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SUMMARY: 27 

Here, we describe two extracellular vesicle isolation protocols, ultrafiltration centrifugation and 28 

ultracentrifugation with density gradient centrifugation, to isolate extracellular vesicles from 29 

murine bronchoalveolar lavage fluid samples. The extracellular vesicles derived from murine 30 

bronchoalveolar lavage fluid by both methods are quantified and characterized.  31 

 32 

ABSTRACT: 33 

Extracellular vesicles (EVs) are newly discovered subcellular components that play important 34 

roles in many biological signaling functions during physiological and pathological states. The 35 

isolation of EVs continues to be a major challenge in this field, due to limitations intrinsic to each 36 

technique. The differential ultracentrifugation with density gradient centrifugation method is a 37 

commonly used approach and is considered to be the gold standard procedure for EV isolation. 38 

However, this procedure is time-consuming, labor-intensive, and generally results in low 39 

scalability, which may not be suitable for small-volume samples such as bronchoalveolar lavage 40 

fluid. We demonstrate that an ultrafiltration centrifugation isolation method is simple and time- 41 

and labor-efficient yet provides a high recovery yield and purity. We propose that this isolation 42 

method could be an alternative approach that is suitable for EV isolation, particularly for small-43 

volume biological specimens.  44 
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 45 

INTRODUCTION: 46 

Exosomes are the smallest subset of (EVs), 50 - 200 nm in diameter, and have multiple biological 47 

functions across a diverse array of signaling processes1-5. They govern cellular and tissue 48 

homeostasis primarily by facilitating intercellular communication through cargo molecules such 49 

as lipids, proteins, and nucleic acids6-9. One critical step in EV research is the isolation process. 50 

Differential ultracentrifugation (UC), with or without density gradient centrifugation (DGC), is 51 

considered the gold standard approach, but this method carries major limitations, including 52 

inefficient EV recovery rates and low scalability10-12, that restrict its best utilization to larger 53 

volume samples, such as cell culture supernatant or high exosome production specimens. The 54 

advantages and disadvantages of other methods, such as size exclusion by ultrafiltration or 55 

chromatography, immunoaffinity isolation by beads or columns, and microfluidics, are well 56 

described, and modern supplemental procedures have been developed to overcome and 57 

minimize technical limitations in each approach11-15. Others have shown that an ultrafiltration 58 

centrifugation (UFC) with a nanoporous membrane in the filter unit is an alternative technique 59 

that provides comparable purity to a UC method16-18. This technique could be considered as one 60 

of the alternative isolation methods. 61 

 62 

Bronchoalveolar lavage fluid (BALF) contains EVs that possess numerous biological functions in 63 

various respiratory conditions19-22. Studying BALF-derived EVs entails some challenges due to the 64 

invasiveness of the bronchoscopy procedure in humans, as well as a limited amount of lavage 65 

fluid recovery. In small laboratory animals such as mice, only a few milliliters can be recovered in 66 

normal lung conditions, even less in inflamed or fibrotic lungs23. Consequently, collecting a 67 

sufficient amount of BALF for EV isolation by a differential ultracentrifugation for downstream 68 

applications may not be feasible. However, isolating correct EV populations is a crucial factor for 69 

studying EV biological functions. The delicate balance between efficiency and efficacy continues 70 

to be a challenge in well-established EV isolation methods.  71 

 72 

In this current study, we demonstrate that a centrifugal ultrafiltration approach, utilizing a 100-73 

kDa molecular weight cut-off (MWCO) nanomembrane filter unit, is suitable for small-volume 74 

biological specimen such as BALF. This technique is simple, efficient, and provides high purity and 75 

scalability to support the study of BALF-derived EVs. 76 

 77 

PROTOCOL: 78 

The utilization of animals and all animal procedures were approved by the Institutional Animal 79 

Care and Use Committees (IACUC) at Cedars-Sinai Medical Center (CSMC). 80 

 81 

1. Murine Bronchoalveolar Lavage Fluid (BALF) Collection and Preparation 82 

 83 

1.1. BALF collection 84 

 85 

1.1.1. Euthanize mice with a cocktail of ketamine (300 mg/kg) and xylazine (30 mg/kg) via the 86 

intraperitoneal route followed by cervical dislocation. 87 

 88 



 
 

