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SUMMARY: 22 

This article presents methods for generating, purifying, and quantifying Caenorhabditis elegans 23 

extracellular vesicles. 24 

 25 

ABSTRACT: 26 

The secretion of small membrane-bound vesicles into the external environment is a fundamental 27 

physiological process of all cells. These extracellular vesicles (EVs) function outside the cell to 28 

regulate global physiological processes by transferring proteins, nucleic acids, metabolites, and 29 

lipids between tissues. EVs reflect the physiological state of their cells of origin. EVs are implicated 30 

to have fundamental roles in virtually every aspect of human health. Thus, EV protein and genetic 31 

cargos are being increasingly analyzed for biomarkers of health and disease. However, the EV 32 

field still lacks a tractable invertebrate model system that permits the study of EV cargo 33 

composition. C. elegans is well suited for EV research because it actively secretes EVs outside of 34 

its body into its external environment, permitting facile isolation. This article provides all the 35 

necessary information for generating, purifying, and quantifying these environmentally secreted 36 

C. elegans EVs including how to work quantitatively with very large populations of age-37 

synchronized worms, purifying EVs, and a flow cytometry protocol that directly measures the 38 

number of intact EVs in the purified sample. Thus, the large library of genetic reagents available 39 

for C. elegans research can be tapped into for investigating the impacts of genetic pathways and 40 

physiological processes on EV cargo composition.  41 

 42 

INTRODUCTION: 43 
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The secretion of membrane-bound extracellular vesicles (EVs) facilitates the global physiological 44 

processes by actively transporting specific protein, nucleic acid, metabolite, and lipid cargos 45 

between cells1. Cells secrete EVs that span a continuum of sizes ranging from 2 μm or greater to 46 

as small as 20 nm2. Small EVs (<200 nm) are increasingly studied because of their implication in 47 

pathological processes, including metabolic disorders, cancer, cardiovascular disease, and 48 

neurodegenerative diseases3–5. These pathologies have also been shown to influence the protein 49 

and genetic composition of EVs cargos of small EVs. Therefore, biomarker signatures of the 50 

pathology are increasingly being uncovered through EV cargo discovery methods such as LC-MS-51 

MS and RNAseq6–9. 52 

 53 

C. elegans has been a useful invertebrate model for identifying evolutionarily conserved EV 54 

signaling pathways. For instance, a C. elegans flippase was first shown to induce the EV biogenesis 55 

in C. elegans embryos, and the human homolog was shown to influence EV release in human 56 

cells10,11. C. elegans EVs were reported to carry Hedgehog signals necessary for cuticle 57 

development. The delivery of Hedgehog and other morphogens was shown to play a major 58 

developmental role of EVs, and it is conserved in zebrafish, mice, and humans12–15. C. elegans is 59 

well suited for EV biomarker discovery because it secretes EVs outside of its body that function 60 

in animal-to-animal communication16,17 (Figure 1A). However, the methodology established 61 

through a previous study cannot be used because the nematodes' E. coli food source also 62 

secretes EVs18. In this method, most of the sample is comprised of E. coli contamination, limiting 63 

the power of proteomic or RNAseq approaches for the discovery of C. elegans EV cargos. The 64 

methods described here were developed to yield highly pure C. elegans EVs at abundance levels 65 

characteristic of typical cell culture experiments and thus facilitate omics approaches for EV 66 

biomarker discovery. 67 

 68 

Large populations of worms are needed to generate a sufficient number of EVs for cargo analysis. 69 

Therefore, methods for conducting quantitative cultivation of large populations of 70 

developmentally synchronized C. elegans are also included. Typically, when a large number of 71 

worms are needed for experiments, they are cultured in liquid media. While this is effective for 72 

generating large populations of worms, the physiology of the animals is considerably different 73 

from worms cultivated under standard conditions on nematode growth medium (NGM) agar 74 

plates. Animals cultured in liquid grow more slowly, are thinner, show developmental 75 

heterogeneity, and are subjected to a high degree of batch variability. Therefore, we present a 76 

simple but effective means for the quantitative cultivation of large populations of 77 

developmentally synchronized C. elegans using 10 cm high growth plates. The media composition 78 

of high growth plates includes more peptone than regular NGM plates and are seeded with the 79 

E. coli strain NA22 which grows more robustly than OP50. 80 

 81 

Advances in flow cytometry technology (FACS) have enabled the direct analysis of individual 82 

EVs20,21, permitting the quantification of EVs without the inherent limitations in other methods. 83 

Prior work has shown that protein is not a useful proxy for EV abundance because different 84 

purification methodologies result in significantly different EV-to-protein ratios22. Extremely pure 85 

EV fractions contain relatively little protein, making it difficult to quantify samples with BCA or 86 

Coomassie gels. Western analysis can identify relative differences of individual proteins but 87 



   

 

cannot identify how many EVs are in the sample. Robust quantification of EV number by 88 

nanoparticle tracking analysis is hampered by its narrow signal-to-noise range, inability to 89 

differentiate between EVs and solid aggregates, and the lack of transferability of methods 90 

between instruments with different specifications23.  Therefore, this article also contains a 91 

generalizable flow cytometric procedure for discriminating and quantifying EVs. 92 

 93 

PROTOCOL: 94 

 95 

1. Preparation 96 

 97 

1.1. Add 2 g of gelatin to 100 mL of dH2O and heat in the microwave until it starts to boil. Then 98 

stir and let it cool for 20 min. 99 

 100 

1.2.  Pass the solution through a 0.22 μm filter and dispense into sterile tubes. Treat pipette tips 101 

with gelatin immediately prior to the use by pipetting up and expelling the gelatin solution. 102 

Treated tips can either be used immediately or stored. 103 

 104 

1.3. Cut out the membrane from a sterile cap filter. 105 

 106 

1.4. Wet a 20 cm square of 5 μm nylon mesh fabric and place around the top of a sterile cap filter. 107 

Secure it with several thick rubber bands. 108 

 109 

CAUTION: Carefully examine the fabric to ensure that there are no creases. These make air gaps 110 

that hinder suction.  111 

 112 

2. Calculating large populations of worms (Figure 1A) 113 

 114 

2.1. Vortex and pipette 10 μL of the worm suspension onto a worm cultivation plate lid or a glass 115 

slide. Repeat this process 3x. Record the number of animals in each drop. 116 

 117 

2.2.  Adjust the worm suspension to two animals per μL. 118 

 119 

2.3. Vortex the suspension and pipette nine drops (10 μL) on a slide or a plate lid. Manually count 120 

the number of animals. Record the number of animals in each drop. 121 

 122 

2.4. Calculate the mean and standard error of the mean (S.E.M.) as a percentage of each worm 123 

population.  124 

 125 

2.5. Calculate the total number of animals in each population by dividing the mean value by 10 126 

μL and then multiplying by the total volume of the worm suspension in μL. 127 

 128 

[Place Figure 1 here] 129 

 130 

3. Cultivating C. elegans for EV purification  131 



   

 

