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Author Questionnaire:

1. Microscopy: Does your protocol involve video microscopy, such as filming a complex dissection or microinjection technique? (Y/N)  Y
Can you record movies/images using your own microscope camera? (Y/N)Y 

2. Does your protocol include 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.

3. Which steps from the protocol section below are the most important for viewers to see? Please list 4-6 individual steps using the step numbers listed in this document. This information is important to prepare your Videographer for your shoot.  
Step 3.3, 3.4, 5.2, and 5.4 are the most important.

4. 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.  
Step 3.4 and 3.5 have to be finished as fast as possible since longer operation time will reduce the performance of the biocompatible glue, thus leading to failure of cell-adhesion on AFM cantilever. Our operator is very experienced and has a high success rate.

5. Will the filming need to take place in multiple locations? (Y/N)
For protocol filming, all can be done in our AFM lab (located in basement to minimize vibration). However, for interview filming, I don’t know if the AFM lab is suitable.
 


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

1. REQUIRED Interview Statements: 
 
What key questions can this method help answer? 

1.1. Tie Xia: This protocol describes how best to functionalize AFM cantilevers using single-T cells and solid particles.  These tips can then be used to probe single-pair dendritic cell - T cell interactions and to monitor cellular responses of phagocytes respectively.


What is the main advantage of this technique?

1.1. Jiahuan Chen: A main advantage of this technique is that it uses a biocompatible glue for single T cell functionalization of cantilevers.  This glue is inert to eukaryotic cells thus keeping T cells in their baseline activation state. 


OPTIONAL Interview Statements:  

Are there any specific areas of research that this method could provide insight into? 

Can this method be applied to any other systems?

1.2. Ying Xu: These methods provide insight into immune-cell activation and complex intercellular events such as immune-synapse formation. The methods can also be extended to other systems involving cell-cell or cell-surface interactions.

 Do you have any advice to offer to somebody who is trying this technique for the first time?

1.3. Jiahuan Chen: For someone that is new to this technique, it is important to make sure that the T cells are in good condition prior to use and that they are pre-treated with IL-2 overnight.  Additionally, when using the biocompatible glue, move quickly to protect from unnecessary oxidation.   