1.1.2. Insert a 22-G angiocatheter into the trachea. Attach an insulin syringe containing 1 mL (mL) 89 

of ice-cold sterile Dulbecco’s phosphate buffer saline (DPBS) and instill 1 mL of DBPS into both 90 

lungs through the angiocatheter.  91 

 92 

1.1.3. Slowly withdraw the syringe plunger to retrieve BALF and dispense the BALF into a 50-mL 93 

conical tube. Keep the BALF on ice. 94 

 95 

1.1.4. Repeat steps 1.1.2 and 1.1.3 3x (4x in total in each mouse).  96 

 97 

Note: Approximately 0.8 mL is generally retrieved per milliliter of instillation. Also, the following 98 

steps can be performed for individual mice (i.e., 3 mL of BALF), but pooling multiple BALF samples 99 

will allow the isolation of a larger batch of EVs for consistency in downstream experiments. 100 

 101 

1.2. BALF preparation 102 

 103 

1.2.1. Pool BALF from 25 mice and divide it into two equal sets (~35 mL per aliquot).  104 

 105 

1.2.2. Centrifuge the BALF at 400 x g, at 4 °C for 5 min, to remove cells and other cellular debris 106 

and collect the supernatant. 107 

 108 

1.2.3. Centrifuge the supernatant at 1,500 x g, at 4 °C for 10 min, to remove cell debris. Collect 109 

the supernatant and proceed to the EV isolation steps. 110 

 111 

2. Isolation of Extracellular Vesicles from Murine Bronchoalveolar Lavage Fluid 112 

 113 

Note: In this study, two EV isolation techniques, namely UFC and ultracentrifugation with 114 

buoyant density gradient centrifugation (UC-DGC), are used to isolate EVs from BALF. The 115 

detailed protocol of each method is described below.  116 

 117 

2.1. Ultrafiltration centrifugation (UFC) enrichment method 118 

 119 

Note: This method was modified from a previously described protocol10. 120 

 121 

2.1.1. Filter the supernatant from step 1.2.3 through a 0.2-μm sterile syringe filter and keep the 122 

filtered BALF on ice. 123 

 124 

Note: This is a size exclusion step whereby only vesicles smaller than 200 nm are collected.  125 

 126 

2.1.2. Equilibrate the 100-kDa MWCO centrifugal filter unit with sterile DPBS for 10 min. 127 

Centrifuge the centrifugal unit at 1,500 x g for 10 min at 4 °C to discard the DPBS.  128 

 129 

CAUTION: Once the membrane in the filter device is equilibrated with DPBS, the membrane must 130 

be kept wet at all time until the device is used. 131 

 132 



 
 

2.1.3. Fill the filter unit with 15 mL of BALF sample from step 2.1.1 and centrifuge at 3,000 x g for 133 

30 min at 4 °C. The flow-through BALF can be discarded or collected into a separate canonical 134 

tube and stored at (-)80 °C for future use.  135 

 136 

2.1.4. Repeat step 2.1.3 for the remaining 0.2-µm-filtered BALF.  137 

 138 

Note: It took three repetitions of centrifugations to sufficiently concentrate the BALF EVs from 139 

the original starting volume of 35 mL. This resulted in 1 - 1.5 mL of retentate.  140 

 141 

2.1.5. Wash the retentate with 14 mL of sterile DPBS by a gently pipetting repetitively. Centrifuge 142 

the filter unit at 3,000 x g, at 4 °C for 30 min, to remove the DPBS and to concentrate the EV 143 

retentate. 144 

 145 

2.1.6. Collect the concentrated BALF-derived EVs from the filter device by inserting a pipettor 146 

into the bottom of the filter device and withdrawing the sample using a side-to-side sweeping 147 

motion to ensure total recovery.  148 

 149 

2.1.7. Aliquot the BALF-derived EVs and store them at (-)80 °C for further particle quantification 150 

and characterization (see step 3).  151 

 152 

2.2. Ultracentrifugation (UC) with buoyant density gradient centrifugation (DGC) 153 

 154 

Note: The following protocol was modified from the previously described protocol24. 155 

