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Abstract

Exosome size distributions and numbers of exosomes released per cell are measured by 

asymmetric flow-field flow fractionation/multi-angle light scattering (A4F/MALS) for three 

thyroid cancer cell lines as a function of a treatment that inhibits MAPK signaling pathways in the 

cells. We show that these cell lines release exosomes with well-defined morphological features 

and size distributions that reflect a common biological process for their formation and release into 

the extracellular environment. We find that those cell lines with constitutive activation of the 

MAPK signaling pathway display MEK-dependent exosome release characterized by increased 

numbers of exosomes released per cell. Analysis of the measured exosome size distributions based 

on a generalized extreme value distribution model for exosome formation in intracellular 

multivesicular bodies highlights the importance of this experimental observable for delineating 

different mechanisms of vesicle formation and predicting how changes in exosome release can be 

modified by pathway inhibitors in a cell context-dependent manner.
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I. INTRODUCTION

Recent discoveries of small RNAs in extracellular vesicles1–4 have generated widespread 

interest in extracellular vesicles (EVs) as vehicles for intercellular communication. EV-

mediated transfer of miRNA, in particular, has been implicated in cancer as a mechanism for 

promoting tumor metastasis and/or modulating immune responses, in addition to epigenetic 

reprograming cells in the tumor microenvironment.5–8 EVs present in body fluids, such as 

blood or urine, have diagnostic potential as biomarkers in assays that are less invasive than 

tissue biopsies9,10 and have therapeutic potential as natural delivery vehicles for proteins 

and nucleic acids,11,12 making them potential candidates for cancer therapies.13

EVs consist primarily of exosomes and shedding vesicles that are released from all cell 

types in response to specific stimuli, but by entirely different mechanisms. Exosomes are 

secreted by the exocytosis of multivesicular bodies (MVBs), while shedding vesicles are 

formed by budding small cytoplasmic protrusions that then detach from the cell surface.14,15 

The biophysical properties of exosomes and shedding vesicles—notably, vesicle size and 

shape—reflect their distinct biogenesis pathways. Exosomes are generally defined by their 

spherical, unilamellar morphology, their size (average diameters less than ~100 nm), and the 

expression of specific biomarkers, including tetraspanins, whereas shedding vesicles are 

more heterogeneous in size and shape with characteristic lengths up to 1 μm.14–17 Although 

the numbers of exosomes and larger vesicles released by individual cells will vary in a cell 

type- and cell state-dependent manner, current studies of EV-mediated miRNA transfer have 

not quantified these contributions or the anticipated heterogeneous distribution of miRNAs 

across and within the two subpopulations as a function of different stimuli.18 Quantification 

of vesicle number concentrations as a function of vesicle size is an essential goal for clinical 

applications of exosomes as cancer biomarkers, which requires identifying the tumor-

derived exosomes specifically and determining their numbers in patient samples.19

Biophysical characterizations of EVs typically include visualizing vesicle morphologies by 

electron microscopy, measuring vesicle size distributions, and, more recently, estimating 

absolute number concentrations. The first experimental observations of cell-secreted EVs by 

transmission electron microscopy (TEM) at ambient temperature describe them as spherical 

vesicles with a distinctive cup-shaped morphology that is an artifact of the sample 

preparation.1,3,10,20 More recent studies at cryogenic temperatures (cryo-TEM), which 

preserve vesicle morphologies during preparation, have confirmed their unilamellar 

structure and spherical shape with EV diameters between ~20 and 150 nm and an electron-

dense interior.21–23

Dynamic light scattering (DLS) is frequently used to measure EV size distributions in large 

part to confirm sampling the subpopulation of smaller EVs corresponding to 

exosomes.20,24,25 EV hydrodynamic diameters obtained by DLS are based on translational 

diffusion coefficients derived from measured time correlation functions of light scattered by 

vesicles undergoing Brownian motion. The analysis of DLS measurements is 

straightforward for monodisperse populations of vesicles with a relatively narrow range of 

vesicle diameters, although the overall range of diameters that can be measured is extensive: 

1 nm to 6 μm.25 The interpretation of DLS measurements becomes more problematic, 
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however, for highly disperse vesicle populations, as well as for bimodal size distributions, 

because the intensity of light scattered from a solid (hollow) spherical vesicle depends on 

the sixth (fourth) power of its diameter. Thus, light scattered from a small number of larger 

vesicles can overwhelm light scattered from the smaller vesicles, resulting in an 

underestimate of the subpopulation of smaller vesicles in polydisperse samples.25 Moreover, 

EV size distributions obtained by DLS are relative distributions; absolute vesicle number 

concentrations as a function of vesicle size are not determined.