 132 

3.1. Generate a large population of developmentally synchronized C. elegans. To do so, follow 133 

the steps below.   134 

 135 

3.1.1. Add a single animal on a 6 cm normal growth media plate. Incubate for two generations 136 

and then wash the animals onto two high growth medium plates.  137 

 138 

3.1.2. Incubate until the worms have exhausted the food. 139 

 140 

3.1.3. Filter L1 worms with 5 μm nylon mesh prepared in step 1.4. Place the screw cap on the 141 

sterile bottle, start the vacuum, and pour worms over the filter. Pass the same volume of the 142 

medium over the worm aggregates on the filter.  143 

 144 

3.1.4. Quantify the worms and calculate the total number (see step 2). Recently starved (<24 h) 145 

worms grown on a high growth plate result in about 80,000 L1 larvae. 146 

 147 

3.1.5. Centrifuge L1 larvae at 2,000 x g for 3 min. Resuspend to ~100,000 animals per mL. 148 

 149 

3.1.6. Place ~50,000 animals per high growth plate. Cultivate the animals at 20 ˚C until they are 150 

gravid adults (about 72 h). 151 

 152 

3.1.7. Bleach the gravid adults by standard means and allow embryos to hatch in 10 mL of S Basal 153 

solution with 2.5 μg/mL cholesterol. 154 

 155 

3.1.8. Quantify L1 larvae (see step 2) and then add 50,000 worms to each high growth plate. 156 

 157 

3.1.9. Cultivate plates at 20 ˚C until animals are young adults. 158 

 159 

3.2. Prepare C. elegans for secretome generation. 160 

 161 

3.2.1. Wash worms from plates by adding 15 mL of sterile M9 with 50 μg/mL carbenicillin to each 162 

high growth plate. Let the saturated plates sit for 5 min. Dislodge worms by circling the buffer 163 

around the plate. Avoid sloshing. Pour the buffer from each plate into a separate 50 mL conical 164 

tube. Repeat the wash step 2x more for a total of 45 mL of buffer per plate. 165 

 166 

3.2.2. Let the worms settle for 15 min. Decant the supernatant and add 50 mL of fresh M9 buffer 167 

to the tube. Repeat for a total of 4x. 168 

 169 

3.2.3. Float the worms on the top of a 30% sucrose step-gradient and recover animals in the S 170 

Basal solution24.  171 

 172 

3.2.3.1. Briefly resuspend the worms in 15 mL of ice-cold 100 mM NaCl, add 15 mL of ice-cold 173 

60% sucrose, and invert to mix. With a glass pipette gently layer 5 mL of ice-cold 100 mM NaCl 174 

on the top of the sucrose mixture.  175 



   

 

3.2.3.2. Centrifuge at 1,500 x g for 5 min. Worms will be concentrated at the interface between 176 

the NaCl and the sucrose. 177 

 178 

3.2.3.3. Gently pipette out the animals from the interface into a new 50 mL conical tube. Add S 179 

Basal solution to 50 mL. Allow worms to settle 5 min.  180 

 181 

3.2.3.4. Decant the supernatant and add fresh 50 mL of S Basal solution. Repeat this at least 3x.  182 

 183 

3.2.4. Quantify the number of worms as described in step 2. 184 

 185 

3.2.5. Resuspend the worms to a density of one animal per μL with sterile S Basal solution 186 

containing 2.5 μg/mL of cholesterol and 50 μM of carbenicillin. 187 

 188 

3.2.6. To prepare the sample for secretome generation, add up to 400 mL of the suspension to a 189 

sterile 2 L bottom-baffled flask. 190 

 191 

3.2.7. Place flasks on the circular rotator in a 20 ˚C incubator at 100 rpm for 24 h. 192 

 193 

4. EV purification 194 

 195 

4.1. Harvesting and fractionation 196 

 197 

4.1.1. Remove the 2L flask of worms from the incubator and pellet the animals in 50 mL conical 198 

vials (500 x g for 2 min). 199 

 200 

4.1.2. Pour the supernatant through a 0.22 μm vacuum filter to remove any particulate debris. 201 

 202 

NOTE: At this point, the filtered supernatant containing the secretome and the vesicles can be 203 

stored at -80 ˚C. 204 

 205 

4.1.3. Count the number of animals as described in step 2.  206 

 207 

4.1.4.  Determine the viability of the worms by placing a drop of suspended worms onto a 208 

bacterial lawn. Wait for 15 min and then score animals as moving, paralyzed, or dead. 209 

 210 

4.1.5. Concentrate the 0.22 μm filtered supernatant to 700 μL using regenerated nitrocellulose 211 

10 kDa filter units. Add 150 μL S Basal solution and then pipette over the filter and vortex. Repeat 212 

2x.  213 

 214 

4.1.6. Centrifuge the concentrated supernatant at 18,000 x g for 20 min at 4 ˚C and transfer the 215 

supernatant to a new tube. This step removes any potential debris or larger particles that might 216 

have accumulated during handling. 217 

 218 

4.1.7. Add the protease inhibitor cocktail + EDTA per the manufacturer’s instructions. 219 



   

 

 220 

NOTE:  At this point the concentrated supernatant containing the secretome and the vesicles can 221 

be stored at -80 ˚C.  222 

 223 

4.2. Size exclusion chromatography 224 

 225 

4.2.1. Pour 80–200 μm agarose resin (pore size fractionation range of 70,000 to 40,000,000 kDa 226 

for globular proteins) into an empty gravity flow column cartridge. Flow S Basal solution until the 227 

resin bed is packed at a final volume of 10 mL. 228 

 229 

NOTE: If too much resin is poured into the column cartridge, then disperse the top of the column 230 

and remove the excess with a pipette.  231 

 232 

4.2.2. Pass 40 mL of sterile filtered S Basal solution through the column and let it flow under 233 

gravity.  234 

 235 

CAUTION: Check that the resin is not disturbed.  236 

 237 

4.2.3. Let the buffer flow until the top of the resin is not submerged and then cap the bottom of 238 

the column cartridge. Place a collection tube underneath the column. 239 

 240 

4.2.4. Remove the cap placed on the cartridge. Add the concentrated secretome obtained in step 241 

2.1 dropwise to the top of the column bed. Pipette 1 mL of S Basal solution dropwise. Place a 242 

fresh collection tube under the column. 243 

 244 

4.2.5. Slowly fill the upper column reservoir with 5 mL S Basal solution to not disturb the resin. 245 

Collect the first 2 mL of eluate then quickly change tubes and collect the next 4 mL. This is the 246 

fraction that is enriched for EVs.  247 

 248 

4.2.6. Concentrate the eluate to 300 μL with a regenerated nitrocellulose 10 kDa molecular 249 

weight cut off (MWCO) filter and the transfer retentate to a low-binding microcentrifuge tube.  250 

 251 

4.2.7. Wash filter membrane 2x with 100 μL of S Basal solution by vortexing for 20 s and pipetting 252 

the buffer across the filter. Add to the initial sample for a final volume of 500 µL.  253 

 254 

4.2.8. Add protease inhibitor cocktail per the manufacturer’s instructions. 255 

 256 

4.2.9. Perform the downstream experiments immediately (RNAseq, LC-MS-MS, GC-MS-MS, 257 

Western, FACS, etc.) or store at -80 ˚C. 258 

 259 

5. Flow cytometry quantification of EV abundance 260 

 261 

5.1 Dye preparation 262 

 263 



   

 

5.1.1. Prepare a 10 mM stock of DI-8-ANEPPS using fresh DMSO. Distribute into 10 μL aliquots 264 

and store at -20 ˚C.  265 

 266 

5.1.2. Prepare a 1 mM working solution by adding 90 μL of sterile filtered PBS to a tube with 10 267 

μL of dye stock. 268 

 269 

5.2. Experimental sample preparation 270 

 271 

5.2.1. Add 840 μL of S Basal solution into a microcentrifuge tube. Then add 60 μL of the purified 272 

EVs generated in section 4.2 and vortex.  273 

 274 

5.2.2. Aliquot 300 μL of the sample into two new microcentrifuge tubes. There is now an 275 

experimental set of three tubes containing 300 μL of diluted EVs each. Label the tubes #1–3. To 276 

samples #2 and #3 add 7 μL of the DI-8-ANEPPS stock prepared in 5.1.2. Then add 7 μL of 1% 277 

Triton-X 100 to tube #3. Mix each tube by vortexing. 278 

 279 

5.2.3. Sonicate sample #3 by placing the sonicator tip in the middle of the sample and pulsing 10 280 

times at 20% power 30% duty cycle.  281 

 282 

CAUTION: Ensure that the tip of the sonicator probe is in middle of the sample so that foam 283 

generation is kept to a minimum. Foam may compromise the sample by causing the EVs to 284 

aggregate. 285 

 286 

5.2.4. Add 300 μL of S Basal solution to two microcentrifuge tubes. Add 7 μL of the DI-8-ANNEPS 287 

working reagent prepared in step 5.1 to the second tube and label “Dye Only”. Label the other 288 

tube “Buffer Only”. 289 

 290 

NOTE: Prepare the Dye Only and Buffer Only control samples and the experimental samples with 291 

the same S Basal source. 292 

 293 

5.2.5. Incubate the samples away from the direct light and at room temperature for 1 h. 294 

 295 

5.3 Conduct FACS experiments. 296 

 297 

5.3.1. Set the FACS excitation filter to 488 nm (blue) and the emission filter to 605 nm (orange). 298 

Set the flow rate to 1.5 μL per min. 299 

 300 

5.3.2. Run nanobead FACS calibration mix (optional but recommended).  301 

 302 

5.3.3. Run each sample on a FACS machine for 3 min (180 s). Note the exact running times in 303 

seconds.  304 

 305 

5.4 Analyze the FACS data. 306 

 307 



   