 156 

2.2.1. Transfer the supernatant from step 2.1.1 into a 37-mL ultracentrifuge tube and centrifuge 157 

the sample at 10,000 x g for 30 min at 4 °C using ultracentrifuge. Collect the supernatant and 158 

centrifuge at 100,000 x g, at 4 °C for 60 min. While the EV pellets are centrifuged, prepare 159 

different concentrations of buoyant density gradient buffers (Table 1) for step 2.2.3. 160 

 161 

2.2.2. Discard the supernatant and resuspend the EV pellets in 200 μL of DPBS. 162 

 163 

2.2.3. Mix the EV suspension with 300 μL of 50% iodixanol working solution (Table 1) and transfer 164 

it to the 15-mL ultracentrifuge tube. On top of the 50% iodixanol-EV mixture suspension, 165 

sequentially layer the following buffer solution in the order from the bottom to the top: 30% 166 

iodixanol (4.5 mL), 25% of iodixanol (3 mL), 15% iodixanol (2.5 mL), and 5% iodixanol (6 mL). 167 

Centrifuge at 100,000 x g, at 4 °C for 230 min.  168 

 169 

Note: The buoyant density gradient is based on the percent of iodixanol scaling with the highest 170 

concentration (50%) at the bottom to the lowest concentration (5%) at the top. To generate 171 

different concentrations of iodixanol, various amounts of homogenization medium (Table 1) 172 

were mixed with working solution (50% iodixanol).  173 

 174 



 
 

2.2.4. Collect the 15% and 25% fraction and dilute them in sterile DPBS to bring up the volume 175 

to 15 mL. Transfer them to a new small ultracentrifuge tube and centrifuge at 100,000 x g, at 4 176 

°C for 60 min. 177 

 178 

2.2.5. Discard the supernatant and resuspend the EV pellets in 50 μL of sterile DPBS for further 179 

characterization. 180 

 181 

3. Extracellular Vesicle Quantification 182 

 183 

Note: The BALF-derived EVs recovery yield is quantitated with two metrics. 184 

 185 

3.1. Nanoparticle tracking analysis (NTA) measurement 186 

 187 

3.1.1. Dilute the EV sample at 1:200 - 1:500 in 1 mL of DPBS and load the sample into an insulin 188 

syringe. Attach a sample syringe to a syringe pump and begin to measure the particle numbers 189 

and size (see Table of Materials). 190 

 191 

3.1.2. Set the camera level at 14 and the detection threshold at 1 for all sample measurements. 192 

Five repetitive measurements with 1,500 frames in 30 s were recorded for each sample, with a 193 

delay of 20 s between reads. Combine and average the data for final concentration and size 194 

reports. 195 

 196 

Note: For accurate capturing of all particles, adjust the camera level as appropriate to visualize 197 

all particles and use similar settings for all sample measurements in each experiment. 198 

 199 

3.2. Protein quantification 200 

 201 

Note: The bicinchoninic acid (BCA) protein assay was used to measure the protein concentration 202 

of the BALF-derived EVs. 203 

 204 

3.2.1. Solubilize the EV samples in 1x lysis buffer.  205 

 206 

3.2.2. Quantify the amount of protein in the BALF-derived EVs per BCA standard protocol using 207 

colorimetric detection by measuring the absorbance at 560 nm in a plate reader. 208 

 209 

4. Detection of BALF-derived Extracellular Vesicles 210 

 211 

Note: Commonly known exosome surface marker proteins (TSG101, CD63, CD81, and CD9) were 212 

used to verify EV recoveries by SDS-PAGE and immunoblotting and flow cytometry analysis. 213 

 214 

4.1. SDS-PAGE and immunoblotting 215 

 216 



 
 

4.1.1. Dissolve an equal amount of EV proteins of each sample with a blotting loading buffer 217 

(lithium dodecyl sulfate) and 50 mM dithiothreitol (DTT) in a 1.6-mL tube. Heat the samples at 70 218 