Nanoparticle tracking analysis (NTA) is a more recent extension of DLS that has been 

applied to measure vesicle diameters from 50 nm to 1 μm.4,24,26–28 Absolute vesicle number 

concentrations can also be obtained, and the latest instruments are capable of tracking 

antigen-specific EVs using fluorescently labeled antibodies if sufficient numbers of antigens 

are present,24,26 in principle enabling EV surface markers to be correlated with vesicle size. 

NTA using light scattering for particle tracking will likewise be biased to larger vesicles, 

and measurements of vesicle concentrations are sensitive to the refractive index of the 

vesicles,25 which may differ substantially across a heterogeneous population of EVs from 

different cell sources.28

In this article, we report the application of asymmetric flow-field flow fractionation coupled 

with multi-angle light scattering (A4F/MALS) to measure vesicle size distributions and 

vesicle number concentrations of the exosome subpopulation of EVs released by three 

thyroid cancer cell lines in response to a specific external stimulus. In asymmetric flow-field 

flow fractionation, laminar flow of a carrier fluid transports the EVs in a sample along a 

narrow channel, while hydrodynamic fractionation by vesicle size occurs by applying a 

cross-flow perpendicular to the direction of the channel flow.29 As the cross-flow is 

gradually reduced, smaller vesicles in the sample move into faster flowstreams toward the 

center of the channel due to their greater Brownian motion, and consequently elute from the 

channel earlier than larger vesicles. The retention time in the channel, τr, and the vesicle 

diameter, d, are linearly related by Stokes’ law and the channel and cross-flow volumetric 

flowrates, Vc and Vx, respectively:

(1)

where η is the viscosity of the carrier fluid, w the channel width, and kBT thermal energy 

(Boltzmann’s constant times temperature). By first fractionating the sample based on vesicle 

size, A4F/MALS circumvents the vesicle size dependence of scattered light in DLS and 

NTA.30–35 Quantitative measurements of vesicle number concentrations are attainable with 

an appropriate model for the single-vesicle scattering function that contains an accurate 

refractive index profile for the vesicle.

The BCPAP, TPC1, and FTC133 cell lines chosen for this study have different mutations 

derived from the common forms of thyroid cancer. These cell lines were selected based on 

their mutation status to quantify the number of exosomes released per cell in response to 

inhibiting the mitogen-activated protein kinase (MAPK) signaling pathway that plays a 

critical role in thyroid cancer initiation and progression. BCPAP cells express the BRAF 
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V600E mutation, which causes selective constitutive activation of MAPK signaling, while 

TPC1 cells express RET/PTC1, a gene rearrangement that causes constitutive activation of 

the Ret tyrosine kinase, which activates MAPK and PI3K signaling.36,37 In contrast, 

FTC133 cells are driven by the selective activation of PI3K signaling through the mutation 

and loss of tumor suppressor PTEN.36,37 Thus, whereas cancer cells, in general, are known 

to release exosomes at elevated levels compared to normal cells,4,38 we expect to observe 

enhanced BCPAP and TPC1 cellular responses to inhibiting MAPK signaling manifested in 

the exosomes released by these cells relative to the untreated cells and the FTC133 cells if 

the MAPK signaling pathway plays a role in the release of exosomes from these cancer 

cells.

II. MATERIALS AND METHODS

II.1. Cell Culture

All cells were grown in culture media containing EV-depleted fetal bovine serum (FBS). 

Human thyroid carcinoma BCPAP, TPC1, and FTC133 cell lines were provided by Dr. R. 

Schweppe (University of Colorado, Denver) with permission from the following originating 

researchers: FTC133, P. Goretzki, University of Leipzig, Germany; BCPAP, D. N. Fabien, 

Centre Hospitalier Lyon-Sud, France; and TPC1, H. Sato, Kanazawa University, Japan. The 

three cell lines were independently confirmed for correct identification by DNA 

fingerprinting after receipt. BCPAP cells were grown in RPMI 1640 media supplemented 

with 1× MEM non-essential amino acids (NEAA, Life Technologies, Carlsbad, CA) in 

addition to 5% MV-depleted FBS, whereas the TPC1 and FTC133 cells were grown in 

DMEM media (Life Technologies, Carlsbad, CA) supplemented with NEAA and 5% MV-

depleted FBS.39 The cells at ~70% confluency were grown in 10 cm cell culture dishes for 

24 h before isolating the EVs.

The U0126 MEK-specific inhibitor treatment (Cell Signaling Technology, Beverly, MA) 

was carried out as described in detail elsewhere.40 Briefly, the cells in media containing EV-

depleted FBS were treated with 20 μM U0126 for 24 h prior to EV isolation. An equivalent 

concentration of DMSO was added as a control treatment. Specific inhibition of MEK by 

U0126 was confirmed by Western blot of protein lysates isolated 24 h after treatment (data 

not shown). Cell viability and total cell numbers were determined using a Countess 

Automated Cell Counter (Life Technologies, Carlsbad, CA) and trypan blue exclusion assay 

under the same conditions. Cell viability was found be to greater than 90%.