 

5.4.1. Open the files with FACS analysis software. 308 

 309 

5.4.2. Switch the Y-axis to 488-Org (Area) by clicking on the Axis, selecting from the drop-down 310 

menu. 311 

 312 

5.4.3. Set a rectangular gate starting at the top of the plot, spanning from SALS level 102 to 104 313 

(<300 nm sized particles). Extend the gate downwards until it contains 2.5% of the total events. 314 

Name the gate “DI-8-ANEPPS+” events. 315 
 316 

5.5 Quantification of sample EV abundance   317 

 318 

5.5.1. Copy this gate and paste it onto the other two samples in your experimental set as well 319 

as the Buffer Only and Dye Only controls. Export the analysis to a spreadsheet. 320 

 321 

5.5.2. If the FACS samples were not run for the recommended 3 min (180 s), normalize all event 322 

counts in the sample to events per 180 s. For example, if a sample was run for 250 s, the DI-8-323 

ANEPPS+ event number is scaled by 250 s/180 s. 324 

 325 

5.5.3. Remove the dye background events by subtracting the number of DI-8-ANEPPS+ events in 326 

the Dye Only control from those in sample #2.  327 

 328 

5.5.4. Remove isotype background events by subtracting the number of DI-8-ANEPPS+ events in 329 

sample #1. 330 

 331 

5.5.5. Remove detergent-insensitive events by subtracting the number of DI-8-ANEPPS+ events 332 

in sample #3. This value is the number of bona fide EVs. 333 

 334 

5.5.6. Calculate the number of EVs in 1 μL of sample by dividing the value calculated in step 5.5.5 335 

by the volume analyzed in μL (4.5 μL analyzed as described in step 5.3) and multiplying by the 336 

dilution factor (10x as described in step 2.5). Multiply this value by the number of μL remaining 337 

in the EV preparation. This is the number of EVs available for downstream analysis. 338 

 339 

[Place Figure 2 here] 340 

 341 

REPRESENTATIVE RESULTS: 342 

A schematic for the processes necessary for generating and purifying EVs is shown in Figure 1. 343 

The typical times required to complete each step are shown underneath. Figure 2 shows a 344 

schematic for preparing samples for FACS analysis using DI-8-ANEPPS (Figure 2A) as well as the 345 

calculations necessary to estimate total number of EVs in a sample (Figure 2B).  346 

 347 

Representative results from 10 biological replicates are shown in Figure 3A. The variability 348 

between replicates is not significant and the typical S.E.M. of population size is a little over 10% 349 

(Figure 3B). Filtering the worms and cultivating on the fresh high growth plates will generate a 350 

large population of gravid adults suitable for bleach synchronization. A single starved plate 351 



   

 

processed in this way can produce an experimental population of 1 x 106 or more synchronized 352 

progeny because each gravid adult will contain about 10 eggs. It is possible to maintain large 353 

populations of developmentally synchronized populations by filtering eggs and larvae through a 354 

40 μm filter to obtain EVs from older animals. Retained adults are transferred to fresh high 355 

growth plates at a density of 20,000 animals per plate. This process was repeated every 2 356 

days.  Figure 3C shows three biological replicates of worm populations being moved across three 357 

plate transfers. The transferring of animals between plates results in about a 10% loss of animals 358 

(Figure 3C) while about 20% of the animals are lost in the sucrose flotation step (Figure 3D). 359 

 360 

[Place Figure 3 here] 361 

 362 

Protein-to-animal ratio is a useful metric for characterizing an EV preparation. This metric can 363 

provide a quick means for determining the consistency between EV preparations. On average, 364 

1,000 wild type young adult animals will secrete 1 μg of proteins larger than 10 kDa into their 365 

environment (Figure 4A). When this fraction is further separated by the size exclusion 366 

chromatography, the total protein elution profile shows a small protein peak between 2–6 mL 367 

and a large peak after 8 mL. The EVs are contained in the first 5 mL of the column eluate (Figure 368 

4B). Nanoparticle tracking analysis the first 5 mL of the column eluate contains a monodisperse 369 

population of small, ~150 nm EVs (Figure 4C). Transmission electron microscopy of size exclusion 370 

fractions reveals abundant EVs in the 2 mL–6 mL fraction of eluate but not in the later eluate 371 

volumes. EVs are known for their cup-like shape and are therefore easy to discriminate from solid 372 

particles that appear as punctate bright dots when prepared under the negative staining 373 

conditions (Figure 4D). 374 

 375 

[Place Figure 4 here] 376 

 377 

To directly compare the flow cytometry characteristics between C. elegans and human EVs, we 378 

purified EVs from the conditioned media of cell cultures of human neurons with this method. 379 

Flow cytometry separates particles based on light scattering. The small-angle light scattering 380 

(SALS) roughly correlates with the size, and the long-angle light scattering (LALS) correlates with 381 

internal membrane structure. The majority of the total sample events from both cell culture and 382 

C. elegans EV preparations are tightly focused in a cluster centered around 103 SALS and 104 LALS 383 

(Figure 5A). A histogram of C. elegans EV sample events sorted by SALS shows that all 384 

preparations peak at ~103 (Figure 5B).  385 

 386 

[Place Figure 5 here] 387 

 388 

The DI-8-ANEPPS robustly labels C. elegans EVs, consistently highlighting a majority of the total 389 

events in both the C. elegans and cell culture derived samples. The calibration beads and controls 390 

are presented in Figure 6A. The individual FACS scatter plots are shown from a C. elegans sample 391 

prepared from 200,000 animals (#1) and two prepared from 500,000 animals (Figure 6B). EVs 392 

from either 100 mL (#1) or 200 mL (#2,3) of cell culture were also analyzed (Figure 6C).  Both C. 393 

elegans and cell culture derived samples showed abundant fluorescent events that disappeared 394 

when treated with 0.05% Triton-X 100 and light sonication. This demonstrates that the labeled 395 



   

 

events are detergent labile phospholipid structures (vesicles) rather than detergent-insensitive 396 

solid lipoprotein aggregates. The EV abundance is calculated as the difference between the 397 

number of events in the DI-8-ANEPPS+ gate between the fractions without detergent (-) and with 398 

detergent (+) minus the events in the Dye Only control. For clarity, the data presented individually 399 

in Figure 6B and Figure 6C is summarized as bar graphs in Figure 6D and Figure 6E.  The 400 

abundance of the purified EVs was not significantly different between the C. elegans and the cell 401 

culture derived preparations (Figure 6F). 402 

 403 

[Place Figure 6 here] 404 

 405 

Table 1 contains the raw experimental values for the full 4.5 μL of each sample type analyzed. 406 

The total number of events collected from the EV fractions purified from 500,000 animals was 407 

10–20x over the background number of particles collected by buffer alone while the fraction 408 

purified from 200,000 animals contained about 2x as many events as buffer alone.  The number 409 

of events within the DI-8-ANEPPS+ gate is also shown for each sample. These metrics can be 410 

imported into a spreadsheet to calculate the number of dye-positive, detergent-sensitive EVs as 411 

described above. For example, the number of EVs in 1 mL of the first C. elegans biological 412 

replicate shown would be calculated like this:  413 

(18,974 – 3,853 - 1,487) x (10/4.5) x 1,000 = 30,297,778.   414 

 415 

[Place Table 1 here] 416 

 417 

FIGURE AND TABLE LEGENDS: 418 

Figure 1: Procedure overviews for generating, quantifying, and purifying C. elegans EVs. (A) 419 

Schematic for counting large populations of animals. (B) Schematic for generating worms for 420 

harvesting EVs. (C) Schematic for purifying EVs from C. elegans supernatent.  421 

