetone. Rinse the wafer pieces with IPA, and dry with nitrogen gas.
3.11.1. MED: Talent dissolves the photoresist in acetone. 
3.11.2. ECU: Talent rinses the wafer pieces with IPA
3.11.3. CU: Talent dries the wafer pieces with nitrogen gas.
3.12. Immerse the wafer piece in etchant APS 100 for 25 to 40 seconds to dissolve the surrounding Cu layer. Rinse with distilled water and dry with nitrogen gas.
3.12.1. ECU: Talent immerses the wafer piece in etchant APS 100(if possible show dissolving of the surrounding Cu layer). 
3.12.2. ECU: Talent rinses with distilled water
3.12.3. CU: Talent dries pieces with nitrogen gas.
3.13. Now immerse the wafer piece in etchant CRE-473 for 30 to 50 seconds to dissolve the surrounding Cr layer. Then rinse with distilled water and dry with nitrogen gas.
3.13.1. ECU: Talent immerses the wafer piece in etchant CRE-473 (show dissolving of the surrounding Cr layer). 
3.13.2. CU: Talent rinses pieces with distilled water
3.13.3. ECU: Talent dries the pieces with nitrogen gas.
3.14. Finally, immerse the wafer piece in 2 to 3 mL of NMP and heat at 100 ºC for 3 to 5 minutes, until the templates are released from the substrate. 
3.14.1. ECU: Talent immerses the wafer piece in 2 to 3 mL of NMP
3.14.2. CU/ECU: Talent removes wafer pieces from 100 ºC (show the templates released from the substrate). 
3.15. Transfer 10 to 20 templates into a small petri-dish, and distribute them uniformly.
3.15.1. ECU: Talent transfers 10 to 20 templates into a small petri-dish, and distributes them uniformly.
3.16. Then add ~3-5 mL of NMP and 5 to 7 drops of Indalloy 5RMA liquid flux.  Heat at 100 ºC for 5 minutes.

3.16.1. ECU: Talent adds ~3-5 mL of NMP and 5 to 7 drops of Indalloy 5RMA liquid flux.  
3.16.2. MED/CU: Talent places samples at 100 ºC.
3.17. Talent: The Indalloy 5RMA liquid flux cleans and dissolves any oxide layer formed on the solder and thereby ensures good solder reflow on heating above melting point.
3.17.1. Interview style.
3.18. Increase the hotplate temperature to 150 ºC for 5 minutes. Slowly increase to 200 ºC until folding occurs [Text over video: 5-8 mins]. 
3.18.1. MED/CU: Talent increases the hotplate temperature to 150 ºC 
3.18.2. CU/ECU: Talent slowly increases to 200 ºC (show folding if possible).
3.19. After the dish has cooled, rinse the dodecahedra twice in acetone, and once in ethanol. Store the dodecahedral particles in ethanol.
3.19.1. MED/CU: Talent rinses the dodecahedra in acetone, 
3.19.2. ECU: Talent rinses in ethanol. 
3.19.3. MED/CU: Talent labels the dodecahedra for storage.
3.20. For reconfigurable structures with metallic sacrificial layer, immerse the wafer piece in APS 100 to etch the underlying Cu sacrificial layer. Wait until the microgrippers are completely released from the substrate.

3.20.1. CU/ECU: Talent immerses the wafer piece in APS 100 to etch the underlying Cu sacrificial layer of reconfigurable structures with metallic sacrificial layer. 

3.20.2. ECU: Talent shows microgrippers are completely released from the substrate.

3.21. Rinse the released microgrippers with de-ionized water and keep them in cold water. Then trigger the folding by placing the microgrippers in 37 °C water.
3.21.1. CU: Talent rinses the released microgrippers with de-ionized water 
3.21.2. ECU: Talent places the microgrippers in 37 °C water (show folding).
3.22. Talent: The general protocol, described in the accompanying manuscript, can be used to fabricate patterned, sealed particles and reconfigurable grasping devices. Also included are specific, visualized examples for both the fabrication of sealed dodecahedral particles and reconfigurable microgrippers. 

3.22.1. Interview style 

4. Results: Patterned and Reconfigurable Particles
4.1. As a general rule, at least two mask sets are needed. One for rigid panels that do not bend or curve, and the other for hinges regions that bend, curve or seal.
4.1.1. LAB MEDIA: Figure 1 A - C
4.2. This pattern uses the mask design rules for a self-folding microgripper.

4.2.1. LAB MEDIA: Figure 1D - F

4.3. AutoCAD® program is used to design the masks of the 2D precursors.

4.3.1. LAB MEDIA: Figure 2A 

4.4. The 2D precursors are then fabricated on a silicon substrate, as seen in these optical images of dodecahedra and microgrippers. 

4.4.1. LAB MEDIA: Figure 2B and C

4.5. This realization shows self-assembly of a dodecadedra particle as prepared in the protocol detailed in this article.

4.5.1. LAB MEDIA: Video 2.

4.6. Here the microgrippers are induced by heat to self-fold at 37(C.

4.6.1. LAB MEDIA: Video 3.

4.7. Here, the images depict assembly of a thin film stress driven folding of a microgripper around a bead.

4.7.1. LAB MEDIA: Figure 2J-N
4.8. Self-assembled polyhedral particles can be created in a variety of shapes as well as folding microgrippers. 

