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A.  Will you require JoVE to record video microscopy, such as filming a complex dissection or microinjection technique? (Y/N)____N_____  (If you can record images/videos using your own camera/software, then mark 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)____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.
C.  Which steps of your protocol will viewers benefit most from having filmed? Please list 4-6 steps using the step numbers listed in this document. ___2.11, 2.12, 4.6, 4.7, 4.8, 4.9________________________________________
D.  What is the single most difficult aspect of this procedure and what do you do to ensure success?  Please list the steps using the step numbers listed in this document.__Achieving reliable transport in step 4.9 can many times only be achieved after a few tries, as there is still a great deal of fabrication variability. We pattern many conveyor belts to try so that we increase our chances of success.______
E.  Will the filming need to take place in multiple locations? (Y/N) ___N



1. Introduction (Schematic Overview and Interview)

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

Conceptual Narrative:
[bookmark: _GoBack]The overall goal of the following experiment is to transport sub-micron dielectric particles using the optical near field of a linear array of addressable plasmonic resonators, also known as a nano-optical conveyor belt. (Intro)

This is achieved by first designing the conveyor belt with software to ensure successful transport along the desired path. (P1: Show the equations on the left side of the screen, then add 1 of the “C”-shapes at a time from left to right during the statement.)

As a second step, fabricate the conveyor belt using an electron beam lithography process and a template-stripping technique. (P2: Show each step in figure 5, replacing the previous image with the new one. Slowly dissolve parts that are removed from the previous image or dissolve in the new layers at each step.)  

Next, trap a sample on the end of the conveyor belt using a laser, and rotate a half-wave plate in the beam path to induce transport of the particle. (P3: Show the red cone with the green ball centered on the leftmost “C”.  Then, rotate the red arrow/circle and have the red cone/ball move along the linear array so that with one complete 360° turn the ball moves down 3 of the resonators (“C”-shapes). With 2 complete turns of the red circle/arrows, the ball should move all the way to the far end.)  *Note: Raw layered images are being created by author.

The results show linear transport across the width of the laser beam, based on rotating the angle of polarization and not by changing the beam intensity profile in any way. (P4: Show Figure 9)
[image: ]



B.  Interview: (Said by you on camera. Don’t forget to smile!)   
1.1. Jason Ryan: The main advantage of this technique over conventional optical trapping is that transport behavior and resolution depends on structures fabricated using lithography, and not on beam steering.   
1.2. Yuxin Zheng: This technique can be applied to on-chip biological analysis and nano-scale manufacturing.
1.3. Paul Hansen: We first had the idea for this method when we looked at uses for the optical near field produced by a C-aperture.
1.4. Jason Ryan: Demonstrating the procedure will be Tiffany Huang, a grad student in our laboratory. 
1.1.1. Interview style: Author saying the above 
1.1.2. 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): 
 
1.1. Designing the C-shaped Engraving Array

1.1.1. To begin, use a CAD program [2.1.1 - MED Over the Shoulder] to generate a double-linear array of C-shaped polygons along a linear path.  Design the polygon in each pair so that they are consecutively rotated 30 plus or minus 90° about its convex hull. [2.1.2 - SCREEN]

1. Talent opens CAD Program and begins to design the array.

1. Authors: Please submit screen capture video of the above step showing the generation of the first 2 polygons and the rotation of the second polygon, but keep the distance between the two further than they should be. Submit this file as (SCREEN_2_1_2.avi/mov) to your server page.

1.2.1. Leave no more than one particle diameter separating consecutive pairs, and leave no more than 90% of this distance between polygon centers in a pair. [2.2.1 - SCREEN] 

2. Authors: Please submit screen capture video of the above step leaving off where the last step ended, showing how to position the polygons the correct distance apart  Submit this file as (SCREEN_2_2_1.avi/mov) to your server page.