 422 

Figure 2: Schematic of flow cytometry sample preparation to quantify EV abundance. (A) The 423 

EV preparation is divided into three identical samples. Sample # 1 is the No Dye negative control. 424 

DI-8-ANEPPS is then added to samples #2 and #3. Triton-X 100 is then added to sample #3. The 425 

green arrow indicates that only sample #3 is subsequently sonicated. The data from the flow help 426 

determine the absolute number of detergent sensitive EVs in the FACS samples and then 427 

calculate the abundance of EVs in the total preparation. The gate for determining dye-positive 428 

events is set with sample #1, which contains no dye. The red writing on the spreadsheet data is 429 

to illustrate that dye-positive events from the detergent-treated sample are subtracted from the 430 

sample with dye. (B) Equations for quantifying EVs in a FACS analyzed sample and calculating the 431 

total number of EVs in the sample.  432 

 433 

Figure 3: Quantification of large populations of C. elegans for EV analysis. (A) A comparison of 434 

the number of L1 larval stage worms isolated from a single recently starved (<24 h) high growth 435 

plate. The values of each of 10 biological replicates is plotted. The summation of all the data 436 

points in the 10 replicates is also presented as a violin plot and bar with S.E.M.  This shows that 437 

a single plate of recently starved worms will yield ~80,000 L1 larval stage worms. (B) The S.E.M. 438 

of the 15 different plate population measurements in panel A plotted as individual points. 439 



   

 

Generally, the S.E.M. is slightly greater than 10%. (C) Three biological replicates of worm 440 

populations were estimated after each of two transfers between plates every 4 h. This transfer 441 

of animals between plates did not result in a significant decrease in population size. This indicates 442 

that the methodology presented here for moving worms does not result in a significant loss of 443 

animals. (D) Population measurements taken along the course of three EV experimental 444 

replicates: The numbers of animals that were estimated for the original L1 larvae that started the 445 

experiment, the number of young adult animals recovered from the sucrose float and ready for 446 

the 24 h incubation period, the number of animals counted from EV preparation upon recovery 447 

of the secretome. There is a small but not significant decrease of population size between the 448 

initial population estimation at the L1 larval stage and later when the animals are young adults. 449 

The mean L1 population measurement was designated as 100% and all other measurements 450 

were scaled by their relation to this value.  Error bars S.E.M. * = p value < 0.05, N.S. = not 451 

significant in a parametric paired t-test.  452 

 453 

Figure 4: Purification of C. elegans EVs from total secreted biomass. (A) The ratio of the total 454 

proteins larger than 10 kDa to the number of worms incubated in the preparation for 10 455 

biological replicates was plotted. Most preparations contained 1 μg of protein per 1,000 animals. 456 

(B) Protein elution profile from a 10 mL resin column loaded with 1 mL of the concentrated 457 

secretome. The fractions that are consolidated in further analyses are shaded into groups. (C) 458 

Nanoparticle tracking analysis of the consolidated resin eluted fractions 2–6 mL. The 95% 459 

confidence interval is shaded gray. (D) TEM analysis of the consolidated resin eluted fractions. 460 

The starting material had both vesicle-like particles and non-vesicle particles. The consolidated 461 

2–6 mL elution fraction was enriched for vesicles with few non-vesicle particles. The 7–11 mL 462 

consolidated fractions contained few vesicle-like particles but many non-vesicle particles. The 463 

12–15 mL elution fractions contained only non-vesicle particles. All micrographs are shown at the 464 

same magnification. Scale bar = 200 nm. 465 

 466 

Figure 5: C. elegans EVs are clearly defined by their light scattering properties. (A) Histogram of 467 

SALS events in three biological replicates of C. elegans EVs. ~80% of the total sample events are 468 

contained within a tight, clearly defined population. Similar to nanoparticle tracking analysis, it 469 

shows that the size distribution of C. elegans EVs is monodisperse. The histogram of the S Basal 470 

buffer used to dilute the samples is shown for comparison. (B) Comparison of refractive 471 

properties of C. elegans and human cell culture EVs purified with the methods described in this 472 

text. Both EV types consistently present comparable short and long-angle light scattering 473 

distributions (SALS and LALS). 474 

 475 

Figure 6: Examples of flow cytometry data used to calculate EV abundance. (A) To ensure that 476 

the number of events can be directly compared between samples, the Buffer Only and the Buffer 477 

and Dye Only controls need to be run at the same flow rate and collection time as the EV sample 478 

fractions. There are very few events in the DI-8-ANEPPS gate.  (B) Representative results of the 479 

DI-8-ANEPPS and detergent treatment protocol from C. elegans. Three biological replicates are 480 

shown. Biological replicate #1 was prepared from 200,000 animals while #2 and #3 were 481 

prepared from 500,000 animals. The disappearance of EVs with the detergent treatment is clear 482 

in all cases. (C) Representative results of the DI-8-ANEPPS and detergent treatment protocol 483 



   

 

using human cell culture conditioned media. Biological replicates #1 and #2 were prepared from 484 

200 mL of conditioned media while biological replicate #3 was prepared from 100 mL.  (D) Bar 485 

graph of the data collected from the three biological replicates of C. elegans EVs. Error bars = 486 

S.E.M. Paired two-tailed t-tests between treatments. *** = p value < 0.001.  (E) Bar graph of the 487 

data collected from the three biological replicates of cell culture derived EVs. Paired two-tailed 488 

t-tests between treatments. *** = p value < 0.001 (F) The number of dye-labeled detergent-489 

sensitive events per μL was calculated for all the biological replicates of C. elegans and cell 490 

culture. The values between the two EV sample sources is not significantly different. Paired two-491 

tailed t-tests between treatments p value = 0.685. 492 

 493 

Table 1: Tabulated flow cytometry data. The data shown in Figure 6 is presented as a 494 

spreadsheet. For each sample the total events and DI-8-ANEPPS+ gated events are shown. Each 495 

biological replicate is arranged in the order of samples #1–3 in the protocol. These metrics reveal 496 

that the total number of events collected from the C. elegans samples prepared from 500,000 497 

animals or 200 mL of cell culture conditioned media was 10–20x over the background number of 498 

particles collected by buffer alone while the biological replicate purified from 200,000 animals 499 

contained about 2x as many total events as buffer alone. The number of events within the DI-8-500 

ANEPPS+ gate is also shown for each sample. These metrics can be exported to a spreadsheet to 501 

calculate the total number of EVs. 502 

 503 

DISCUSSION: 504 

A fundamental challenge of the EV field is separating the wide variety of EV subtypes2.  The 505 

methods described here use filtration, differential centrifugation, and size-exclusion 506 

chromatography to generate a pure population of small EVs because ~100 nm EVs were 507 

previously shown to be secreted into the external environment and function in physiologically 508 

relevant communication pathways16. EVs purified through size-exclusion chromatography may 509 

still be a mixture of exosomes and small microvesicles because these EV subclasses are similarly 510 

sized. Vertebrate EV subclasses are commonly separated by immunoprecipitation because this 511 

method isolates EVs through binding to selective membrane protein markers. The methods 512 

described facilitate the identification of C. elegans EV membrane marker proteins. Therefore, in 513 

the future it may be possible to further separate small EV subclasses through analogous 514 

immunoprecipitation methods. In theory, immunoprecipitation could isolate EVs from well-fed 515 

worms because E. coli EVs should not interact with the antibody. Researchers interested in 516 

identifying the protein and genetic cargos of larger EV subclasses (>200 nm) can do so by skipping 517 

the 0.22 μm filtration step and then analyzing the pellet rather than the supernatant. Uncovering 518 

the protein and genetic cargo abundances of large EVs will establish a more comprehensive 519 

understanding of the physiological processes that function through the C. elegans secretome. In 520 

addition to being secreted into the environment, C. elegans EVs are transferred internally 521 

between tissues. Therefore, these methods only isolate a subset of total C. elegans EVs.  522 

However, cargo discovery of internal EVs is not possible because there is no method for 523 

separating EVs from lysed worms. Cargo analysis of this externally secreted EV subset provides a 524 

means to identify potential general EV protein markers capable of labeling internal EVs as well.  525 