°C for 10 min. 219 

 220 

4.1.2. Load the samples from step 4.1.1 into a 4% - 12% Bis-Tris Plus acrylamide gel and run 221 

electrophoresis (150 volts, 35 mA) for 35 min.  222 

 223 

4.1.3. Transfer proteins to a nitrocellulose membrane using a dry transfer method. 224 

 225 

4.1.4. Block the membrane with 5% skimmed milk for 60 min, rocking at room temperature (RT). 226 

  227 

4.1.5. Incubate the membrane with an antibody to an EV surface protein marker, Tumor 228 

Susceptibility Gene 101 (TSG101), at 1:500 dilution in 5% BSA in Tris-buffered saline Tween-20 229 

(TBST) at 4 °C, rocking overnight.  230 

 231 

4.1.6. The next day, wash the membrane 3x, 10 min each wash, in TBST buffer, and incubate it 232 

with anti-rabbit IgG, an HRP-linked antibody, at 1:5,000 dilution for 60 min at RT.  233 

 234 

4.1.7. Wash the membrane 3x, 10 min each wash, in TBST buffer. Develop the membrane with 235 

chemiluminescent HRP antibody detection reagent and image (see Table of Materials for imaging 236 

system). 237 

 238 

4.2. Flow cytometry 239 

 240 

4.2.1. Dilute BALF-derived EVs in 49 μL of PEB staining buffer (PBS + 5 mM EDTA + 0.5% BSA, 241 

filtered through a 0.1-μm syringe filter membrane).  242 

 243 

4.2.2. Add each of the following antibodies into each individual sample: 1) rat anti-mouse PE 244 

CD63 antibody (100 ng per reaction); 2) rat anti-mouse PE CD81 (500 ng); 3) rat anti-mouse FITC 245 

CD9 (200 ng). Incubate at 4 °C, rocking for 60 min in the dark.  246 

 247 

4.2.3. Dilute the samples with 450 μL of membrane-filtered PEB staining buffer and subject the 248 

samples to flow cytometry analysis (see Table of Materials)25. 249 

 250 

4.2.4. Adjust the flow cytometer settings as follows: 1) set all channels on hyper log (hlog); 2) set 251 

the trigger on SSC at 4; 3) turn off the secondary trigger. Run the samples in a low-speed setting 252 

and acquire at least 10,000 events in each sample. 253 

 254 

4.2.5. Perform low cytometry data analysis in each sample using analysis software (see Table of 255 

Materials). 256 

 257 

REPRESENTATIVE RESULTS:  258 

We performed EV isolation from mouse BALF using UFC and UC-DGC isolation methods on the 259 

same day. The UFC method required approximately 2.5 - 3 h, whereas the UC-DGC technique 260 



 
 

required 8 h of processing time. This did not include buffers and reagent preparation time. It 261 

should be noted that some other tasks could be performed during the long centrifugation 262 

periods. Nevertheless, the entire procedure lasted nearly an entire day for the UC-DGC isolation 263 

technique. 264 

 265 

BALF-derived EVs from normal mice isolated by the UFC method displayed a smaller size and a 266 

more uniform size distribution (148.8 ± 1.1 nM, Figure 1A) compared to UC-DGC EVs (176.7 ± 7.8 267 

nM, Figure 1B). The UFC technique had a profound 65-fold greater total particle counts when 268 

compared to UC-DGC isolation (29.4 ± 18.4 vs. 0.5 ± 0.1 x 1010 particles; p < 0.05; Table 2 and 269 

Figure 1C). The total protein recovery (in µg) of the UFC EVs was also higher (3,136 ± 1,860 vs. 270 

73.7 ± 38.3 µg; p < 0.05; Table 2 and Figure 1D). Thus, UFC is time- and effort-efficient and 271 

provides a higher EV yield. 272 

 273 

To further phenotypically characterize BALF-derived EV populations, we examined the presence 274 

of commonly known exosome surface protein markers: CD63, CD9, and CD81 by flow cytometry 275 

and TSG101 by immunoblotting. Using flow cytometry analysis, we demonstrated that UFC EVs 276 

and UC-DGC EVs both expressed CD63 (Figures 2A - 2C), CD9 (Figures 2D - 2F), and CD81 (Figures 277 