Section - Protocol
2. AFM Cantilever Preparation 
2.1. To begin this procedure, prepare the single T cells for microscopy by following along in the text protocol.[1] Then, prepare glass coverslips seeded with D-C-2.4 cells [2-TXT] and incubate the cells overnight in a humidified chamber at 37 degrees Celsius and 5% CO2. [3]
2.1.1. WIDE: Talent works in hood
2.1.2. Talent seeds cells onto a coverslip TEXT: NOTE: < 10% Confluency of DC2.4 cells is necessary for proper spacing 
2.1.3. Talent places cells into the incubator
2.2. Clean soft, tipless cantilevers with a low spring constant using Piranha treatment, plasma cleaning, or UV-ozone cleaning. [1-TXT]  Then, mount the cleaned cantilever to the AFM scanning head. [2]
2.2.1. Talent picks up the cantilever which has been cleaned using one of the described methods TEXT: Cantilever k=0.03 N/m
2.2.2. Talent mounts the cantilever to the scanning head
2.3. Next, prepare a clean sample chamber and fill it with pure water. [1] Calibrate the cantilever in the water solution by first running a force curve on the glass substrate to obtain the sensitivity of the cantilever. [2] Then, record a thermal noise spectrum to extract the spring constant. [3]
2.3.1. Talent fills a clean sample chamber with water
2.3.2. SCREEN: To be provided by the authors – Screen capture video as talent calibrates the cantilever as described. Authors, please upload this screen capture to your project page. 
2.3.3. SCREEN: To be provided by the authors – Screen capture video as talent records a thermal noise spectrum. Authors, please upload this screen capture to your project page. 
2.4. When the cantilever is properly calibrated, remove the AFM scanning head from the solution,[1] wash the mounted cantilever with a few drops of pure ethanol, and keep the cantilever dry on the scanning head. [2]
2.4.1. Talent removes the scanning head from the solution
2.4.2. ECU: Talent washes the cantilever with ethanol and places it on the scanning head
3. Attaching Single T-cells to the Cantilever
3.1. Preheat a living cell environment enclosure to 37 degrees Celsius with 5% CO2.[1]  Then, mount the glass coverslip seeded with DC2.4 cells to the sample chamber assembly and immediately add 600 microliters of Medium B to the chamber.[2-TXT]
3.1.1. Talent turns on environmental chamber and sets the CO2 flow rate
3.1.2. Talent mounts the coverslip to the sample chamber assembly and adds media TEXT: See text protocol for composition of Medium B
3.2. Place the completed assembly onto the AFM’s sample stage. [1] Add human IL-2 incubated CD4-positive T-cells into the sample chamber.[2] 
3.2.1. Talent places assembly onto the AFM stage
3.2.2. Talent pipettes cells into the sample chamber
3.3. Wait until the targeting T cells are fully settled on bottom of the coverslip and then bring the cells into the field of view under the microscope. [1]  Now, add a 2 microliter drop of biocompatible glue onto the end of the mounted cantilever with a pipette.[2]
3.3.1. Talent places coverslip on the microscope stage and adjusts focus/position while bringing the cells into focus
3.3.2. ECU: Talent adds glue to cantilever
3.4. Jiahuan Chen: Once the biocompatible glue has been applied to the cantilever, the subsequent steps need to be finished as soon as possible in order to maximize adhesion. 
3.4.1. INTERVIEW: Talent says the above statement interview style
3.5. Quickly place the scanning head on the sample stage, immersing the glue coated cantilever in the solution.[1] Move the sample stage until a healthy T cell is located beneath the tip of the cantilever. Then, finely adjust its position by moving the scanning head. [2]
3.5.1. ECU: Talent submerges the cantilever in the solution
3.5.2. SCREEN: To be provided by the authors – Screen capture video as talent finds a healthy T cell and positions it below the tip of the cantilever. Authors, please upload this screen capture to your project page. 
3.6. Next, lower the cantilever manually. Begin with a 50 micron step size and then decrease to 10… 5… 2 and finally 0.5 microns gradually, as indicated by the sharpness of the cantilever image.[1] 
3.6.1. SCREEN: To be provided by the authors – Screen capture video as talent brings the cell into focus. Authors, please upload this screen capture to your project page. 
3.7. Now, hold the position of the stepper motors and adjust the positioning of the scanning head to better align the cantilever tip and the cell.  Continue until firm contact is indicated by a small displacement of the laser’s position, corresponding to a typical force of 0.5 to 1.5 nano-Newtons. [1]
3.7.1. SCREEN: To be provided by the authors – Screen capture video as talent adjusts the position of the head, aligning the tip and cell, and laser displacement is visualized. Authors, please upload this screen capture to your project page. 
3.8. After 30 seconds of contact, retract the cantilever.  If the cell moves with the cantilever, the attachment was successful. If not, repeat the adhesion step up to 3 times before switching to a new cantilever. [1]
3.8.1. SCREEN: To be provided by the authors – Screen capture video as retracts the cantilever and the cell moves with it. Authors, please upload this screen capture to your project page. 
4. Force Spectroscopy of Single-pair T-cell / Dendritic Cell Interaction
4.1. Position the attached T cell above a DC2.4 cell by moving the sample stage and the scanning head.[1]
4.1.1. SCREEN: To be provided by the authors – Screen capture video as talent aligns the cells. Authors, please upload this screen capture to your project page. 
4.2. After setting up proper parameters, run force spectroscopy over the sample.[1-TXT] 
4.2.1. SCREEN: To be provided by the authors – Screen capture video as talent sets up parameters as listed in the text protocol. Authors, please upload this screen capture to your project page. TEXT: See text protocol for proper parameters  
4.3. For a new round of probing, mount a new, clean cantilever. [1] Calibrate it in pure water, and then go back to a T-cell / dendritic cell pair and repeat the scan. [2]
4.3.1. Talent mounts a new cantilever
4.3.2. MED Over the Shoulder: Talent at computer calibrating sample
5. Cantilever Functionalization with Single Polystyrene Beads
5.1. Mount a cleaned glass coverslip to the sample chamber assembly. [1]
5.1.1. Talent places a coverslip in the chamber assembly and places it on the microscope.
5.2. To the left side of the coverslip, add a drop of a bead solution that has been diluted in ethanol and contains 6 micron diameter polystyrene beads. [1] Once the solvent evaporates, check the spacing of the beads using a bright-field microscope equipped with a 20x objective. [2]
5.2.1. ECU: Talent adds drops of bead solution to coverslip
5.2.2. Talent places slide the bead sample assembly onto the microscope stage and observes the beads.
5.3. Ensure that the individual beads are well separated.[1]  
5.3.1. LABMEDIA: Slide_beads.xxx Authors: Please submit a 20x image of the beads with proper separation to your project page.
5.4. Then, dip a micropipette tip or a toothpick into a well-mixed epoxy glue and transfer a small amount of the glue to three separate spots with successive gentle touches on the right side but close to the center of the coverslip as shown here. [1]
5.4.1. Talent transfers epoxy to the coverslip as described
5.5. Next, mount a cleaned tip-less cantilever to the AFM scanning head and calibrate it in air with a clean surface to obtain the spring constant.[1]  
5.5.1. Talent mounts the cantilever to the scanning head.
5.6. Then, position the cantilever tip over the left boundary of the last epoxy glue spot and slowly bring the cantilever close to the glue using small step sizes on the stepper motors.[1]
5.6.1. ECU Screen: Cantilever approaches the epoxy (Author Comment: this shot was screen-captured)
5.7. Once contact has been made with the glue, swiftly pull the cantilever laterally by moving the AFM scanning head backward. Remove any excess glue by rubbing it off against the glass, leaving only a tiny amount of the glue at the very end of the tip.[1]
5.7.1. SCREEN: To be provided by the authors – Screen capture video as moves the cantilever away as described Authors, please upload this screen capture to your project page. 
5.8. Now, move the cantilever tip on top of a well isolated bead.  Approach the single bead slowly and make a firm contact with it, in the range of 2 to 5 nano-Newtons, for about 10 seconds.  While making contact, use fine tip adjustment to position the bead at the very end of the tip. [1]
5.8.1. SCREEN: To be provided by the authors – Screen capture video as talent aligns over the bead and makes firm contact as described. Authors, please upload this screen capture to your project page. 
5.9. Retract the tip at the end of the contact. If the bead disappears from the original focal plane, a successful adhesion event has occurred.[1]
5.9.1. SCREEN: To be provided by the authors – Screen capture video as talent retracts the cantilever and the bead disappears from the focal plane. Authors, please upload this screen capture to your project page. 
5.10. Finally, demount the bead-modified cantilever carefully and store it in a cantilever box overnight for the epoxy to fully cure.[1]
5.10.1. Talent removes the cantilever and stores it in the box  