II.2. Isolation of Extracellular Vesicles

EVs were isolated by sequential centrifugation/ultracentrifugation at 4 °C as described in 

detail elsewhere.41 Briefly, cells were separated from the culture media by centrifugation at 

300g for 5 min and 2000g for 20 min. The cell-free supernatant was then transferred to 25 

mL polycarbonate ultracentrifuge tubes (Beckman Coulter, Brea, CA) and depleted of cell 

debris in a single spin at 10 000g for 30 min. The supernatant was then transferred to clean 

polycarbonate tubes and spun at 100 000g for 70 min to pellet the EVs. The supernatant 

from this spin was removed by aspiration, and the pellet was washed with sterile 1× PBS, 

resuspended, and then spun a second time at 100 000g for 70 min. The washed pellet was 
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resuspended in 1× PBS for cryo-TEM imaging and the A4F/MALS measurements. Each EV 

sample consisted of vesicles isolated from 50 × 106 to 150 × 106 cells (an average of 35 cell 

culture dishes) whereas the total number of cells for each sample was estimated by randomly 

selecting four dishes and counting cells per dish.

II.3. Asymmetric Flow-Field Flow Fractionation/Multi-Angle Light Scattering

EVs were fractionated based on vesicle size in a tapered separation channel 15.2 cm in 

length and widths at the inlet and outlet ports of 2.15 and 0.3 cm, respectively. The channel 

height was set by a 350 μm spacer above a regenerated cellulose membrane (10 kDa cutoff). 

All flowrates in the fractionation were controlled by the Eclipse 2 separation system (Wyatt 

Technology Corporation, Santa Barbara, CA) connected to an Agilent HPLC system 1100 

series (Agilent Technologies, Santa Clara, CA), which consists of a G1320A isocratic pump 

and a G1313A autosampler. This instrument is coupled to an 18-angle static light scattering 

detector (15 angles are accessible using the flow cell) with a gallium arsenide laser at a 

wavelength of λ0 = 658 nm (Dawn HELEOS) and a differential refractive index (dRI) 

detector (Optilab rEX, Wyatt Technology Corporation). The system was controlled by 

Eclipse software, version 2.6. Data was acquired and processed using Astra 5.3.4.20 

software (Wyatt Technology Corporation).

EV fractionation was carried out by first conditioning the regenerated cellulose membrane 

with two sacrificial injections of bovine serum albumin (10 μg/μL), followed by 100 μL of 

the sample at a flow rate of 1.00 mL/min for 5 min and then focusing for 7 min, during 

which the carrier buffer (0.1 M PBS, pH 7.4 filtered through a 0.1 μm filter) enters through 

both the inlet and outlet ports of the channel to focus the sample near the injection point. 

Fractionation was accomplished at a constant channel flow rate of 1.00 mL/min by reducing 

the cross-flow rate from an initial value of 0.26 mL/min to 0.06 mL/min over an elution time 

of 45 min.

The fractionation efficiency was determined using monodisperse polystyrene standard beads 

57, 102, and 200 nm in diameter (Thermo Fisher Scientific, Fremont, CA) diluted to particle 

numbers on the order of 109 to 1010 in 10 μL of 1× PBS containing 500 ppm sodium 

dodecyl sulfate (Life Technologies, Grand Island, NY). An efficiency of 49% was 

determined by comparing the known concentrations to particle counts obtained by MALS 

using the solid sphere model with a refractive index of 1.590 for the polystyrene beads.31

Mild sonication of the EV suspensions was carried out prior to the A4F/MALS 

measurements. Measurements on samples that were not sonicated beforehand resulted in 

size distributions that were systematically skewed toward higher fractions of larger EVs 

compared to sonicated samples, indicating the presence of loose aggregates that are 

dispersed with mild sonication.

EVs at low concentrations in the original sample are diluted further in asymmetric flow-field 

flow fractionation. Based on an average density of 1.13–1.19 g/mL for cell-secreted 

exosomes,17 we estimate that the mass concentration of EVs in a typical A4F fraction is at 

most on the order of 10−6 g/mL. Thus, each fraction eluting from the A4F separation 

channel can be treated as a dilute solution of independent, non-interacting vesicles that have 
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a monodisperse size distribution. The intensity of light scattered from this dilute solution at 

an angle θ is defined in terms of the excess Rayleigh ratio,

(2)

where K* is an optical constant, M is the molar mass, c is the mass concentration, and P(θ) 

is the single-vesicle scattering function. The excess Rayleigh ratio is proportional to the 

intensity of light scattered at angle θ in excess of light scattered at the same angle by the 

solution in the absence of the vesicles.42,43 The average diameter and number concentration 

of EVs in each fraction were derived from eq 2 using the coated-sphere model for P(θ) and 

refractive indexes of 1.354 for the EV interior44 and 1.400 for the lipid bilayer.28 A bilayer 

thickness of 5.5 (±0.69) nm was determined independently by direct measurements of the 

bilayer in cryo-TEM images of more than 50 EVs. A refractive index of 1.329 for the PBS 

buffer was measured directly using the dRI detector.