1.3.1. Next, draw up a numerical method geometry which accommodates the planar pattern dimensions and extends at least 200 nanometers below and 600 nanometers above the pattern plane. Below the plane, include a domain to represent the substrate and above the plane a domain to represent the fluid chamber [2.3.1 - SCREEN]

3. Authors: Please submit screen capture video of the above step. Submit this file as (SCREEN_2_3_1.avi/mov) to your server page.

1.4.1. Extrude the planar C-shaped pattern 150 nanometers downwards into the substrate, creating 3D domains to represent the interior of the engravings. Then, introduce a particle domain with the desired shape. In this particular example, we introduce a sphere with a diameter of 400 nanometers. [2.4.1 - SCREEN]

4. Authors: Please submit screen capture video of the above step. Submit this file as (SCREEN_2_4_1.avi/mov) to your server page.

1.5.1. Next, add perfectly-matched layers at least 500 nanometers in thickness to the open boundaries of the simulation to absorb outward radiation. [2.5.1 - SCREEN]

5. Authors: Please submit screen capture video of the above step. Submit this file as (SCREEN_2_5_1.avi/mov) to your server page.

1.6.1. Set the electromagnetic material properties of the domain above the interface to those of water, the properties of the interior of the C-shaped engravings to those of hydrogen-silsesquioxane, and the properties of the remaining material to those of gold. Finally, set the material properties of the particle to those of polystyrene. [2.6.1 - SCREEN]

6. Authors: Please submit screen capture video of the above step. Try to pace the entering of the properties to match the speed it will be read at by the voice talent. Submit this file as (SCREEN_2_6_1.avi/mov) to your server page.

1.7.1. Next, discretize the simulation volume with an adaptive tetrahedral mesh no larger than 100 nanometers in the bulk. Furthermore, constrain the maximum size of the mesh elements to 30 nanometers on the sphere surface and 30 nanometers on the engraving surfaces to increase accuracy on critical structures. [2.7.1 - SCREEN]

7. Authors: Please submit screen capture video of the above step. Take a brief pause between setting the bulk parameters and the surfaces to account for the voice over line. Submit this file as (SCREEN_2_7_1.avi/mov) to your server page.

1.8.1. For optical excitation, define a background harmonic plane wave with a free space wavelength of 1064 nanometers.   Choose the polarization of this wave [2.8.1 - SCREEN] such that the electric field is aligned with the ridge of a C-shaped engraving. [2.8.2 - LM]

8. Authors: Please submit screen capture video of the above step. Take a brief pause between the actions of the first and second sentence to account for the voice over line. Submit this file as (SCREEN_2_8_1.avi/mov) to your server page.

8. Screenshot 11_SW.gif 

1.9.1. Solve for the scattered electromagnetic fields in a batch of simulations, [2.9.1 - SCREEN] sweeping the particle position parameter from one end of the path to the other while holding the particle’s altitude constant at just a few nanometers off the surface. [2.9.2 - LM]

9. Authors: Please submit screen capture video of the above step. Show the procedure of setting up the simulation batch and solver. Submit this file as (SCREEN_2_9_1.avi/mov) to your server page.

9. Screenshot 12_SW.gif and Screenshot 13_SW.gif (Video Editor: Add the label “Orientation 1” to the top of the 2 gif files. Show side by side or stacked)

1.10.1. Then, repeat the optical excitation, polarization, and solving for the scattered electromagnetic fields for polarization aligned with each of the other two polarization-distinct C-shape orientations, as the polarization angle is taken modulo 180°. [2.10.1 - LM]

10. Screenshot 14_SW.gif,  Screenshot 15_SW.gif, Screenshot 16_SW.gif and Screenshot 17_SW.gif (Video Editor: Arrange the 4 gifs in a 2x2 grid with 14 in the top left, 15 on the bottom left, 16 on the top right, and 17 on the bottom right. Add the label “Orientation 2” to the top of Screenshot 14_SW.gif and the label “Orientation 3” to the top of Screenshot 16_SW.gif)

1.11.1. Next, verify that for each polarization there is an energy barrier of at least 10 kBT (pronounced: ten-kay-tee) in height on either side of the potential minimum in each period of three Cs.  [2.11.1 - SCREEN] This shows whether the particle will be stably trapped on the proposed conveyor belt without skipping back and forth. [2.11.2 - LM]

11. Authors: Please submit screen capture video of the above step. Submit this file as (SCREEN_2_11_1.avi/mov) to your server page.