 526 



   

 

The scale of the EV preparation will depend on the demands of the experiment. A total of 500,000 527 

young adults provides enough EVs for conducting flow cytometry, LC-MS-MS, and RNAseq 528 

analysis in parallel.  This number can be scaled up or down depending on the experimental needs. 529 

The largest practical factor for scaling up is the number of 10 cm high growth plates required. 530 

High growth plates prepared with 500 μL of 20x concentrated overnight NA22 culture will support 531 

a population of ~50,000 adults from the L1 larval stage until the first day of adulthood. Therefore, 532 

to conduct an experiment with 500,000 adults, 13 high growth plates are needed: one plate to 533 

generate the population of L1s, two plates to generate the adults for bleaching, and 10 plates for 534 

the growth of the experimental animals. These metrics are contingent on the seeding and 535 

bacterial growth conditions of the high growth plates. Therefore, it is recommended to make all 536 

plates in a standardized way and then calibrate with known quantities of animals.   537 

 538 

Worms are counted at two stages during the cultivation process: 1) before seeding worms on 539 

plates and 2) before generating the conditioned media. Animal cultivation density has been 540 

shown to impact behavior, development, and stress responses15–18 and may, therefore, also 541 

influence EV cargos. Therefore, for consistent cultivation density it is necessary to accurately 542 

estimate worm populations. Quantifying the number of worms in nine drops gives statistical 543 

confidence of population estimations. It is essential to treat each drop individually, vortexing 544 

between each drop and inserting the pipette the same distance into the worm suspension. Taking 545 

these precautions will ensure S.E.M. values of ~5–10% of the total population.  If the S.E.M. for a 546 

worm population is higher than 20%, then something went awry.  547 

 548 

After the 24 h bacteria-free incubation period, young, wild type C. elegans crawl immediately 549 

upon addition to a bacterial lawn. This indicates that the incubation does not severely impact 550 

their health. However, this step does influence the physiology of the animals and therefore may 551 

influence the composition of the EV cargos. Therefore, when working with very sick genotypes 552 

or older animals, it is essential to check viability after the incubation step. If all animals do not 553 

survive the incubation, then increase the experimental population size and decrease the time of 554 

incubation. When working with large volumes of conditioned media, it is more practical to use a 555 

stirred-cell concentrator with a filter made of regenerated nitrocellulose. EVs do not bind to this 556 

filter chemistry as strongly as other filter types14. 557 

 558 

The ratio of the total protein recovered from the conditioned media to the number of animals 559 

incubated to make the preparation is a useful metric. If this ratio is much higher than expected, 560 

then it is possible that the population estimations were off or that animals died and deteriorated 561 

in the conditioned media. If this ratio is much lower than expected, then some protein may have 562 

been lost on the filters during the concentration process. While the FACS methods will directly 563 

quantify the EVs in the preparation, this metric is useful because it can highlight sample 564 

anomalies early in the process. Another useful method for verifying the quality of the EV 565 

preparation is transmission electron microscopy, as shown in Figure 4D. Although the protocol 566 

for transmission electron microscopy is not formally included in this methods article due to 567 

length, it can be conducted by standard methods. It is recommended to conduct this type of 568 

analysis, at least initially, as a complimentary method to FACS for assessing the quality of EV 569 

preparations. For best results use freshly discharged formvar-carbon grids and stain the samples 570 



   

 

with 2% phosphotungstic acid instead of uranyl acetate. 571 

 572 

DI-8-ANEPPS was chosen because it has been shown to quantitatively label EV membranes, 573 

outperforming other general EV dyes with human biopsy samples and liposomes25. The 574 

measurements are quick, taking only 3 min of collection time for each sample. The quantification 575 

of detergent-sensitive EVs has direct functional significance because it capitalizes on a 576 

fundamental physical distinction between EVs and solid lipoprotein aggregates. Importantly, this 577 

method is not influenced by the amount of total protein or number of non-EV aggregates and 578 

therefore can quantify EVs obtained through different purification methods in an unbiased 579 

manner. The FACS-verified EV metric we describe here would be especially helpful for studies 580 

that demonstrate physiological impacts of purified EVs. It could also benefit the EV field in 581 

general to establish a FACS methodology as a universal metric so that absolute EV abundances 582 

can be directly compared across studies. Vital dyes can also label C. elegans EVs, but they are not 583 

as bright as EVs labeled with Di-8-ANEPPS.  584 

 585 

This purification approach capitalizes on the active secretion of EVs outside the bodies of intact, 586 

living worms. This permits C. elegans EVs to be isolated at comparable purity and abundance as 587 

from cell culture, specifications that are sufficient for identifying hundreds of protein and RNA 588 

cargos via LC-MS-MS and RNAseq analysis26. Thus, the large library of reagents available for C. 589 

elegans research can be leveraged for investigating the influence of the genetic and physiological 590 

perturbation on EV cargo composition.  591 
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Name of Material/ Equipment Company Catalog Number Comments/Description

0.22 filters units Genesee 25-233 For clairifying the conditioned media from debris

1% solution of Triton X-100 ThermoFisher HFH10 Add this to 0.05 % to lyse EVs

10 cm high growth  plates N/A N/A For cultivating large populations of worms

2-liter bottom baffled flasks ThermoFisher 4110-2000PK For conducting size exclusion separation of EVs

40 μm mesh Amazon CMY-0040-C/5PK-05 Use this to separate adult worms from larval stages

5 μm mesh Amazon CMN-0005-C Use this to separate L1s from other worm stages

6 cm normal growth medium worm cultivation plate N/A N/A For cultivating small populations of worms

Amicon Ultra-15 Centrifugal Filter 10 kD mwco MilliporeSigma C7715 For concentrating the size exclusion elute

Amicon Ultra-4 Centrifugal Filter 10 kD mwco MilliporeSigma C78144 For concentrating the conditioned media

Apogee A50 flow cytometer Apogee This flow cytometer is specialized for resolving nanometer size particles

ApogeeMix Apogee 1493 Assess light scatter and fluorescence performance of FACS

DI-8-ANEPPS ThermoFisher D3167 Add this at 20 uM to label EVs

Disposable chromatography Column BioRad 7321010 For conducting size exclusion separation of EVs

Geletin MilliporeSigma G9391-100G To treat pipette tips so that worms do not stick

HALT protease inhibitor ThermoFisher 87785 Add to EV sample to prevent protein degradation

Low-protein binding collection tubes ThermoFisher 90410 Use these for EV samples

NaCl Sigma S7653-1KG For sucrose floatation of worms

S Basal buffer N/A N/A Recipe in WormBook

Sepharose CL-2B resin MilliporeSigma CL2B300-100ML For conducting size exclusion separation of EVs

Small orbital shaker ABC Scientific 83211301 Use this for worm S Basal incubation

Sucrose Sigma S8501-5KG For sucrose floatation of worms
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September 4th 2019 

 

Dear Editor and Reviewers, 

 

Thank you very much for your feedback. We have considered all of the suggestions in the 

revised manuscript. In this introduction we more clearly place these methods within the context 

of previous C. elegans research (52-65) explaining why we developed this method rather then 

use previously established ones. We also clairify why this protocol was developed to isolate 

small EVs. In the discussion we discuss other larger EV classes and suggest opportunities for 

future development (401-423). Text was changed throughout for appropiate syntax and 

consistency. We hope that these revisions have highlighted the key distinctions and innovation 

of the protocols and made them easier for others to adopt. Please let us know if we could further 

clarify our new method. 

 

Sincerely, 

Russell et al. 

 

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. The JoVE editor will not copy-edit your manuscript and any 

errors in the submitted revision may be present in the published version. 

Noted 

 

2. Please include at least 6 keywords or phrases. 

Noted 

 

3. Please ensure that the long abstract is within 150-300-word limit. 

205 words 

 

4. 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 
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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.” 

Fixed 

 

5. Please do not use commercial terms in the manuscript. All commercial products should be 

sufficiently referenced in the Table of Materials and Reagents. For example Sepharose, Amicon 

Ultra, FloJo software. , etc. 