The vesicle number concentration was found to be most sensitive to the refractive index for 

the EV interior and to a lesser extent the refractive index of the lipid bilayer in the coated-

sphere model. We estimate that an uncertainty of ±0.025 in the refractive index of the EV 

interior corresponds to an uncertainty of about one order of magnitude in the vesicle number 

concentration, whereas the same uncertainty in the refractive index of the lipid bilayer 

corresponds to an uncertainly of approximately ±20% in the vesicle number concentration. 

Relative concentrations of EVs derived from treated cells compared to untreated cells are, 

however, unaffected by the uncertainties in either refractive index.

The average vesicle diameter was found to be less sensitive to the two refractive indexes in 

the coated-sphere model, although more sensitive to the refractive index for the EV interior. 

An uncertainty of ±0.025 in the refractive index of the EV interior corresponds to an 

uncertainty of approximately ±10% in the average vesicle diameter, whereas the same 

uncertainty in the refractive index of the lipid bilayer corresponds to an uncertainly of 

approximately ±3% in the average vesicle diameter. The average diameter of EVs derived 

from treated cells compared to untreated cells is likewise unaffected by the uncertainties in 

either refractive index, as expected.

II.4. Cryo-Transmission Electron Microscopy

Vitrified cryo-TEM specimens were prepared by applying 4 μL of the EV suspensions to 

glow-discharged lacey carbon-coated copper grids (400 mesh, Pacific Grid-Tech, San 

Francisco, CA) and then flash-freezing in liquid ethane at controlled conditions (22 °C and 

95% relative humidity) in an FEI Vitrobot Mark IV automated vitrification device (FEI, 

Hillsboro OR). The vitrified samples were stored under liquid nitrogen before transferring to 

a Gatan cryoholder (model 626.DH) and visualized in an FEI Tecnai G2 F20 ST TEM (FEI, 

Hillsboro OR). The microscope was operated at 200 kV and in low-dose mode to minimize 

radiation damage to the samples. Images were captured using a 4k × 4k Gatan Ultrascan 

CCD camera at magnifications of 38 000× and 43 000×.

EV size distributions were derived from the cryo-TEM images by directly measuring the 

diameter of each EV using ImageJ software. Direct visual inspection of each image enabled 
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identifying ice crystal formation, electron beam damage, particulate contaminants, disrupted 

or distorted vesicles, and other potential artifacts due to sample preparation, and those 

samples discarded. The diameter of an individual EV was defined as the distance between 

the outer edges of the bilayer on opposite sides of the vesicle. An uncertainty in the 

measured diameters was determined from multiple measurements over a range of EVs with 

different diameters and at four different orientations across each vesicle to obtain a standard 

deviation of ±1.2 nm over the entire range of EV diameters studied. All cryo-TEM images 

were obtained at the Liquid Crystal Institute, Kent State University, Kent, OH.

III. RESULTS AND DISCUSSION

A representative A4F/MALS elution profile—intensity of scattered light at 90° as a function 

of elution time—and the corresponding average diameter of the vesicles in each A4F 

fraction as a function of elution time are shown in Figure 1. Sample elution begins at 19 

min, preceded by a small void peak in the elution profile that reflects the crossover from 

focusing mode to elution mode in the fractionation. A single prominent peak in the elution 

profile is observed at 26 min, followed by an asymptotic return to baseline as the cross-flow 

approaches zero at 53 min. As expected for fractionation based on vesicle size (eq 1), the 

average vesicle diameter in the eluting fractions increases linearly with elution time up to 

~36 min,29,33 and then remains essentially constant over the remainder of the elution time. 

The average vesicle diameter at the plateau ranges from 180–225 nm depending on the cell 

source, but is essentially independent of the inhibitor treatment.

Small, secondary peaks in the elution profiles for EVs from the TPC1 cells were also 

observed at 53 min as the profiles asymptotically return to baseline (Figure 4) indicating that 

a portion of the vesicle population consisting of larger vesicles (>200 nm in diameter) had 

not yet eluted from the channel. Incomplete elution of larger vesicles in the population of 

BCPAP cell-derived EVs was also observed with the elution profiles remaining slightly 

above baseline at 53 min. Factors that can lead to the incomplete elution of specific EV 

samples include vesicle aggregation and/or adsorption on the A4F channel membrane. 