11. Screenshot 20_SW.pdf (Video Editor: Highlight the length bar showing >10 KBT in each of the orientation graphs.)



1.12.1. Then, verify that the energy barriers between adjacent A traps and B traps dip below 1 kBT when the polarization is continuously rotated from A to B during particle handoff. [2.12.1 - LM] Repeat for polarization rotation from B to C, [2.12.2 - LM] and from C to A. [2.12.3 - LM]

12. Screenshot 21_SW.pdf

12. Screenshot 22_SW.pdf

12. Screenshot 23_SW.pdf
2.1. Fabrication of the C-shaped Engraving Array
2.1.1. Begin with a clean, polished silicon wafer [3.1.1 - MED] Apply 20-25 drops of a 2% poly-methyl-methacrylate resist in anisole solution, and spin it into a thin film at 5000 rpms for 40 seconds. [3.1.2 - CU] Post-bake the PMMA resist on a hot plate [3.1.3 - CU] at 200 °C for 2 minutes [3.1.4 - CU].
1. Talent dips wafer into cleaning solutions shows clean, polished wafer to camera.
1. *Film as written
1. [added] Talent sets wafer onto hot plate. 
1. [added] Talent starts the hot plate timer. Scene can start after top control panel reads 200 degrees, and just before talent presses “start” on the timer.
2.2.1. Then, change the spin speed to 900 rpm and the spin duration to 1 minute [3.2.4 - CU]. Add 20-25 drops of hydrogen silsesquioxane negative tone resist [3.2.1 - CU] and spin the resist into a film 150 nm in thickness [3.2.2 - CU]. Post-bake the HSQ resist on a hot plate [3.3.1 - CU] at 80 °C for 2 minutes [3.3.2 - CU].
3.2.4 [added] Talent sets the spin speed and time on the spin panel.
2. Talent sets wafer onto hot plate. *Film as written
2. *Film as written Talent starts spin coater.
2. Talent sets speed to 900 RPMs and time to 1 min and then starts spin coater.
2.3.1. Post bake the sample on a hotplate at 80 °C for 2 minutes. [3.3.1 - CU]
3. *Film as written
3. [added] Talent starts the hot plate timer. Scene can start after top control panel reads 80 degrees, and just before talent presses “start” on the timer.
2.4.1. Next, prepare for electron beam lithography by mounting the wafer to the wafer holder [3.4.1 - CU]. Load the wafer holder into the load lock of the electron beam lithography exposure tool and start the vacuum pump [3.4.2 - MED]. Set electron beam parameters to 100 kV accelerating voltage, base dose of 800 uC/cm2 [3.4.3 - MED Over the Shoulder], and, once vacuum has been established and beam calibrations are complete, begin exposure of the designed array [3.4.4 - CU]. [Take 1: microCuries (abbr uCi). Take 2: microCoulombs (abbr uC).]
4. Talent places pieces into e-beam tool and exposes the sample loads the wafer into the wafer holder. 
4. [added] Talent loads the sample holder into the load lock and starts the vacuum pump. 
4. [added] Talent sets e-beam parameters and begins the exposure. 
4. [added] CU of live exposure trace on computer. (It is impossible to do a video screen capture on this computer, so we filmed the screen instead to make this footage available.)
2.5.1. Develop the exposed negative tone resist by submerging the wafer in a 2.2% tetramethylammonium hydroxide developer solution for 90 seconds. [3.5.1 - CU] During development, gently agitate the solution by jostling the developer dish every 10 seconds. [3.5.2 - MED]
5. *Film as written
5. *Film as written
2.6.1. After the development time has passed, immediately stop the development by flushing the surface with water for 60 seconds. [3.6.1 - MED]
6. Talent removes sample and flushes it with water. (Slated as 3.5.3)
2.7.1. Then, use magnetron sputtering to add a layer of gold 200 nanometers thick [3.7.1 - CU], followed by a 1000 nanometer thick layer of copper. [3.7.2 - CU]
7. Show sample being coated with gold. Talent loads wafer into tool.
7. Talent switches target material to copper / places sample in other coater setup.