Fixed 

 

6. We cannot have paragraphs of text in the protocol section. Please number all the steps in 

JoVE style. 1 should be followed by 1.1. and 1.1.1. and so on. Please do not use bullets, 

hyphens or alphabets. 

Fixed 

 

7. Please do not use personal pronouns like you, we, your, our etc. in the protocol section of the 

manuscript. 

Fixed 

 

8. The Protocol should contain only action items that direct the reader to do something. 

Fixed 

 

9. The Protocol should be made up almost entirely of discrete steps without large paragraphs of 

text between sections. 

Noted 

 

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

Fixed 

 

11. There is a 10-page limit for the Protocol, but there is a 2.75-page limit for filmable content. 

Please highlight 2.75 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 steps should form a 

cohesive narrative with a logical flow from one highlighted step to the next. 

Noted 



 

12. Please use complete sentences throughout. 

Fixed 

 

13. Please ensure you answer the “how” question, i.e., how is the step performed? 

Noted 

 

14. Lines 97-136: Please make a subheading “preparation” and then make all the steps as 

numbered steps. 

Fixed (93-101) 

 

15. Lines 138-Line 151: We cannot have paragraphs of text in the protocol section. Either move 

this part to the introduction/discussion or convert it to numbered action steps describing how 

each step is being performed. 

Paragraphs of text were removed from the protocol section 

 

16. 1.1.4: Do you count before resuspending? If yes how? 

No the are counted in 1.1.3 and they all should be retained as the pellet from the subsequent 

centrifugation step. 

 

17. 1.2.2: Super = supernatant? 

Fixed 

 

18. There is a 10-page limit for the Protocol, but there is a 2.75-page limit for filmable content. 

Please highlight 2.75 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 steps should form a 

cohesive narrative with a logical flow from one highlighted step to the next. Remember that non-

highlighted Protocol steps will remain in the manuscript, and therefore will still be available to 

the reader. 

Noted and 2.75 pages of text selected. 

 

19. Please discuss all figures in the Representative Results. However, for figures showing the 



experimental set-up, please reference them in the Protocol. Please ensure that the figures are 

discussed in the order of their numbering. 

Done 

 

20. 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].” 

No figures were reused from previous publications 

 

21. 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 

Noted 

 

22. Please do not abbreviate the journal titles in the reference section. 

Fixed 

 

Reviewers' comments: 

Reviewer #1: 

Manuscript Summary: 

This methodological manuscript is a well-prepared article for the EV field that has recently 

gained extensive attention. The significance of this article is the application of nematode C. 

elegans for EV purification and the subsequent analysis, a previously unappreciated EV 

investigation model system. The report provides a very detailed description of the collection, 

purification, analysis, and interpretation of EV secreted by nematodes. However, some issues 

still need to be addressed by the authors. 

 

Major Concerns: 



1. The author should add some comments on the purification and identification of different types 

of EVs in the text, and present some thoughts concerning the future development of associated 

methods. 

Text added to the introduction and discussion. (410-426) 

 

2. In addition to being secreted into the environment, EV is often transmitted between tissues, 

and its physiological significance could more critical. The author should also discuss this in the 

text. 

Text added to the discussion. (426-431) 

 

Minor Concerns: 

3. Line 147-148: for NA22, a brief description should be given. 

 NA22 is the standard bacteria for use with HG plates therefore we decided to not explicitly 

mention the bacteria in the HG plate. 

 

4. Line 151: the order of Fig 1A and 1B should be adjusted in accordance with the text. 

Changed 

 

5. Line 158: it is recommended to use the full number instead of the abbreviation K. 

Changed 

 

6. Line 182-189: the description is not quite clear. It is recommended to briefly explain the 

purpose of the method steps, such as why a 0.22um filter is used. The description of this 

paragraph is very confusing. 

Changed for clairity 

 

7. The abbreviations in many places throughout the article lack the necessary explanations, 

especially in the steps. Since nematode EV purification and research is an emerging field, 

authors should give appropriate background to the readers. 

Added 

 

Reviewer #2: 

Manuscript Summary: 

The manuscript entitled "Purification and analysis of Caenorhabditis elegans extracellular 



vesicles" described thoroughly detailed materials and methods that are required for generating, 

purifying, and quantifying extracellular vesicles (EVs) from tractable invertebrate model system, 

C. elegans. The authors also determined the abundance of C. elegans EVs by comparing flow 

cytometry characteristics of C. elegans EVs with those of human ones. This is an excellently 

written method paper and will greatly benefit the EV biology in C. elegans research field. I have 

several suggestions to improve this paper. 

 

Major Concerns: 

1) This paper will be improved if the authors add 'caution' points and 'troubleshooting'. It will be 

also better to mention 'stop point' or availability of storage. 

We have added these throughout the text. 

 

2) The isolation of EVs is a very important step. Explain 'Size exclusion chromatography' section 

more in detail for this purpose. 

We had added some more specific details to this section. We feel that these are sufficient for 

conducting the protocol but would be glad to include other details if it protocol still seems too 

vague. 

 

Minor Concerns: 

1) Briefly explain the purpose of using certain reagents or chemicals in the main text in addition 

to the Table of Materials. 

JoVE does not want to have specific products mentioned in the main text. However we did 

discuss why regenerated nitrocellulose filters are used for the concentration steps and why DI-

8-ANEPPS was choses as a dye. 

 

2) They need to remove ambiguity in the text. For example, in "Dilute worms so that you get 

about 20 in a 10 μL drop.", the authors may intend '20' as 20 animals or worms. "EV prep" 

should be "EV preparation". In Figure 1A, "Grow 50,000 plate to young adulthood 20,000 after 

that" seems wrong. "plate 50,000 worms per HG plate" is unusual. What is the amount of 

protease inhibitor cocktail needed? 

We fixed these ambiguities in the figure and text.  

 

3) Consider adding an actual example that calculated the number of total EVs to help readers to 

understand the procedure better. 



Added an example at line 302 

 

4) I think the resolution of all figures will be improved for the final publication but currently the 

resolution is too low to review. 

We changed the TEM micrographs so that the EVs can be identified even at low resulution 

 

5) Make bold fonts, italics, superscripts, and subscripts consistent. For example, "Add" should 

not be bold in "Gel 1.1 Add 2 g of gelatin to 100 mL dH20 and heat in microwave until it starts to 

boil." '10e2 to 10e4' in 3.4.3 should be corrected too. 

Fixed 

 

6) The authors may add Gel 1.3 to explain how to use aliquots of gelatin solution for pipette tip 

treatment in detail before pipetting. 

Added (92-95) 

 

7) Avoid tautology like "sterile 15 mL sterile tubes". "Lower numbers of animals will reduce the 

accuracy of the calculations while having much more than animals per drop makes it difficult to 

count worms reliably." in 'Calculating large populations of worms' and "If there are more than 20 

animals, then it's difficult to count accurately and lower numbers of animals will not provide 

statistical power to confidently estimate the worm population to within 10 %." in 'Count 1.2' are 

also duplicated. 

Fixed 

 

8) How many plates are needed to support 500,000 young adults or 3,000,000 L1 larval stage 

animals in 'Experimental planning'? 

This section was moved to discussion with the number of plates needed explicity stated (436-

437)   

 

9) Specify the number of HG plates that used for sampling in 1.1.4. 

Do you mean 1.2.4? The sampling in 1.2.4 is to be conducted on the worms collected from all 

the plates. 

 

10) Change 1.1.9 to 1.1.8. 

Corrected (129) 



 

11) It will be better to describe the reason of using starved animals for the description of Figure 

1. 

We are not clear on what this comment is asking. Should we add a reason for using starved 

worms in the figure title or legend? We have added some text in the introduction to explaining 

that EVs from well-fed worms can not be purified away from E. Coli EVs. (61-64) 

 

12) Please mention 'tube #1' in 3.2. 

Done  

 

13) Is there any alternative for DI-8-ANEPPS? 

Yes, vital dye (Calcein-AM, Vybrant- CFDA) can also be used. We added this to the discussion. 