Improved fractionation of the larger vesicles could be achieved to some extent by adjusting 

the A4F cross-flow and focus-flow rates. However, these flow rates were found to adversely 

affect the fractionation of smaller EVs in our samples. A consequence of optimizing the 

fractionations for the smaller EVs in our samples therefore is to limit quantitative 

determinations of vesicle diameters and number concentrations to EVs smaller than ~200 

nm in diameter, which encompasses the exosome subpopulation of EVs of interest.

Debye plots of the excess Rayleigh ratio as a function of sin2(θ/2) are shown in Figure 2 for 

three fractions of EVs obtained at A4F elution times corresponding to the leading edge (22 

min), the peak (26 min), and the trailing edge (38 min) of the elution profile in Figure 1. The 

Debye plot for the smaller EVs that elute at 22 min is essentially linear, with deviations from 

linearity noted for the smallest scattering angles. The Debye plots become progressively 

more non-linear for the fractions of larger EVs that elute at 26 and 38 min with the 

deviations at 26 min for the smallest scattering angles similar to those noted for the leading 

edge EV fraction at 22 min. The intercept and slope of these plots in the limit of sin2(θ/2) → 

0 are proportional to the concentration and average diameter squared, respectively, of the 
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EVs in each fraction.42 The significantly higher intercept for the EV fraction at the peak of 

the A4F elution profile and the prominent upward curvature as sin2(θ/2) → 0 for the EV 

fraction in the trailing edge of the A4F elution profile are therefore expected.

The coated-sphere model fits of the data, which are also shown in Figure 2, accurately 

describe the Debye plots for the leading edge and the peak EV fractions, but underpredict 

the upward curvature at small scattering angles in the Debye plot for the trailing edge 

fraction. The underprediction of the Debye plots as sin2(θ/2) → 0 for the late eluting, larger 

EVs using the coated-sphere model reinforces the limitation associated with optimizing the 

fractionations for the smaller EVs—i.e., quantitative determinations of vesicle diameters and 

number concentrations are constrained to EVs smaller than ~200 nm in diameter. Although 

the maximum standard error in the light scattering measurements for each angle, shown in 

the inset of Figure 2, increases significantly as sin2(θ/2) → 0, the magnitude of the standard 

error is relatively small and does not account for the differences between the model 

predictions and the data as sin2(θ/2) → 0. Moreover, the fits for all three EV fractions are 

essentially independent of whether all 15 scattering angles are used or the three smallest 

scattering angles are excluded. Similar results were obtained across all our EV samples, 

including EVs derived from both treated and untreated cells, and in an independent analysis 

of the data using the Rayleigh–Gans–Debye approximation43,45 with the thin-shell model, 

which is not offered in the Astra software. We conclude that excluding the three smallest 

scattering angles in the coated-sphere model fits of our data for the subpopulation of EVs 

with diameters less than ~200 nm has only a minimal impact on the predicted vesicle 

diameters and number concentrations. For example, vesicle number concentrations in the 

peak A4F fraction predicted by the coated-sphere model excluding the three smallest 

scattering angles are found to change by less than 10% across all EV samples compared to 

the coated-sphere model predictions that include these angles.

Figure 3 compares vesicle size distributions derived from the A4F/MALS measurements to 

those obtained from cryo-TEM images for the exosome subpopulations of EVs from 

untreated TPC1 and BCPAP cells. Similar asymmetric, unimodal distributions are observed 

in both cases, although the peak in the A4F/MALS distributions is shifted slightly to larger 

exosome diameters relative to the corresponding peak in the cryo-TEM distributions. In 

addition, exosomes with diameters less than 45 nm that were frequently observed in the 

cryo-TEM images were not detected or were detected at much lower fractions by A4F/

MALS. The lower resolution for these smaller exosomes in the A4F/MALS measurements 

coincides with the lower limit of detection in the light scattering measurements, which is 

~1/20 of the wavelength of incident light,30 or approximately 33 nm for our measurements. 

A small number of exosomes ranging from 185–205 nm in diameter are also detected in the 

A4F/MALS distribution for BCPAP EVs that are not found in the cryo-TEM distribution. 

Since only a small fraction of the sample is analyzed in the cryo-TEM images compared to 

A4F/MALS, the discrepancy may simply reflect the statistical limitation of the much smaller 

cryo-TEM sample size, although experimental bias introduced in the cryo-TEM sample 

preparation cannot be ruled out.46,47 We conclude nonetheless that the exosome size 

distributions derived from the A4F/MALS measurements and from cryo-TEM images are in 

good agreement, with the A4F/MALS measurements biased to detecting slightly larger 
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vesicles and cyro-TEM images biased to slightly smaller vesicles. Notably, no vesicles 

smaller than 20 nm in diameter were observed in the cryo-TEM images.