2G - 2I). The geometric mean expression (gMFI) of CD63, CD9, and CD81 was quantified and not 278 

statistically different between the two conditions (Figures 3A - 3F).  279 

 280 

Next, we examined another EV protein marker, TSG101, by immunoblotting. We showed that the 281 

20 µg of the UFC flow-through (UFC-FT) sample did not contain TSG101 proteins, suggesting that 282 

the UFC isolation technique efficiently selected and retained the EV population from the BALF 283 

sample (Figure 4). When equal amounts of total protein (20 µg) from the BALF-EV sample was 284 

loaded, we found that UFC EVs expressed a higher level of TSG101 than UC-DGC EVs (Figure 4). 285 

We also showed that the purity of UFC-EV protein was acceptable, demonstrated by a single 286 

isolated protein band.  287 

 288 

For all results, Student’s t-test was used for two-group comparison. The results are presented as 289 

mean ± SEM (standard error of the mean), and p < 0.05 was considered significant. 290 

 291 

TABLE AND FIGURE LEGENDS: 292 

 293 

Figure 1: Ultrafiltration centrifugation of murine bronchoalveolar lavage fluid (BALF)-derived 294 

EVs demonstrated a more homogenous size distribution than ultracentrifugation with density 295 

gradient centrifugation of murine BALF-derived EVs and had a significantly higher total particle 296 

count and protein content. The distribution of EV particle sizes was measured by nanoparticle 297 

tracking analysis (NTA), and the total protein content was measured by the bicinchoninic acid 298 

assay. (A) UFC-BALF EVs’ NTA size distribution graph. (B) UC-DGC-BALF EVs’ size distribution 299 

graph. (C) Total particle count by NTA (mean ± SEM x 1010 particles; * p < 0.05). (D) Total protein 300 

content (in µg, * p < 0.05). The data were derived from three independent experiments. UFC = 301 

ultrafiltration centrifugation; UC-DGC = ultracentrifugation with density gradient centrifugation; 302 

EVs = extracellular vesicles; SD = standard deviation; Conc = concentration. 303 

 304 



 
 

Figure 2: Murine bronchoalveolar lavage fluid-derived EVs isolated by ultrafiltration 305 

centrifugation and ultracentrifugation with density gradient centrifugation methods expressed 306 

tetraspanin proteins CD63, CD9, and CD81. Shown are percentages of EVs stained positive by 307 

the UFC and UC-DCG isolation techniques, illustrated by pseudocolor plots, for (A - C) PE-CD63, 308 

(D - F) FITC-CD9, and (G - I) PE-CD9. The data are derived from three independent experiments. 309 

UFC = ultrafiltration centrifugation; UC-DGC = ultracentrifugation with density gradient 310 

centrifugation; EVs = extracellular vesicles; SSC-A = side scatter analysis; PE = phycoerythrin; FITC 311 

= fluorescein isothiocyanate. 312 

 313 

Figure 3: Ultrafiltration centrifugation-isolated murine bronchoalveolar lavage fluid-derived 314 

EVs expressed a similar fluorescent density of tetraspanin proteins to ultracentrifugation-315 

isolated EVs. (A and D) Histogram and geometric mean expression (gMFI) of PE-CD63+-stained 316 

EVs. (B and E) Histogram and gMFI of FITC-CD9+-stained EVs. (C and F) Histogram and gMFI of PE-317 

CD81+-stained EVs. These data are derived from three independent experiments. UFC = 318 

ultrafiltration centrifugation; UC-DGC = ultracentrifugation with density gradient centrifugation; 319 

EVs = extracellular vesicles; SSC-A = side scatter analysis; PE = phycoerythrin; FITC = fluorescein 320 

isothiocyanate. 321 

 322 

Figure 4: Murine bronchoalveolar lavage fluid-derived EVs isolated by ultrafiltration 323 

centrifugation and ultracentrifugation with density gradient centrifugation methods expressed 324 

the exosome surface protein, TSG101. This panel shows the immunoblotting of murine BALF-325 

derived EVs for the TSG101 antibody (47 kDa). UFC = ultrafiltration centrifugation; UC-DGC = 326 

ultracentrifugation with density gradient centrifugation; EVs = extracellular vesicles; FT = flow-327 

through; TSG = tumor susceptibility gene. 328 

 329 

Table 1: Buoyant density gradient buffers. This table gives the composition and buffer ratio of 330 

each gradient solution that was used to purify murine bronchoalveolar lavage fluid-derived 331 

extracellular vesicle populations isolated by the ultracentrifugation technique.  332 