(490) 

 

Reviewer #3: 

Manuscript Summary: 

Russell et al. detail methods to purify extracellular vesicles from worms cultured on plates and 

then starved in liquid media. The protocol appears to nicely purify a subpopulation of EVs, but 

appropriate controls and/or discussion of these limitations is missing from the manuscript. 

 

Major Concerns: 

The protocol uses two rounds of starvation to synchronize animals and a third round to secrete 

EVs, which is likely to alter the content and source of the EVs. The authors acknowledge that 

stress responses can alter EV cargo, but do not discuss this in terms of their own protocol. 

Added (459-460) 

 

The use of an 0.22 µm filter will remove the larger subpopulation of EVs. In some cell types, the 

average diameter of EVs is 0.2 µm (i.e. Brisson et al., Platelets 2017), which would lead to a 

considerable loss of potentially relevant EV populations. Have the worm EVs been analyzed for 

their typical size in an unbiased fashion? This major limitation of the method was not discussed.  

Text added to discussion (410-431) To the best of our knowledge there has been no study that 

has examined externally secreted EV size in an unbiased fashion. The secretate has been 

shown to contain metabolites that are different between genetic lines that have mitochondrial 

mutations that result in lengthened or shortened lifespans1. It is currently unclear if these 



metabolites are freely secreted or contained in specific classes of EVs. A comprehensive 

unbiased characterization of the secretate could shed light on this interesting result. 

 

Also, state the pore size of the chromatography matrix. 

Added (160, 322) 

 

The electron micrographs in Fig. 4D are too small to see the shape of the vesicles. The 

MISEV2018 checklist indicates that a zoomed image showing only a few vesicles is also 

necessary to demonstrate that the protocol purified vesicles. 

Fixed  

 

Minor Concerns: 

Abstract: "However, the EV field still lacks a tractable invertebrate model system in which 

fundamental questions related to EV biology can be explored." "The facile genetics and huge 

library of reagents and disease models developed for this widely-used genetic model can now 

be employed to investigate the organismal pathways and processes that impact EV signaling." 

These sentences should be rephrased. Researchers have been publishing work on EVs in 

invertebrate models for over a decade. In particular, purifying and analyzing EVs from C. 

elegans culture has already been reported (Wang J et al., Curr Biol 2014), so the claim at 

novelty here is overstated. 

This has be rephrased so that the claims are focused on EV cargo composition.The Wang et al 

method washed worms off seeded plates and then pelleted at 200,000 X G for 2 hours. This 

process results in mostly E. coli EVs. While their method is suitable for immuno- analysis 

(immune-TEM or Western) as well as their functional studies the preparation is not pure C. 

elegans EVs. Therefore it is not suitable for EV cargo discovery using -omic methodologies. We 

added this distinction in the text. (61-63) 

 

Line 65-66: "not suitable for conducting genetic screens. An invertebrate model for studying EV 

biology would therefore complement current EV research approaches." 

The method being described in this manuscript is also not suitable for conducting genetic 

screens, so this is irrelevant. 

Sorry for the confusion! We did not mean to imply this method is suitable for conducting forward 

screens. However the large library of mutants and disease models avalible for C. elegans 

research can be used for screening genetic pathways and disease models.  



 

Line 85: What kind of media was used for HG plates? What size petri dishes were used? 

Added 

  

Lines 117-119: Duplicated text from Count 1.2 

Deleted 

 

Lines 302-304: Define SALS and LALS 

Added (273-274) 

 

Lines 329-330: Duplicated text. 

Deleted 

 

Line 360: Duplicated text. 

Deleted 

 

Line 493: CGC acknowledgements should include their funding information: 

NIH Office of Research Infrastructure Programs (P40 OD010440). 

Added 

 

Reviewer #4:  

Manuscript Summary: 

The manuscript provides a detailed and very thorough methodology for purifying EVs from C. 

elegans. The methods are very clear and detailed, and the protocols are well supported by 

background material. 

 

Major Concerns: 

None 

 

Minor Concerns: 

1. I find the description on lines 153-165 is not perfectly matched to the left-hand part of Figure 

1A, and this lead to some confusion on my part (e.g., why does the figure say "20,000 after 

that"). Please make sure the method for scaling up worm numbers is very clear in the flow chart 

in 1A (ie. include all the steps that are described). 



Filtration step added to Figure 1 so that the text and figure match. 

 

2. Explain 'HG plates' 

We decided to get rid of the HG abbreviation and use “high growth” throughout. They are 

explained in 435-437 

 

3. Some parts of text have syntax/grammar/spelling errors; eg. lines 147-148, 161, 277-278, 

336, 346, 358, 360 (duplicated statement). 

Fixed 
 
References 
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1. Defined Terms. As used in this Article and Video 
License Agreement, the following terms shall have the 
following meanings: “Agreement” means this Article and 
Video License Agreement; “Article” means the article 
specified on the last page of this Agreement, including any 
associated materials such as texts, figures, tables, artwork, 
abstracts, or summaries contained therein; “Author” 
means the author who is a signatory to this Agreement; 
“Collective Work” means a work, such as a periodical issue, 
anthology or encyclopedia, in which the Materials in their 
entirety in unmodified form, along with a number of other 
contributions, constituting separate and independent 
works in themselves, are assembled into a collective whole; 
“CRC License” means the Creative Commons Attribution-
Non Commercial-No Derivs 3.0 Unported Agreement, the 
terms and conditions of which can be found at: 
http://creativecommons.org/licenses/by-nc-
nd/3.0/legalcode; “Derivative Work” means a work based 
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement, 
dramatization, fictionalization, motion picture version, 
sound recording, art reproduction, abridgment, 
condensation, or any other form in which the Materials may 
be recast, transformed, or adapted; “Institution” means 
the institution, listed on the last page of this Agreement, by 
which the Author was employed at the time of the creation 
of the Materials; “JoVE” means MyJove Corporation, a 
Massachusetts corporation and the publisher of The Journal 
of Visualized Experiments; “Materials” means the Article 
and / or the Video; “Parties” means the Author and JoVE; 
“Video” means any video(s) made by the Author, alone or 
in conjunction with any other parties, or by JoVE or its 
affiliates or agents, individually or in collaboration with the 
Author or any other parties, incorporating all or any portion 