Representative cryo-TEM images of the TPC1 and BCPAP cell-derived exosomes are also 

shown in Figure 3. The unilamellar structure and spherical shape characteristic of nearly all 

vesicles imaged stand out in contrast to the round, cup-shaped morphologies typically seen 

in TEM images.1,3,10 The distinctive dark ring corresponding to the bilayer structure of the 

membrane is also clearly visible in these images and is a general observation. Another 

morphological feature observed in the vast majority of EV images is the appearance of 

darker regions of electron-dense material within the exosomes. The granularity of this 

encapsulated material suggests that these darker regions are not artifacts of imaging vesicles 

constrained by the thickness of the vitrified film, which can give the appearance of dark 

shadows in the vesicle interior.48 No significant changes in these characteristic 

morphological features were observed in the cryo-TEM images of EVs derived from cells 

subjected to the inhibitor treatment.

Representative A4F/MALS elution profiles for exosomes released from untreated and 

U0126-treated TPC1 cells are shown in Figure 4. The two elution profiles are essentially 

identical, with a small secondary peak observed in both profiles at ~53 min, which indicates 

that a portion of the sample corresponding to a small number of larger vesicles does not 

elute from the A4F channel within the specified elution time. The effect of MAPK inhibition 

on the size distributions of exosomes released from TPC1 and BCPAP cells is shown in 

Figure 5. The total number of exosomes released per cell is given in Table 1 for both the 

untreated and U0126-treated cells. The tabulated results show that TPC1 and BCPAP cells 

release greater numbers of exosomes per cell in response to MAPK inhibition. These 

increases are not accompanied, however, by significant changes in the exosome size 

distributions, as shown in Figure 5. The total number of exosomes released per cell from 

TPC1 cells over 24 h increases two-fold relative to the number of untreated cells, whereas 

the corresponding increase for BCPAP cells is roughly three-fold. For FTC133 cells, no 

increase in the total number of exosomes released per cell over 24 h is observed when these 

cells are treated with the U0126 inhibitor.

The absolute numbers of exosomes released per cell from the untreated cells over 24 h 

(Table 1) are also comparable to those reported for other cancer cell lines under similar 

culture conditions where NTA was used to measure the numbers of vesicles released per cell 

over 48 h.4 Assuming a constant rate of release over 48 h, medulloblastoma cells were found 

to release 6700–12 650 vesicles per cell and glioblastoma and melanoma cells released 

3500–6500 vesicles per cell, whereaas normal human fibroblasts released 1900–3100 

vesicles per cell over 24 h. Unimdodal vesicle size distributions over roughly similar ranges 

of vesicles diameters were also reported.

The measured exosome size distributions were analyzed by fitting them to the general form 

of extreme value distributions (EVDs).49 EVDs emerge from models that assume vesicle 

size distributions depend on the method of vesicle preparation, and as such, have been used 

to describe size distributions of lipid vesicle formulations prepared by sonication, extrusion, 

and detergent dialysis.33,50,51 Different physical models and mechanisms of vesicle 
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formation lead to different EVD expressions, which are defined by the sign of the shape 

parameter, ζ.50–52 For the Frechet EVD, ζ > 0, whereas for the Weibull EVD, ζ < 0; and ζ = 

0 defines the Gumbel EVD.49 The application of the general form of EVDs pursued here 

enables an unbiased determination of the EVD expression that best represents the measured 

exosome size distributions, and as such provides a framework for discriminating between 

physical models and mechanisms that can lead to these distributions.

A representative EVD fit of the measured size distribution of exosomes from untreated 

TPC1 cells is shown in Figure 6. The Frechet EVD (ζ > 0) captures the distinct peak and the 

asymmetry in the distribution that characterizes the actual distribution. Also shown is a fit of 

the measured exosome size distribution using the Schulz distribution.53,54 The Schulz 

distribution assumes the vesicles achieve an equilibrium size distribution that is likewise 

skewed to larger vesicles,54 and thus serves as a benchmark for distinguishing equilibrium 

from non-equilibrium vesicle size distributions. In comparison to the Fréchet EVD, the 

Schulz distribution fit produces a broader distribution and fails to capture the abrupt cutoff 

in the actual distribution at a minimum vesicle diameter. The superior fit obtained with the 

Fréchet EVD represents a general finding in fitting the A4F/MALS data across all cell lines 

and for both the untreated and U0126-treated cells. In addition, the Fréchet EVD was 

identified as the only EVD to accurately reproduce the exosome size distributions measured 

in this study. Fréchet EVD parameters obtained from these fits are given in Table 2.