* The working solution was 50% iodixanol (25 mL of density gradient medium [see Table of 333 

Materials] + 5 mL of diluent solution [pH 7.4 of 0.25 M sucrose + 120 mM HEPES + 0.9 M NaCl]). 334 

** Homogenization medium (pH 7.4 of 0.25 M sucrose + 20 mM HEPES + 150 mM NaCl) 335 

 336 

Table 2: The ultrafiltration centrifugation isolation method provided a high murine 337 

bronchoalveolar lavage fluid-derived extracellular vesicle yield. The particle concentration and 338 

total particle count were measured by nanoparticle tracking analysis (NTA). The protein 339 

concentration and total amount of protein were measured by a bicinchoninic acid protein assay.  340 

* BALF EVs’ particle concentration (mean ± SEM x 108/μL from three independent experiments).  341 
† BALF EVs’ total particle (mean ± SEM x 1010 particles from three independent experiments). 342 
‡ BALF EVs’ protein concentration (mean ± SEM µg/µL from three independent experiments).  343 
§ BALF EVs’ total protein (mean ± SEM µg from three independent experiments).  344 

UFC = ultrafiltration centrifugation; UC-DGC = ultracentrifugation with density gradient 345 

centrifugation; Conc = concentration; NTA = nanoparticle tracking analysis; SEM = standard error 346 

of the mean. 347 

 348 



 
 

DISCUSSION: 349 

In the past few decades, scientists have unraveled the significances of EVs in cellular homeostasis. 350 

More importantly, EVs play major roles in many disease processes by modulating neighboring 351 

and distant cells through their bioactive cargo molecules1,21,22,26-30. Future development and 352 

advancement in this field profoundly rely upon reliable and efficient methods that not only 353 

identify and separate correct subsets of EV populations but also preserve their biological 354 

functions for downstream applications10,11,14,31. In the current study, we described a 355 

nanomembrane ultrafiltration centrifugation (UFC) method to isolate EVs from mouse BALF. In 356 

concordance with other reports, we showed that UFC is simple and results in a high recovery 357 

yield and purity and, therefore, is suitable for small biological samples10,17,18,32.  358 

  359 

UC-DGC is commonly used and is considered to be the gold standard technique for EV isolation 360 

because it provides highly purified EV particles10,14. However, this method is technically 361 

cumbersome, time-consuming, labor-intensive, and has low scalability. The newly developed 362 

microfluidics-based techniques overcome these limitations, but this approach requires further 363 

validation before it can be fully implemented as an alternative method33,34. Thus, appropriate 364 

methods that accommodate those difficulties without compromising the purity and scalability of 365 

samples are sorely needed, particularly for small-volume biological fluid.  366 

 367 

We demonstrated that UFC using a nanomembrane filter device was effective for the EV isolation 368 

from BALF specimens. The findings presented here highlight the superiority of the UFC procedure 369 

in comparison to the gold standard UC-DGC method due to its simplicity and higher scalability. 370 

The ultrafiltration-based approach has become widely adopted to isolate EV from a variety of 371 

biological specimens: urine35, cell-conditioned media17, and fetal bovine serum36. The other 372 

modular size-based EV isolation technique that uses ultrafiltration as a platform is exosome total 373 

isolation chip (ExoTIC)31. This method is also suitable for small sample-size specimens. A few 374 

factors, such as filter material and the pore size of the nanomembranes, need to be considered 375 

when using the UFC technique because they may affect the properties of recovered EVs. For 376 

example, different types of filter membranes resulted in different EV-associated RNA recovery 377 

yields from urine18. In this study, we showed that regenerated cellulose (RC) with a 10-kDa 378 