2.8.1. Next, spread a single drop of UV-curable epoxy onto the copper side of the sample in a 1 centimeter by 1 centimeter square covering the patterned device area. [3.8.1 - ECU]	Then, apply a quartz/glass back plate to the copper surface, making sure that it completely covers the patterned device area. [3.8.2 - CU]
8. *Film as written
8. [combined with 3.8.1] *Film as written
2.9.1. Rest the back plate and wafer on a level surface, and illuminate the epoxy from above with a UV flood lamp for approximately 30 minutes to cure the sample.  [3.9.1 - MED/CU]
9. *Film as written
2.10.1. Then, release the device from the silicon substrate by scoring around the quartz back plate all the way to the silicon wafer [3.10.1 - CU], and immerse the substrate in an acetone bath. [3.10.2 - CU]
10. Talent scores around the back plate.
10. Talent places sample into acetone bath.
10. [added] Talent removes chip from bath
10. [added] Talent uses razor to remove chip from wafer
10. [added] Talent flushes wafer with IPA.
2.11.1. [added] After waiting 6 to 8 hours, remove the wafer from the acetone bath [3.10.3 - CU], and carefully use a razor to pry the chip away from the silicon substrate [3.10.4 - CU]. Clean the surface of the chip with isopropyl alcohol [3.10.5 - CU].
3.1. Trap and Manipulate Specimen with Optical Energy 
3.1.1. After calibrating the system as described in the accompanying text protocol, [4.1.1 - MED] place 2 to 4 microliters of diluted fluorescent particles onto a clean coverslip and carefully place the device on top of the solution with the gold surface facing down. [4.1.2 - CU]
1. Talent sets down fluorescent particles, sample, and coverslips at the bench.
1. *Film as written
3.2.1. Focus on the nanostructures by bringing the dark alignment marks into focus.  [4.2.1 - SCREEN] Then, insert a narrow band-pass filter in front of the mercury lamp which blocks all colors other than that corresponding to the fluorescent beads' absorption peak. [4.2.2 - MED/CU]
2. Authors: Please submit screen capture video of the above step. Submit this file as (SCREEN_4_2_1.avi/mov) to your server page.
2. Show filter to camera, then put it into place.
3.3.1. Next, insert a narrow band-pass filter in front of the specimen imaging camera which blocks all colors other than that corresponding to the fluorescent beads' emission peak. [4.3.1 - MED/CU]
3. Show filter to camera, then put it into place.
3.4.1. Bring the fluorescent image of the beads into focus and wait until the beads' average drift velocity slows to less than 10 μm/s.  [4.4.1 - SCREEN]
4. Authors: Please submit screen capture video of the above step showing you focusing on the bead and what drift looks like afterwards. Submit this file as (SCREEN_4_4_1.avi/mov) to your server page.
3.5.1. Then, turn on the focused laser beam and gradually increase the laser output power until a drifting bead can be captured stably at the beam focus. [4.5.1 - MED/CU-TXT] Scanning the microscope stage can assist in trapping a bead which is off-center.  [4.5.2 - SCREEN]
5. Talent (wearing safety goggles) turns on the laser beam and increases the power output slowly while attempting to capture the bead. (TEXT: Caution: Ensure that all researchers put on appropriate laser safety goggles)
5. Authors: Please submit screen capture video of the above step showing the capture of a bead by scanning the microscope stage. Submit this file as (SCREEN_4_5_2.avi/mov) to your server page.
3.6.1. Next, adjust the beam contractor built into the beam path until the beam spot in the specimen plane has expanded to 9 microns in diameter when it is fully in focus. [4.6.1 - CU] Measure this as a straight intensity cross section through the center of the beam spot in the beam image. [4.6.2 - SCREEN]
6. Talent adjusts the beam contractor by hand and then adjusts the focus.
6. Authors: Please submit screen capture video of the above step showing the user clicking an “auto” button which draws straight x- and y-cross sections through the center of the beam spot automatically.Submit this file as (SCREEN_4_6_2.avi/mov) to your server page.