4.8.1. LAB MEDIA: Figure 5A

4.9. This conceptual animation by David Filipiak shows surface tension driven assembly of a cubic particle. First the silicon wafer and photo mask are aligned precisely.

4.9.1. LAB MEDIA: Video 1  (up to 00:00:16)

4.10. Then the wafers are exposed to the panel mask, using ~460 mJ/cm2 of UV light and a mercury based mask aligner.
4.10.1. LAB MEDIA: Video 1  (continue to 00:00:39)
4.11. To induce folding of the cube, the temperature is raised to the melting point of the hinge material, causing the liquid hinges to ball-up to minimize exposed surface area. The edges fuse to minimize their surface energy and seal the particles. Thus forming a complete cubic particle.
4.11.1. LAB MEDIA: Video 1  (continue to end)
4.11.2. LAB MEDIA: Figure 2E-I

4.12. The fabrication and actuation process is highly parallel and 3D structures can be fabricated and triggered simultaneously. Additionally, precise patterns as exemplified by square or triangular pores can be defined in all three dimensions, and on selected faces if needed.

4.12.1. LAB MEDIA: Figure 5 A then have B-E appearing simultaneously

4.13. Self-folding microgrippers can be closed under biologically benign conditions so that they can be used to excise tissue or they can be loaded with biological cargo. This example shows bladder tissue extraction using thermosensitive microgrippers.

4.13.1. LAB MEDIA: Video 6.

4.14. Additionally, since the microgrippers can be made with nickel, a ferromagnetic material, they can be moved from afar using magnetic fields. 

4.14.1. LAB MEDIA: Video 4 and video 5.
INSTRUCTIONS FOR AUTHORS:

Please ensure that the representative results narration is appropriate and correctly describes your images, movies, or figures.  Our editors have ensured that the results are written in our format.   

We consider this section a critical aspect of the video, because here is where you provide validation for your experiments.  For example, if this is a cell culture preparation, this section is where the video will show your cells at various time points following culturing.  If this is an imaging prep, then this part is where you will show examples of your imaging experiments.  

Please limit the extent of narration to no more than 2-3 lines of text per image or movie file being described.   Figures with multiple panels submitted with the original protocol should be broken up so that each panel is a separate image.   Like the schematic, each image or movie file supplied in the results should be referenced by annotation in parenthesis, however for the results, the specific filename should be given in parenthesis.  

Below is an example of results text:

EXAMPLE REPRESENTATIVE RESULTS

5.  Evaluation of Morpholino Injection and Knockdown

5.1   Representative results of both morpholino injection and mRNA injection are shown here. The    

        uninjected control at 48 hours post fertilization looks normal, as expected 

        -LAB MEDIA: 0123_PIname_Figure1.tif  (Replace 0123 with your jove video #)

5.2   However, embryos injected with the morpholino heg_e3i3_egfr1, which knocks down Heg isoforms

                     containing the first of two EGF-like repeats, exhibit brain edema.


        -LAB MEDIA: 0123_PIname_Figure2.tif


5.3   Injection of heart of glass mRNA also produced an obvious phenotype. At 24 hours post fertilization, 

        the heads of the uninjected controls look normal 

        -LAB MEDIA: 0123_PIname_Figure3.tif

5.4   Conversely, some of the embryos injected with the mRNA exhibit cyclopia     

                     -LAB MEDIA: 0123_PIname_Figure4.jpg

Please visit the following URL to see an example of how the results will look when complete:

http://www.jove.com/video/1597/results-example-mably?access=ksw0bprj
5. Conclusion (said by authors on camera)

Authors: Below are statements we would like you to complete that summarize and conclude the video. Only one statement should be chosen and completed per author who will be on camera demonstrating the protocol. In addition to choosing and filling out the appropriate statement, please enter the name of the individual who will say each line. You may revise the given prompts if necessary to better fit your protocol.
5.1. Shivendra Pandey: We hope you will these utilize origami inspired approaches to synthesize precisely patterned and reconfigurable particles in a variety of sizes, shapes, surface patterns and stimuli responsive reconfigurability. 
5.2. Evin Gultepe: Remember to follow the governing design rules for the self-assembly of the particles, and to understand the working principle of the process.  Select the right materials for the sacrificial layers, panels and hinges. For example, you should not choose a sacrificial layer requiring a high dissolution temperature if your trigger layer degrades at these high temperatures.

5.3. David H. Gracias: In the field of micro and nanotechnology, origami inspired approaches can be used to explore the development and use of precisely patterned polyhedra and reconfigurable particles in electronics, optics and medicine.   

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, 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.  

Procedural Narrative - Figure 1: Schematic for procedural narrative.ai

3.17 – Video 1: Fabrication and self-assembly of cubic particle animation.avi

3.17 – Video 2: Self-assembly of a dodecahedral particle realization.avi

3.20 – Video 3: Reconfiguration of microgrippers at 37C.avi

4.5 – Video 4: Microgripper grabbing bead animation.avi

4.5 – Video 5: Microgripper grabbing bead realization.avi

4.8 – Video 6: Microgripper extracting bladder tissue.avi

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, as well as an introduction to your videographer, closer to your filming date.

( 2011, Journal of Visualized Experiments