Section – Results
6. Results:  Measuring Cell-Cell Adhesions
6.1. Here are typical force-distance curves from the binding interaction between a single- T cell and a single dendritic cell over the course of one approach-retract cycle. [1] The light red curve is the extension curve and the dark red one is the retraction curve. [2]
6.1.1. LABMEDIA: Figure 4a
6.1.2. LABMEDIA: Figure 4a - Video Editor: Highlight the top, light-red curve with the first part of the sentence and the bottom, dark-red curve with the 2nd half of the sentence.
6.2. The minimum value in the curve gives a measure of the maximum adhesion force between the T-cell and dendritic cell [1] and the area under the curve represents the work required to separate them.[2] 
6.2.1. LABMEDIA: Figure 4a- Video Editor: Highlight the green circle at the bottom of the dark red lines (at around 2 um of tip-sample separation)
6.2.2. LABMEDIA: Figure 4a- Video Editor: Highlight the shaded area under the curve of the dark-red line.
6.3. The sharp and stepwise rupture events can be interpreted as membrane tethers being pulled out from the cell surface due to the strong binding at the cell/cell interface and then breaking discretely under the continuous pulling.[1]
6.3.1. LABMEDIA: Figure 4a- Video Editor: Point out the jumps at 33 um, 24 um, 19 um, 9 um, and 4 um on the dark red curve.
6.4. Here, conventional T cell binding to dendritic cells is shown in grey and regulatory T cell binding to dendritic cells in blue. [1] 
6.4.1. LABMEDIA: Figure 4b- Video Editor: Highlight the blue /grey lines when mentioned.
6.5. The adhesion forces between a conventional T cell and a regulatory T cell recognizes peptide antigens presented by antigen-presenting cells, [1] whereas regulatory T cells are suppressor T cells that shut down conventional T cell mediated immunity toward the end of an immune reaction. [2]
6.5.1. LABMEDIA: Figure 4c - Video Editor: Highlight the Left column
6.5.2. LABMEDIA: Figure 4c - Video Editor: Highlight the Right column
6.6. This schematic of a fluorescently labeled phagocytic RAW 2-6-4 point 7 cell shows the cell being approached with a single naked 6 micron diameter polystyrene bead.[1]  
6.6.1. LABMEDIA: Figure 5a 
6.7. Upon engaging the bead, membrane PIP-2 is sorted at the contact site, near b, which then induces membrane recruitment of Moesin, resulting in a phagocytic event.[1]
6.7.1. LABMEDIA: Figure 5b/c- Video Editor: Highlight the * symbol in Figure 5b when “near b” is mentioned.




Section - Conclusion
7. Conclusion Interview Statements: 
7.1. Ying Xu: In addition to the procedure described here, AFM-based single cell force spectroscopy can be used together with fluorescence imaging to study immune cell activation in real-time at the single-cell level. 
7.2. Tie Xia: Combined with fluorescence techniques, this method allows for addressing more complex cellular processes in real-time such as the formation of an immune synapse between a dendritic cell and T cell pair. 
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