The Fréchet EVD description of the exosome size distributions suggests a mechanism for 

exosome formation that is distinctly different from the mechanism proposed for vesicles 

formed by sonication, extrusion, or detergent dialysis, which produce vesicle size 

distributions that are described by the Weibull EVD.33,50,51 The Weibull description is 

based on a random fractionation model in which an upper limit to the vesicle diameter is 

defined. For vesicles prepared by sonication, 1.55 < −1/ζ < 2.31, depending on the lipid 

composition,50,51 whereas for lipid vesicles prepared by extrusion, 1.10 < −1/ζ < 1.62, 

depending on the pore diameter of the membrane, or by dialysis, 1.03 < −1/ζ < 2.94, 

depending on the detergent.33 The spherical vesicles that are formed in these preparations 

nonetheless span a range of diameters comparable to those obtained here for cell-derived 

exosomes.

We recently proposed a model for exosome formation based on microdomain-induced 

budding of the limiting membrane of intracellular multivesicular bodies (MVBs) that 

produces the Fréchet EVD description of exosome size distributions. 55 In this model, 

exosomes form as small microdomains coalesce into larger microdomains on the MVB 

limiting membrane, leading to the inward budding of the membrane to form internal or 

intraluminal vesicles.56 These vesicles then detach from the limiting membrane to become 

exosomes internalized within the MVB. The Fréchet EVD description of exosome size 

distributions follows from the assumption that a growing microdomain must bud once it has 

reached a certain critical size, irrespective of the details of the coalescence mechanism(s),57 

and the identification of a minimum vesicle diameter related to this critical microdomain 

size. This minimum vesicle diameter, which likely reflects lipid packing constraints, is in 

contrast to the upper limit placed on the vesicle diameter in the fragmentation model for the 

Weibull EVD description. Our finding that the Fréchet distribution as opposed to the 
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Weibull distribution emerges from the generalized EVD fits of the measured exosome size 

distributions also implies that factors, such as the breakup of larger shedding vesicles or 

vesicles that may form during the centrifugation/ultracentrifugation steps in the EV isolation 

process, do not contribute significantly to the exosome subpopulation of EVs released by the 

untreated or U0126-treated thyroid cancer cells.

IV. CONCLUSIONS

We observe that untreated BCPAP, TPC1, and FTC133 thyroid cancer cells release vesicles 

with common, well-defined morphological features and size distributions that can be 

attributed to the exosome subpopulation of cell-derived EVs. Moreover, these 

morphological features and vesicle size distributions are not affected by the upregulated 

release of exosomes as a cellular response to inhibiting the constitutively activated MAPK 

signaling pathway in the BCPAP and TPC1 cells. The vast majority of exosomes derived 

from these cells are spherical in shape with a single bilayer membrane encapsulating 

electron-dense material. Further, the exosome size distributions obtained from A4F/MALS, 

as well as those generated from cryo-TEM images are without exception unimodal with 

exosomes <150 nm in diameter, an extended tail skewed to larger exosomes, and average 

exosome diameters between 61 and 76 nm. The experimental observable that characterizes 

the cellular responses to MAPK inhibition in the cells with constitutive MAPK activation 

(i.e., BCPAP and TPC1 cells) is the release of increased numbers of exosomes/cell. The 

absence of this response in the FTC133 cells, which do not have constitutive activation of 

MAPK, suggests a cell-autonomous exosome release response to MAPK inhibitors that may 

be predicted by pathway activation. This result is consistent with the concept of “oncogene 

addiction” of cancer cell lines.58,59

Our analysis of the measured exosome size distributions using the general form of EVDs 

identified the Fréchet distribution and a model for exosome formation based on the inward 

budding of the limiting membrane of intracellular MVBs to form vesicles, which then 

detach to become exosomes internalized within the MVB. That the Fréchet distribution 

emerges from this unbiased fitting of the size distributions rather than the Weibull EVD and 

a model for exosome formation based on random fragmentation of larger vesicles supports 

the conclusion that fragmentation of larger vesicles, such as shedding vesicles, that could 

occur during the centrifugation/ultracentrifugation steps in the EV isolation process does not 

contribute significantly to the exosome subpopulation of EVs released from these thyroid 

cancer cells. Measuring the lipid and protein compositions of this subpopulation of EVs and 

comparing them to the lipid and protein compositions of the fraction of EVs that elutes from 

the A4F channel at later times will be a key experiment to confirm that no other sources 

contribute to the exosome subpopulation derived from both untreated cells and especially 

U0126-treated cells. The current analysis nonetheless highlights the utility of measuring and 

characterizing exosome size distributions as a means to test different mechanisms of 

exosome formation.