MWCO provided the highest mRNA expression of NOP10, OST4, SNRPG, and TOMM7 compared 379 

to Hydrosart 10 kDa, or polyethersulfone (PES) of 10 kDa18. We further demonstrated that the 380 

RC with 10 kDa had a higher retentate EV recovery than the 100 kDa. Others have characterized 381 

urine EVs cargo contents that were affected by the type of isolation techniques37. Our study 382 

showed that the 100-kDa MWCO RC membrane provided a satisfactory BALF-derived EV yield 383 

with the advantage of much less unwanted proteins in the retentate due to the larger MWCO.  384 

 385 

This study demonstrated that the sizes and size distribution of UFC EVs were smaller and more 386 

homogeneously distributed than those of UC-DGC EVs. Vesicle aggregation, which is common 387 

with UC techniques, may explain the dimension heterogeneity of UC-DGC EVs38. We assessed 388 

BALF-derived EV purity by detecting the EV membrane proteins TSG101, CD63, CD9, and CD81, 389 

which confirms the presence of exosomes in the retentates. We and others have also used TEM 390 

to demonstrate the morphology of the UFC EVs35,39-41. Liu et al. used a similar ultrafiltration-391 

based approach to isolate EVs and, when compared to EVs isolated by ultracentrifugation, the 392 



 
 

proteomic and transcriptomic profiles were similar31. Thus, we describe an ultrafiltration 393 

centrifugation method using a regenerated cellulose membrane with an MWCO of 100 kDa as an 394 

alternative EV isolation method that is suitable for small biological fluid samples such as 395 

bronchoalveolar lavage fluid.  396 

 397 

The critical steps using this UFC approach to isolate EVs from biological fluid include the initial 398 

nanoporous membrane 0.2-µm filtration to ensure that the enriched particles are in the 399 

exosomal size range and the avoidance of applying additional force that can damage or deform 400 

the exosome morphology and structures10,42. EVs can adhere to the filtration membrane, which 401 

results in lower scalability. Therefore, the volume of the sample should not exceed the 402 

recommended amount in each type of filter unit. We chose to use regenerated cellulose, which 403 

provided a higher mRNA yield from urine-derived EVs18. The type of filter membranes used can 404 

alter the recovery yield and type of EVs. Lastly, even though an MWCO of 100 kDa should 405 

eliminate the majority of proteins in the biological fluids, some protein contaminants that were 406 

larger than 100 kDa or protein aggregates were observed43. In this case, a washing step is critical 407 

to minimize EV and protein aggregation. Moreover, functional studies must be properly 408 

controlled in order to fully interpret the results, as non-EV-associated proteins will be present in 409 

the UFC EVs. 410 

 411 

We conclude that UFC is an alternative approach that is feasible for EV isolation for small- or 412 

larger-volume samples. The currently available microfilter units can accommodate up to 15 mL 413 

of samples.  414 
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Total Particles
† 

(x10
10

)

35 7.69 ± 2.6 29.4 ± 18.4

Methods Starting Volume (mL)

UFC

UC-DGC

  NTA
*
 (x10

8
/μL)

35 0.5 ± 0.05 0.5 ± 0.1
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Protein Conc
‡
 (µg/µL) Total Proteins

§
 (µg)

3.7 3,136 ± 1860

0.6 73.7 ± 38.3



Name of Material/ Equipment

Material

Amicon Ultra-15 centrifugal filters Ultracel-100K

Dulbecco's Phosphate Buffered Saline (DPBS)
Sucrose

HEPES

EDTA

Sodium Chloride

OptiPrep

Ketamine

Xylazine

Syringe 1 mL

Angiocatheter 20G

Centrifuge tubes 15 mL

Centrifuge tubes 50 mL

Bicinchonic acid (BCA) protein assay

Rabbit anti-mouse TSG101 Antibody

Rat anti-mouse PE-CD63 Antibody

CD81

CD9

Anti-rabbit IgG, HRP-linked antibody

4x LDS

10x Reducing agent (Bolt)

10x Lysis buffer (Bolt)

Bolt 4-12% Bis-Tris Plus acrylamide gel

iBlot 2 Nitrocellulose mini stacks

Chemiluminescent HRP antibody detection reagent HyGLO 
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Company Catalog Number Comments/Description