of the Article, and in which the Author may or may not 
appear. 
2. Background. The Author, who is the author of the 
Article, in order to ensure the dissemination and protection 
of the Article, desires to have the JoVE publish the Article 
and create and transmit videos based on the Article. In 
furtherance of such goals, the Parties desire to memorialize 
in this Agreement the respective rights of each Party in and 
to the Article and the Video. 
3. Grant of Rights in Article. In consideration of JoVE 
agreeing to publish the Article, the Author hereby grants to 
JoVE, subject to Sections 4 and 7 below, the exclusive, 
royalty-free, perpetual (for the full term of copyright in the 
Article, including any extensions thereto) license (a) to 
publish, reproduce, distribute, display and store the Article 
in all forms, formats and media whether now known or 
hereafter developed (including without limitation in print, 
digital and electronic form) throughout the world, (b) to 
translate the Article into other languages, create 
adaptations, summaries or extracts of the Article or other 
Derivative Works (including, without limitation, the Video) 
or Collective Works based on all or any portion of the Article 
and exercise all of the rights set forth in (a) above in such 
translations, adaptations, summaries, extracts, Derivative 
Works or Collective Works and(c) to license others to do any 
or all of the above. The foregoing rights may be exercised in 
all media and formats, whether now known or hereafter 
devised, and include the right to make such modifications 
as are technically necessary to exercise the rights in other 
media and formats. If the “Open Access” box has been 
checked in Item 1 above, JoVE and the Author hereby grant 
to the public all such rights in the Article as provided in, but 
subject to all limitations and requirements set forth in, the 
CRC License. 
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4. Retention of Rights in Article. Notwithstanding 
the exclusive license granted to JoVE in Section 3 above, the 
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or 
teaching classes, and to post a copy of the Article on the 
Institution’s website or the Author’s personal website, in 
each case provided that a link to the Article on the JoVE 
website is provided and notice of JoVE’s copyright in the 
Article is included. All non-copyright intellectual property 
rights in and to the Article, such as patent rights, shall 
remain with the Author. 
5. Grant of Rights in Video – Standard Access. This 
Section 5 applies if the “Standard Access” box has been 
checked in Item 1 above or if no box has been checked in 
Item 1 above. In consideration of JoVE agreeing to produce, 
display or otherwise assist with the Video, the Author 
hereby acknowledges and agrees that, Subject to Section 7 
below, JoVE is and shall be the sole and exclusive owner of 
all rights of any nature, including, without limitation, all 
copyrights, in and to the Video. To the extent that, by law, 
the Author is deemed, now or at any time in the future, to 
have any rights of any nature in or to the Video, the Author 
hereby disclaims all such rights and transfers all such rights 
to JoVE. 
6. Grant of Rights in Video – Open Access. This 
Section 6 applies only if the “Open Access” box has been 
checked in Item 1 above. In consideration of JoVE agreeing 
to produce, display or otherwise assist with the Video, the 
Author hereby grants to JoVE, subject to Section 7 below, 
the exclusive, royalty-free, perpetual (for the full term of 
copyright in the Article, including any extensions thereto) 
license (a) to publish, reproduce, distribute, display and 
store the Video in all forms, formats and media whether 
now known or hereafter developed (including without 
limitation in print, digital and electronic form) throughout 
the world, (b) to translate the Video into other languages, 
create adaptations, summaries or extracts of the Video or 
other Derivative Works or Collective Works based on all or 
any portion of the Video and exercise all of the rights set 
forth in (a) above in such translations, adaptations, 
summaries, extracts, Derivative Works or Collective Works 
and (c) to license others to do any or all of the above. The 
foregoing rights may be exercised in all media and formats, 
whether now known or hereafter devised, and include the 
right to make such modifications as are technically 
necessary to exercise the rights in other media and formats. 
For any Video to which this Section 6 is applicable, JoVE and 
the Author hereby grant to the public all such rights in the 
Video as provided in, but subject to all limitations and 
requirements set forth in, the CRC License. 
7. Government Employees. If the Author is a United 
States government employee and the Article was prepared 
in the course of his or her duties as a United States 
government employee, as indicated in Item 2 above, and 
any of the licenses or grants granted by the Author 
hereunder exceed the scope of the 17 U.S.C. 403, then the 
rights granted hereunder shall be limited to the maximum 

rights permitted under such statute. In such case, all 
provisions contained herein that are not in conflict with 
such statute shall remain in full force and effect, and all 
provisions contained herein that do so conflict shall be 
deemed to be amended so as to provide to JoVE the 
maximum rights permissible within such statute. 
8. Protection of the Work. The Author(s) authorize 
JoVE to take steps in the Author(s) name and on their behalf 
if JoVE believes some third party could be infringing or 
might infringe the copyright of either the Author’s Article 
and/or Video. 
9. Likeness, Privacy, Personality. The Author hereby 
grants JoVE the right to use the Author’s name, voice, 
likeness, picture, photograph, image, biography and 
performance in any way, commercial or otherwise, in 
connection with the Materials and the sale, promotion and 
distribution thereof. The Author hereby waives any and all 
rights he or she may have, relating to his or her appearance 
in the Video or otherwise relating to the Materials, under 
all applicable privacy, likeness, personality or similar laws. 
10. Author Warranties. The Author represents and 
warrants that the Article is original, that it has not been 
published, that the copyright interest is owned by the 
Author (or, if more than one author is listed at the beginning 
of this Agreement, by such authors collectively) and has not 
been assigned, licensed, or otherwise transferred to any 
other party. The Author represents and warrants that the 
author(s) listed at the top of this Agreement are the only 
authors of the Materials. If more than one author is listed 
at the top of this Agreement and if any such author has not 
entered into a separate Article and Video License 
Agreement with JoVE relating to the Materials, the Author 
represents and warrants that the Author has been 
authorized by each of the other such authors to execute this 
Agreement on his or her behalf and to bind him or her with 
respect to the terms of this Agreement as if each of them 
had been a party hereto as an Author. The Author warrants 
that the use, reproduction, distribution, public or private 
performance or display, and/or modification of all or any 
portion of the Materials does not and will not violate, 
infringe and/or misappropriate the patent, trademark, 
intellectual property or other rights of any third party. The 
Author represents and warrants that it has and will 
continue to comply with all government, institutional and 
other regulations, including, without limitation all 
institutional, laboratory, hospital, ethical, human and 
animal treatment, privacy, and all other rules, regulations, 
laws, procedures or guidelines, applicable to the Materials, 
and that all research involving human and animal subjects 
has been approved by the Author's relevant institutional 
review board. 
11. JoVE Discretion. If the Author requests the 
assistance of JoVE in producing the Video in the Author’s 
facility, the Author shall ensure that the presence of JoVE 
employees, agents or independent contractors is in 
accordance with the relevant regulations of the Author's 
institution. If more than one author is listed at the 
beginning of this Agreement, JoVE may, in its sole 
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discretion, elect not take any action with respect to the 
Article until such time as it has received complete, executed 
Article and Video License Agreements from each such 
author. JoVE reserves the right, in its absolute and sole 
discretion and without giving any reason therefore, to 
accept or decline any work submitted to JoVE. JoVE and its 
employees, agents and independent contractors shall have 
full, unfettered access to the facilities of the Author or of 
the Author’s institution as necessary to make the Video, 
whether actually published or not. JoVE has sole discretion 
as to the method of making and publishing the Materials, 
including, without limitation, to all decisions regarding 
editing, lighting, filming, timing of publication, if any, 
length, quality, content and the like.  
12. Indemnification. The Author agrees to indemnify 
JoVE and/or its successors and assigns from and against any 
and all claims, costs, and expenses, including attorney’s 
fees, arising out of any breach of any warranty or other 
representations contained herein. The Author further 
agrees to indemnify and hold harmless JoVE from and 
against any and all claims, costs, and expenses, including 
attorney’s fees, resulting from the breach by the Author of 
any representation or warranty contained herein or from 
allegations or instances of violation of intellectual property 
rights, damage to the Author’s or the Author’s institution’s 
facilities, fraud, libel, defamation, research, equipment, 
experiments, property damage, personal injury, violations 
of institutional, laboratory, hospital, ethical, human and 
animal treatment, privacy or other rules, regulations, laws, 
procedures or guidelines, liabilities and other losses or 
damages related in any way to the submission of work to 
JoVE, making of videos by JoVE, or publication in JoVE or 
elsewhere by JoVE. The Author shall be responsible for, and 
shall hold JoVE harmless from, damages caused by lack of 
sterilization, lack of cleanliness or by contamination due to 

the making of a video by JoVE its employees, agents or 
independent contractors. All sterilization, cleanliness or 
decontamination procedures shall be solely the 
responsibility of the Author and shall be undertaken at the 
Author’s expense. All indemnifications provided herein 
shall include JoVE’s attorney’s fees and costs related to said 
losses or damages. Such indemnification and holding 
harmless shall include such losses or damages incurred by, 
or in connection with, acts or omissions of JoVE, its 
employees, agents or independent contractors. 
13. Fees. To cover the cost incurred for publication, 
JoVE must receive payment before production and 
publication of the Materials. Payment is due in 21 days of 
invoice. Should the Materials not be published due to an 
editorial or production decision, these funds will be 
returned to the Author. Withdrawal by the Author of any 
submitted Materials after final peer review approval will 
result in a US$1,200 fee to cover pre-production expenses 
incurred by JoVE. If payment is not received by the 
completion of filming, production and publication of the 
Materials will be suspended until payment is received. 
14. Transfer, Governing Law. This Agreement may be 
assigned by JoVE and shall inure to the benefits of any of 
JoVE’s successors and assignees. This Agreement shall be 
governed and construed by the internal laws of the 
Commonwealth of Massachusetts without giving effect to 
any conflict of law provision thereunder. This Agreement 
may be executed in counterparts, each of which shall be 
deemed an original, but all of which together shall be 
deemed to me one and the same agreement. A signed copy 
of this Agreement delivered by facsimile, e-mail or other 
means of electronic transmission shall be deemed to have 
the same legal effect as delivery of an original signed copy 
of this Agreement.
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