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Author Questionnaire:
1. Microscopy: Does your protocol involve video microscopy, such as filming a complex dissection or microinjection technique? (N)  
Can you record movies/images using your own microscope camera? (Y/N)
If no, JoVE will need to record the microscope images using our scope kit (through a camera port or one of the oculars). Please list the make and model of your microscope.

2. Does your protocol include software usage? (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.  
1. Scan capture for a dry or hydrated sample: Step 3.3.1 or 3.7.1 
2. Remove imaging artifacts: Step 4.6 (Flatten Base) will do
3. Identify exosmsoes on the surface using Grain analysis (Step 4.7)
4. Characterize the identified exososmes (Step 4.9)

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.  
3.2.4.	Image the hydrated mica surface in the tapping mode using the available AFM instrument. Acquire, both, the height and the phase images. During the scan, keep relative humidity high to reduce the sample evaporation and the fluid motion caused by it.
5. Will the filming need to take place in multiple locations? (N) 

Multiple locations within the same large laboratory may be used. 





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

1. REQUIRED Interview Statements:  
Why is your protocol significant? OR What key questions can this method help answer? 

1.1. Mikhail Skliar:  This protocol outlines sample preparation for AFM imaging of extracellular vesicles in hydrated or desiccated forms, their electrostatic immobilization, surface scanning, vesicle identification, and data analysis and interpretation. 

What is the main advantage of this technique?

1.2. Mikhail Skliar:  The main advantage of this technique is the convenient electrostatic fixation of vesicles on the scanned surface and use of post-imaging data analysis to account for shape distortion caused by immobilization. The obtained vesicle sizing results are consistent with the gold-standard cryo-TEM imaging, which remains a costly and challenging technique.


OPTIONAL Interview Statements: 


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

1.3. Vasiliy Chernyshev: If you are a new AFM user, begin with the characterization of dry samples before proceeding to hydrated samples, because there are numerous additional factors that can impact hydrated sample acquisition.

 







