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Editorial comments:
Changes to be made by the Author(s):
1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no spelling or grammar issues.
We have corrected all spelling and grammar issues throughout the manuscript.

2. Please provide an email address for each author.
Email addresses for each author have now been included on lines 8-9.

3. Please ensure that the long Abstract is within 150-300-word limit and clearly states the goal of the protocol.
The long abstract is 115 words and we are content with it as it stands.

4. JoVE cannot publish manuscripts containing commercial language. This includes trademark symbols (™), registered symbols (®), and company names before an instrument or reagent. Please remove all commercial language from your manuscript and use generic terms instead. All commercial products should be sufficiently referenced in the Table of Materials and Reagents.
For example: CellMask Red, AKTA Flux X, AKTA Start, Frac 30, HiTrap Capto Core 700, Dynabeads, ONI Nanoimager, etc.
All trademark symbols, registered symbols, and company names before an instrument or reagent have been removed. The Table of Materials and Reagents has also been updated to address this.

5. Please revise the following lines to avoid overlap with previously published work: 142-153,
Lines 153-166, or the caution statement for paraformaldehyde, has been removed to avoid overlap with previously published work.

6. Please ensure that all text in the protocol section is written in the imperative tense as if telling someone how to do the technique (e.g., “Do this,” “Ensure that,” etc.). The actions should be described in the imperative tense in complete sentences wherever possible. Avoid usage of phrases such as “could be,” “should be,” and “would be” throughout the Protocol. Any text that cannot be written in the imperative tense may be added as a “Note.”
The protocol was rewritten in the imperative tense and in complete sentences. Steps that couldn’t be written in the imperative were included as “Notes” in steps 1.1, 3.4.1, 4.4, 5.1.2, and 5.3.

7. Please ensure that individual steps of the protocol should only contain 2-3 actions sentences per step.

Steps of the protocol were adjusted to only include 2-3 action sentences per step. Extra steps were added to accommodate the changes made to the existing steps. Specifically, steps 2.2.2, 3.4.1, 4.1.1, 4.3, 4.4, and 4.5.1-4.6 were inserted, and steps 5.1-5.2.1 were adjusted to accommodate these changes. Finally, step 2.2 was removed due to redundancy in step 2.3.

8. Please note that your protocol will be used to generate the script for the video and must contain everything that you would like shown in the video. Please add more details to your protocol steps. Please ensure you answer the “how” question, i.e., how is the step performed? Alternatively, add references to published material specifying how to perform the protocol action. Please add more specific details (e.g., button clicks for software actions, numerical values for settings, etc) to your protocol steps. There should be enough detail in each step to supplement the actions seen in the video so that viewers can easily replicate the protocol.
Additional detail specifying how the protocol is performed was inserted in steps 3.4, 4.3, 4.5-4.6, and 5.1-5.3. Moreover, references were inserted in steps 1.1,1.2, 2.2.1, 2.6, and 3.2 to specify how steps of the protocol were performed. We believe there is now enough detail in each step to effectively supplement actions that will be seen in the video.

9. There is a 10-page limit for the Protocol, but there is a 3-page limit for filmable content. Please highlight 3 pages or less of the Protocol (including headings and spacing) that identifies the essential steps of the protocol for the video, i.e., the steps that should be visualized to tell the most cohesive story of the Protocol.
The highlighted protocol was moved to lines 145 to 163 and 182 to 229 in order to better identify the most essential steps of the protocol and to demonstrate how the microscope should be used. To allow for the three-page limit, we did not highlight sections 4.1 – 4.3. 

10. Please ensure the results are described in the context of the presented technique. e.g., how do these results show the technique, suggestions about how to analyze the outcome, etc. The paragraph text should refer to all of the figures. Data from both successful and sub-optimal experiments can be included.
A short explanation of Figure 1 was inserted in lines 256-257 to explicitly mention the average calibration errors found for 3-D dSTORM. Additionally, a description of sub-optimal results seen in Figure 2C was inserted in lines 264-267. Moreover, an explanation interpreting the distributions seen in Figures 2 and 3 are included throughout the results. Finally, a plot demonstrating detection sensitivity related to the size of the EV was created and inserted in Figure 3, so a short description of Figure 3E was also inserted into the results on lines 276-279. 