3.7.1. With a bead trapped by the loosely-focused beam, [4.7.1 - SCREEN] use the microscope stage to move the substrate pattern [4.7.2 - MED/CU] so that the end of an array of resonators can be seen directly behind the trapped bead.[4.7.1 - SCREEN] 
(Video Editor: Show the screen capture of the bead trapped, then switch to the live footage of the talent adjusting the footage, then go back to the screen capture and show until the resonator array appears behind the bead.)
7. Authors: Please submit screen capture video of the above step showing the captured bead and the positioning of the resonators. Submit this file as (SCREEN_4_7_1.avi/mov) to your server page.
7. Talent adjusts the microscope stage to correctly position the resonators.
3.8.1. Once near-field trapping has been established, move the microscope translation stage slightly so that the center of the laser spot resides more near to the center of the conveyor. [4.8.1 - SCREEN]
8. Authors: Please submit screen capture video of the above step. Submit this file as (SCREEN_4_8_1.avi/mov) to your server page.
3.9.1. After displacing the beam slightly, rotate a half-wave plate placed in the laser beam path to rotate the angle of linear polarization. [4.9.1 - CU/ECU] This will activate resonators in a sequence down the array and induces controlled, linear motion in the fluorescent bead. [4.9.2 - SCREEN]
9. Talent rotates the half-wave plate.
9. Authors: Please submit screen capture video of the above step showing controlled linear motion. Submit this file as (SCREEN_4_9_2.avi/mov) to your server page.
4.1. Results: Polarized Laser Light Moves Bead Along Nano-optical Conveyor Belt
4.1.1. Shown here is a scanning electron microscope image of the C-shaped engraving array after resist development. [5.1.1 - LM] After dissolving away the PMMA and removing the silicon substrate, the entirety of the final pattern is revealed.  [5.1.2 - LM]
1. Figure 6a (Video Editor: Cut out the top part with the figure (a) label.)
1. Figure 6b and Figure 6c (Video Editor: Show these images side by side or stacked and remove the B/C labels. 
Authors: If possible, please resubmit figure 6 without the a-c labels.
4.2.1. The light circle in this image shows the location of a 390 nanometer diameter polystyrene bead as it travels across a nano-optical conveyor belt 5 microns in length.  The bead is moved by the rotation of the light polarization, causing the nano-metallic c-shaped resonators to trap the bead in a stepwise fashion across the length of the conveyor belt. [5.2.1 - LM]
2. Figure 9 (left half) & Author Submitted Media (described below). (Video Editor: Show Figure 9 on the left half and add the submitted video on the right half with the start of the 2nd sentence.)
Authors: Would one of the .gifs you created be representative of this motion so that we could show the left half of this image next to an animation of the motion?
Yes, we could accompany this image with two supplementary videos: one of the raw footage and another of the simulation results that reveal the extremely slow motion oscillation of the three sets of engravings. I will prepare the latter video with proper annotations to label the phase of polarization angle (30 deg, 90 deg, 120 deg).
  
5.1. Conclusion (said by authors on camera)  

5.1.1. Jason Ryan: Methods to better shape the overhead illumination field over the conveyor belt, such as with phase plates or beam scanning, can be used to improve conveyor belt performance.

5.2.1. Paul Hansen: After watching this video, you should have a good understanding of how to design, fabricate and operate a nano-optical conveyor belt.

5.3.1. Yuxin Zheng: Don't forget that working with high-power lasers can be extremely hazardous and laser safety goggles should always be worn 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.


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.
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