Sigma-Millipore, St. Louis, MO UFC910024

Corning Cellgro, Manassas, VA 21-031-CV

Sigma-Millipore, St. Louis, MO EMD8550

Research Products International, Prospect, IL 75277-39-3

Corning Cellgro, Manassas, VA 46-034-CI

Sigma-Millipore, St. Louis, MO S3014-1KG

Sigma-Millipore, St. Louis, MO MKCD9753 Density Gradient Medium

VetOne, Boise, ID 13985-702-10

Akorn Animal Health, Lake Forest, IL 59399-110-20

BD Syringe, Franklin Lakes, NJ 309656

BD Syringe, Franklin Lakes, NJ 381703

VWR, Radnor, PA 89039-666

Corning Cellgro, Manassas, VA 430828

Pierce, Thermo Fischer Scientific, Rockford, IL 23235

AbCam, Cambridge, MA AB125011

Biolegend, San Diego, CA 143904

Cell Signaling Technology, Danvers, MA 7074S

Cell Signaling Technology, Danvers, MA

Invitrogen, Thermo Fisher Scientific, Waltham, MA NW04120

Invitrogen, Thermo Fisher Scientific, Waltham, MA IB23002

Denville Scientific, Holliston, MA E2400
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or by JoVE or its affiliates or agents, individually or in
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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.
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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
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Article into other languages, create adaptations, summaries or
extracts of the Article or other Derivative Works (including,
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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
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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. 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.

9. 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.

10. 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 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
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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. 
 
11.  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. 
 
12.  Fees.  To cover the cost incurred for publication, JoVE 
must receive payment before production and publication 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. 
 
13.  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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Editorial comments: 
 
1. There is a 2.75 page limit for filmable content. Please highlight 2.75 pages or less of the 
Protocol (including headers 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. Remember that non-highlighted Protocol steps will remain in the manuscript, and 
therefore will still be available to the reader. 
 
Response: The 2.75-page protocol for filmable content was highlighted.  
 
2. 4.2.2: How much of these antibodies is added? 
 
Response: The amount of each antibody in each reaction were the followings; 

- Anti-mouse CD63-PE was 100 ng 
- Anti-mouse CD9-FITC was 500 ng 
- Anti-mouse CD81-PE was 200 ng 

 
3. Figure 1A, B: It looks like the units in the boxes should be nm, not nM. Also, where do the 
errors for these values come from? 
 
Response: The true meaning of nM is nanometer not nanomole. The unit abbreviation was 
changed to nm per editorial suggestion. A revised figure 1A is attached. 
 
4. Figure 1C, D: What statistical test is used to produce p-values? 
 
Response: Student t-test was used. Statistics section was added into the Protocol (line 200-
201). 
 
5. Figure 2: Please either combine A and B (and adjust panel labelling accordingly) or split this 
into Figures 2 and 3. 
 
Response: Figure 2A and 2B were split into 2 separate figures, specifically, figure 2A is now 
figure 2 and figure 2B is now figure 3. 
 
6. Figure 2A: What is the scale for the psuedocolor plots? 
 
Response: The scale for the pseudocolor plots was hyper log (hlog) scale. 
 
7. Figure 2B: What are the error bars for the gMFI plots? 
 
Response: The error bars for the gMFI plots was the standard error of the mean (SEM). 
 
8. Table 1: What are the stars here? What are the working and homogenization media? They do 
not seem to be explained elsewhere, including in the Table of Materials. 

Rebuttal Letter Click here to access/download;Rebuttal Letter;Editorial
comments 08062018.docx
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Response: One-star (* asterixis symbol) referenced the composition of working solution. Two-
star (**) referenced the composition of homogenization medium.  The explanation of these 
symbols was present in the original submission but was mistakenly left behind in the revised 
version. The definitions of * and ** were added in Table 1 legend (line 288-290). For further 
clarification, the use of these buffers were added in the protocol section as “Note” (line 139-
142). 
 
9. References: Please ensure all journal names are written out (e.g., see ref. 8). 
  
Response: Changes were made per editorial suggestion. 