Section - Protocol
2. Surface Fixation of Extracellular Vesicles
2.1. To begin, isolate extracellular vesicles from a biofluid as described in the accompanying text protocol.[1]
2.1.1. Talent sets test tube in rack or on ice containing EV solution
2.2. Next, firmly attach a mica disk to a magnetic stainless-steel specimen disk. [1] Cleave the mica by attaching an adhesive tape to the top surface and then pealing it off to expose a new layer of material.[2]
2.2.1. Talent attaches mica to specimen disk
2.2.2. Talent cleaves the mica using tape
2.3. At room temperature, treat the top surface of mica for 10 seconds with 100 microliters of a 10 milli-Molar nickel two chloride solution.  This will modifies the surface’s charge from negative to positive. [1]
2.3.1. Talent adds drop of NiCl2 solution to the mica surface
2.3.2. Starting the timer
2.4. Blot the nickel two chloride solution with a lint-free wipe or blotting paper.[1] Then, wash the mica surface 3 times with deionized water and dry it with a stream of dry nitrogen.[2]
2.4.1. Talent blots off the solution
2.4.2. Talent washes the mica surface 
2.4.3. Drying with nitogen  
2.5. Place the AFM specimen disk with the attached surface-modified mica into a petri dish. [1]
2.5.1. Talent places specimen disk into a petri dish. Double sided tape is used to hold the corner of the disk in place. 
2.6. Next, dilute the exosomes with PBS to obtain a concentration between 4 and 40 billion particles per milliliters of solution. [1] Validate the diluted particle concentration using nanoparticle tracking analysis or dynamic light scattering.[2]
2.6.1. Talent lifts exosomes from rack/ice and dilutes them. Sample is mixed by aspiration. 
2.6.2. Talent analyzesadds sample to NTA or DLS setup
2.7. Form a sessile drop on the surface of the mica by emptying 100 microliters of the diluted exosome solution from a pipette. [1] Then, place the lid on the petri dish and seal it with paraffin film to reduce sample evaporation. [2-TXT]
2.7.1. Talent pipettes drop onto surface of mica 
2.7.2. Talent seals lid with paraffin film TEXT: Incubate 12−18 hr, 4°C 
2.7.3. Sample placed in the fridge. Then 12 h timer is started. 
2.8. After incubation, aspirate 80 to 90 percent of the sample carefully, without disturbing the surface. At this point, the exosomes will be electrostatically immobilized on the mica substrate. [1]
2.8.1. Sample is removed from the fridge.
2.8.2. Talent aspirates the sample from the surface
2.9. When imaging hydrated samples, nNext, rinse the surface three times with PBS. Take care to keep the sample hydrated throughout the rinsing process. [1] After washing the mica surface with PBS, remove 80 to 90 percent of the liquid, and pipette 40 microliters of fresh PBS to cover the sample. The hydrated sample is now ready for imaging [2]
2.9.1. Talent rinses the surface
2.9.2. Talent removes liquid and then covers the sample with PBS
2.10. When imaging the desiccated EVs, rRemove the salts from the surface obtained obtained after step 2.8 by rinsing the substrate 3 times with deionized water.[1] After aspirating as much liquid as possible without touching the surface, dry the rest with a stream of dry nitrogen. [2]
2.10.1. Talent rinses the surface with water
2.10.2. Talent dries the surface with nitrogen
3. AFM imaging 
3.1. To image the desiccated extracellular vesicles, select a cantilever designed for scanning in the air in tapping and non-contact imaging modes [1-TXT] and mount it onto the probe holder. [2]
3.1.1. Talent opens cantilever container. TEXT: Cantilever: Length - 123 μm , Width - 40 μm, Tip radius - 7 nm, Spring Constant - 37 N/m 
3.1.2. Talent mounts cantilever onto the probe holder
3.2. Place the sample onto the AFM stage.  The magnetic stainless-steel specimen disk will immobilize the sample on the stage. [1] Allow time for the preparation and the stage to equilibrate thermally. [2]
3.2.1. Talent places sample onto the stage 
3.2.2. Place probe holder into AFM
3.2.3. Talent sets a timer and sets it next to the stato time thermal equilibration ge
3.3. Use the tapping mode to scan an area that is 5 x 5 µm, rastered in 512 lines at a scan rate of 1 Hz. Acquire both the height and phase images as they provide complementary information on the topography and the surface properties of the sample. [1]
3.3.1. SCREEN: To be provided by the authors – Talent performs the above steps in the order listed. Authors, please upload this screen capture to your project page.
3.4. Mikhail Skliar: The scan time will increase with the imaged area and the number of lines selected to form the image but decrease with the scan rate. Since fast scan rates may impact the image quality, the speed of rastering should be a balance between acquisition time and image quality.”[1]
3.4.1. INTERVIEW: Author says the above statement interview style 
3.5. To image hydrated vesicles, select a cantilever that is appropriate for scanning soft, hydrated samples and mount the cantilever onto a probe holder designed for scanning in liquids. [1-TXT]
3.5.1. Mount hydrated sample on the AFM stage
3.5.2. Talent mounts a cantilever into the holder TEXT: Triangular cantilever; Length - 175 µm, Width - 22 µm, Tip Radius - 20 nm, Spring constant - 0.07 N/m, Optimized for 7 kHz 
3.6. Wet the tip of the cantilever with PBS to reduce the likelihood of introducing air bubbles into the liquid during scanning. [1] Then, immobilize the sample onto the AFM stage.  [2]
3.6.1. Talent wets the tip
3.6.2. Talent places sample onto the stage
3.7. Once the sample thermally equilibrates, image the hydrated mica surface in tapping mode. Acquire both the height and phase images. [1-TXT]
3.7.1. Wide view of the instrument starting the scan. 
3.7.2. SCREEN: To be provided by the authors – Talent performs the above steps in the order listed. Authors, please upload this screen capture to your project page TEXT: Imaging parameters: 5 x 5 µm area, 512 lines, 0.8-1 Hz scan rate, and 4 to 87 kHz drive frequency
4. Image Analysis
4.1. To analyze the images taken, first go to Data Process, select SPM modes followed by Tip and choose Model Tip. Select the geometry and the dimensions of the tip used to scan the sample and click OK. [1]
4.1.1. SCREEN: To be provided by the authors – Talent performs the above steps in the order listed. Authors, please upload this screen capture to your project page
4.2. Correct the tip erosion artifacts by performing the surface reconstruction. Open the image. From the menu, select Data Process, then select SPM modes followed by Tip and then choose Surface Reconstruction and click OK. [1]
4.2.1. SCREEN: To be provided by the authors – Talent performs the above steps in the order listed. Authors, please upload this screen capture to your project page
4.3. Next, select Data Process followed by Level and choose Plane Level to align the imaging plane and to match the laboratory XY plane by removing the tilt in the substrate from the scan data. [1]
4.3.1. SCREEN: To be provided by the authors – Talent performs the above steps in the order listed. Authors, please upload this screen capture to your project page
4.4. Align rows of the image by selecting Data Process followed by Correct Data and then choose Align Rows. Several alignment options are available including Median which is an algorithm that finds an average height of each scan line and subtracts it from the data. [1]
4.4.1. SCREEN: To be provided by the authors – Talent performs the above steps in the order listed. Authors, please upload this screen capture to your project page
4.5. Next, go to Data Process followed by Correct Data and choose Remove Scars.  This will remove common scanning errors known as scars. [1]
4.5.1. SCREEN: To be provided by the authors – Talent performs the above steps in the order listed. Authors, please upload this screen capture to your project page
4.6. To align the mica surface at the zero height, go to the Data Process menu and select Flatten Base in the Level drop-down menu. [1]
4.6.1. SCREEN: To be provided by the authors – Talent performs the above steps in the order listed. Authors, please upload this screen capture to your project page
4.7. Identify the extracellular vesicles on the scanned surface by going to the Grains menu and using Mark by Threshold. This algorithm identifies surface-immobilized exosomes as particles protruding from the zero-surface substrate by the height above the user-selected threshold. [1] 
4.7.1. SCREEN: To be provided by the authors – Talent performs the above steps in the order listed. Authors, please upload this screen capture to your project page
4.8. [bookmark: _GoBack]Select a threshold in the range between 1 and 32 nanometers.  This will eliminate most of the background interference. [1]
4.8.1. SCREEN: To be provided by the authors – Talent performs the above steps in the order listed. Authors, please upload this screen capture to your project page
4.9. Finally, perform geometric and dimensional characterization of the identified vesicles using the available Distributions algorithms accessible from Grains menu. [1] 
4.9.1. SCREEN: To be provided by the authors – Talent performs the above steps in the order listed. Authors, please upload this screen capture to your project page
4.10. Export the AFM data from Gwyddion for specialized analysis by other computational tools and custom computer programs. [1]		
4.10.1. SCREEN: To be provided by the authors – Talent performs the above steps in the order listed. Authors, please upload this screen capture to your project page