11. Please obtain explicit copyright permission to reuse any figures from a previous publication. Explicit permission can be expressed in the form of a letter from the editor or a link to the editorial policy that allows re-prints. Please upload this information as a .doc or .docx file to your Editorial Manager account. The Figure must be cited appropriately in the Figure Legend, i.e. “This figure has been modified from [citation].”
The figures presented are not reused from a previous publication and therefore do not require explicit copyright permission. 

12. As we are a methods journal, please ensure that the Discussion explicitly cover the following in detail in 3-6 paragraphs with citations:
a) Critical steps within the protocol 
b) Any modifications and troubleshooting of the technique
c) Any limitations of the technique
d) The significance with respect to existing methods
e) Any future applications of the technique

We have reviewed and edited the discussion section to ensure that all of these criteria are met. To review, we addressed the most critical step of the protocol and highlighted its importance in lines 364-367 and 370-372. Additionally, modifications to the staining method to produce better images are discussed in lines 376-389, including discussions on the pros and cons of alternative labeling methods (lines 384-388). The significance of dSTORM with respect to existing methods was mentioned in the introduction, as well as in lines 390-394 of the discussion. Additionally, a comparison of dSTORM and other super-resolution techniques has been inserted in lines 394-399. Future applications of dSTORM are also discussed in lines 399-411.



____________________________________
Reviewers' comments:
Reviewer #1:
Manuscript Summary:
The current manuscript titled "Direct Stochastic Optical Reconstruction Microscopy of Extracellular Vesicles in Three Dimensions" describes use of super-resolution microscopy such as direct stochastic optical reconstruction microscopy (dSTORM) which utilizes photo-switchable of specific fluorophores to reconstruct nanometer images. The overall goal was to evaluate the effectiveness of super-resolution microscopy in visualizing individual EVs with nanometer resolution in three dimensions (3-D). Here they have employed photo-switchable membrane dye by incubating the EVs with CellMask Red and removing excess dye through chromatography. The affinity-captured anti-CD81 and CellMask Red stained EV were then viewed in the Nanoimager under the 640 nm excitation laser. Overall, this is an interesting and novel method of EV detection which is highly sensitive and much needed in the EV field.
We thank this reviewer for their positive assessment of our manuscript and have addressed their major and minor concerns below.

Major Concerns:
There are, however, few concerns that include:
1. It would be important to document the state of U2OAs cells prior to EV isolation. Are the cells at early/mid log phase of growth or stationary phase? An MTT assay would be critical to show this.
We continuously passage the cells to maintain them in mid-log phase and prevent them from entering the stationary phase. A description of this process was inserted in step 1.2 to highlight the state of cells prior to EV isolation.
2. The authors should try multiple cell types including primary cells for rigor and reproducibility of their results.
Others and our previous work have demonstrated that the overall size and structure of EVs are consistent across cell types, as well as in primary fluids (PMID: 29437924). Therefore, we are confident that the dSTORM platform will reflect this as well, but the reviewer is correct that this could be a caveat. We have added a short explanation addressing this concern was inserted in lines 344-348 in the discussion.

Minor Concerns:
None


Reviewer #2:
Manuscript Summary:
This is a well written protocol that describes the use of dSTORM super resolution microscopy for visualization and characterization of EVs.

We thank the reviewer for their positive feedback on this manuscript. We have addressed their minor concerns below.

Major Concerns:
None

Minor Concerns: A few minor suggestions include:
1) What is the efficiency of dissociation of EVs from the anti-CD81 magnetic beads? Will this process affect the biochemical nature of EVs as it may cause dissociation of surface anchored cargo?
The exact efficiency of dissociation of EVs from anti-CD81 beads is unknown. However, it has been shown that the dissociation of EVs from anti-CD81 beads using acidic glycine does not affect the biochemical nature of EVs and that the functionality of EVs is maintained after this process. We inserted an explanation of this with relevant references in lines 350-352.
2) What is the MW of the PEG used? How efficiently is the PEG removed?
The molecular weight of the PEG used is 8000 Da. The protocol has been updated to reflect this. The Capto Core 700 column used in this protocol was developed specifically to remove contaminants such as PEG and albumin, and was based on developmental protocols using Capto Core 700 (PMID: 24801053), we conclude that removal is greater than 95%, and the final EV solution. A statement reflecting this was inserted in lines 355-357 of the discussion.

3) Why calibration was done with 100 nm microspheres and not with smaller microspheres as well?
The microscope was calibrated according to the manufacturer's protocol with the beads provided, which were 100 nm microspheres. Additionally, the average size of an exosome is around 100 nm, so 100 nm microspheres are sufficient to calibrate the microscope when viewing EVs.
4) As the size of EVs drops below 100 nm how the detection sensitivity changes?
This is an excellent question by the reviewer. We have found that detection sensitivity is not correlated with the size of the EV. We acknowledge this is a significant question, and therefore inserted the scatterplot below of photoswitching events versus size of the EV as a newly incorporated Figure 3E. As seen by the R2 value of 0.1065, size and detection sensitivity do not correlate. Therefore, as the size of the EV drops below 100 nm detection sensitivity does not significantly drop. We inserted an explanation of this in lines 276-279 in the results section.
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5) Is there any particular advantage of dSTORM over STED or spinning disk super resolution confocal microscopy? How do they compare?
This is an excellent point by the reviewer. dSTORM is only one flavor of super-resolution microscopy. Other approaches include stimulated emission depleted (STED) microscopy, spinning disk confocal super-resolution microscopy, structured illuminated microscopy (SIM), and photo-activated localization microscopy (PALM). While we agree a side-by-side comparison with these other techniques for EV imaging is necessary, we believe it is beyond the scope of our current manuscript as our goal was to establish a protocol only applicable for dSTORM. We have included a brief introduction to these other techniques in our discussion and look forward to future studies using these other super-resolution characterization methods (lines 394-399).


Reviewer #3:
Manuscript summary:
There are currently limited means of analyzing extracellular vesicles (EVs) at single vesicle resolution. The manuscript by Chambers and colleagues provides a novel and detailed method of using super-resolution microscopy (dStorm) to visualize EVs in 3D. This method and video will be of broad benefit to those studying EVs and even viruses. It could easily be expanded to monitor distinct molecular markers for analyzing EV sub-types a major challenge in the field. I have a few comments and suggestions that may help improve the manuscript:
We thank the reviewer for their positive assessment of our article and agree that there are limited means of directly studying/analyzing EVs. We have addressed the reviewer's concerns below.

1. Section 1.1, could the authors explain how the generated the EV-free FBS? Or was it purchased that way from a commercial source?
The exosome-free FBS was generated using PEG precipitation to remove the EVs. A reference has been inserted in step 1.1 to demonstrate how the FBS was prepared. 

2. Section 2.2, why was a 750kDa cut-off filter chosen? Would small EVs be lost with this size cut-off? I thought 100kDa filters are used to retain small EVs (i.e., exosomes).
The 750 kDa cut-off filter was chosen during EV isolation because this size filter has been shown to retain small EVs at nearly the same rate as smaller cut-off filters while removing proteins, metabolites, and other cellular debris more efficiently than the smaller cut-off filters (PMID: 30533204). Therefore, while we acknowledge the reviewer’s concern that some EV loss can occur during the process, we feel it is necessary to remove items less than 750 kDa during purification for the highly sensitive dSTORM-based analysis. A reference was inserted in step 2.2 to demonstrate the effectiveness of this size filter in EV purification.

3. Section 2.5, what molecular weight is the PEG and is the concentration listed the final concentration in the media for precipitation?
The molecular weight of the PEG is 8000 Da, and the concentration listed in the protocol is the final concentration of PEG in the media for precipitation. Step 2.4 has been updated to include the molecular weight of the PEG used and to articulate that 40 mg/mL is the final concentration of PEG.

4. Section 3.3, are the slides coated with anything? How do the authors think the EVs attach? Do you have any idea of the binding efficiency?
The slides used here are not coated with anything. We conclude that there is some natural affinity of EV surface proteins to the glass slides, but the exact binding efficiency is unknown because it is a heterogeneous population of EVs. We have inserted a brief mention of the efficacy of adhesive slides in lines 357-360 of the discussion.

5. The authors describe paraformaldehyde fixation. Do other means of fixation work in with this protocol?
We chose paraformaldehyde as the fixative for this protocol because we didn’t want to permeabilize the EVs which would disrupt their structure. Therefore, other fixatives that permeabilize the EV membrane such as methanol and ethanol would not be ideally suited for this protocol. A brief explanation for the rationale behind using paraformaldehyde as the fixative was inserted in lines 352-354.
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