Section – Results
5. Results:  Exosome Surface Fixation and Analysis
5.1. The nickel 2 chloride surface modification results in an immobilization of extracellular vesicles that is time dependent.  The surface concentration of immobilized vesicles is excessively dense after 24 hours of incubation whereas the 12 hour incubation leads to fewer exosomes and scan data that are easier to analyze accurately.[1]
5.1.1. LABMEDIA: Figure 10B/C/D - Video Editor: Label Figure 10b as “NiCl2 Treated”, Figure 10c as “24 hour incubation” and Figure 10d as “12 hour incubation”.  Highlight Figures 10b/c when mentioned during the 2nd sentence.
5.2. This AFM image show hydrated MCF-7 exosomes electrostatically immobilized on the modified mica surface. [1] The corresponding AFM phase image confirms that the grains in the height image are soft nanoparticles, as should be expected for membrane vesicles. [2]
5.2.1. LABMEDIA: Figure 11a
5.2.2. LABMEDIA: Figure 11b
5.3. The height data for three vesicles along the same line are shown here.  These profiles illustrate a flattened shape caused by the electrostatic attraction of exosomes to the positively charged surface of the modified mica. [1]
5.3.1. LABMEDIA: Figure 11c
5.4. The shape distortion is apparent in an enlarged view of the immobilized vesicle and its cross section. [1]
5.4.1. LABMEDIA: Figure 11d  - Video Editor: Show both profiles in Figure 11d
5.5. To estimate the globular size of the exosomes in the solution one can match the volumes enclosed by surface-immobilized and spherical membrane envelopes.[1]
5.5.1. LABMEDIA: Figure 12b
5.6. The size distribution of globular vesicles in the solution [1] was determined from the AFM data of 561 immobilized vesicles. The vesicle sizes in cryo-TEM images are consistent with the AFM results. [2]
5.6.1.   LABMEDIA: Figure 12c- Video Editor: Highlight the graph with the red line
5.6.2. LABMEDIA: Figure 12c- Video Editor: Highlight the graph with the blue line


Section - Conclusion
6. Conclusion Interview Statements: 

What is most important thing to remember when attempting this procedure? Please indicate the steps (e.g., 2.4., 2.5.) in the Protocol section this advice correlates to. 

6.1. (2.9) Mikhail Skliar:  Before imaging the hydrated exosomes, it is important to remember to thoroughly rinse the surface with PBS. This will removeal unbound exosome and prevent their attachment to the AFM’s tip.   

  
6.2. (2.10) Vasiliy Chernyshev: When imaging the desiccated exosomes, be sure to use DI water to rinse the substrate. The DI wash will prevent the formation of salt crystals on the surface as the substrate dries. If present, salt crystals will make image processing a difficult task.
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