Finally, we have shown the potential of A4F/MALS as a biophysical characterization 

technique for enumerating EVs as a function of size over a range of vesicle diameters from 

40 to 200 nm. Asymmetric flow-field flow fractionation by size of polydisperse EV samples 
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generates dilute, monodisperse subpopulations that can be straightforwardly analyzed to 

give vesicle number concentrations provided an accurate model for the single-vesicle form 

factor is available. Since the vesicle number concentration is sensitive to the refractive index 

or refractive index profile of the vesicle used in any model, a critical requirement for 

accurate determinations of vesicle number concentrations is accurate refractive index 

measurements for the specific EVs of interest. In this study, we used the coated-sphere 

model with reasonable estimates for the refractive index of the lipid bilayer and the inner 

core of the vesicle and with the bilayer thickness determined independently from cryo-TEM 

images by direct measurements of the bilayer. Exosome size distributions derived from A4F/

MALS using this model were found to be in good agreement with distributions generated 

directly from cryo-TEM images of representative populations of exosomes. We also note 

that the performance of asymmetric flow-field flow fractionation can be sensitive to changes 

in EV properties. Thus, suitable A4F performance may require preliminary experiments to 

determine optimal operating parameters for different samples. For example, EV samples 

from the same three thyroid cancer cell lines treated with an inhibitor for another signaling 

pathway produced strikingly different A4F elution profiles. The ability to tune the A4F 

operating conditions to achieve the optimal fractionation of EV samples from a wide variety 

of cell sources and cell states is nonetheless an advantage of the technique.
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Figure 1. 
Representative A4F/MALS elution profile of the scattered light intensity detected at a 

scattering angle of θ = 90° and the average vesicle diameter as a function of A4F elution 

time for EVs derived from untreated FTC133 cells. Average vesicle diameters are calculated 

using the coated-sphere model in the Astra 5.3.4.20 software.
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Figure 2. 
Debye plots of the excess Rayleigh ratio R(θ) as a function of sin2(θ/2) for three A4F 

fractions obtained at elution times corresponding to the peak at 26 min (circles), the leading 

edge at 22 min (triangles), and the trailing edge at 38 min (squares) of the elution profile 

shown in Figure 1 for EVs derived from untreated FTC133 cells. The dashed lines represent 

fits of the data over all 15 scattering angles using the coated-sphere model in the Astra 

5.3.4.20 software, and the solid lines represent fits of the data excluding the three smallest 

scattering angles. Inset: maximum standard error for each scattering angle as a function of 

sin2(θ/2). The symbols for the three fractions—peak (o), leading edge (×), and trailing edge 

(+)—overlap at each angle.
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Figure 3. 
Comparisons of the number fraction of vesicle diameters derived from the A4F/MALS 

measurements using the coated-sphere model (filled bars) to the number fraction of vesicle 

diameters obtained from cryo-TEM images (open bars) for the exosome subpopulation of 

EVs from untreated TPC1 (left) and BCPAP (right) cells (n = 1387 for the cryo-TEM 

images of TPC1 exosomes and n = 1079 for the cryo-TEM images of BCPAP exosomes). 

Representative cryo-TEM images depicting the unilamellar structure and spherical shape of 

the exosomes from each cell line are also shown.
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Figure 4. 
Representative A4F/MALS elution profiles of the scattered light intensity detected at a 

scattering angle of θ = 90° as a function of the elution time for exosomes from untreated and 

U0126-treated TPC1 cells. The difference in the magnitude of I(90°) reflects different 

concentrations of vesicles injected into the A4F channel, which range from 1.2 × 1010 to 3.4 

× 1010 vesicles in the 100-μL sample volume for these experiments.
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Figure 5. 
Exosome size distributions for EVs from U0126-treated and untreated cells. Left: TPC1 cell-

derived exosome size distributions (number of vesicles/cell) over 24 h in EV-depleted 

serum-containing medium. Right: BCPAP cell-derived exosome size distributions (number 

of vesicles/cell) over 24 h in EV-depleted serum-containing medium.
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Figure 6. 
Representative fit of the measured size distribution of exosomes from untreated TPC1 cells 

obtained by A4F/MALS using the general form of EVDs (solid line) compared to the Schulz 

distribution (dashed line). The Frechet EVD (solid line) with ζ = 0.180, μ = 49.5, and σ = 

14.0 (Table 2) was found to give the best fit of the experimental data.
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Table 1

A4F/MALS Measurements of Average Exosome Diameters and the Total Number of Exosomes Released per 

Cell over 24 h in Media Supplemented with EV-Depleted Serum.a Cells were treated with the U0126 MEK 

inhibitor (n = 2 except for vesicles derived from the treated FTC133 cells, where n = 1, and for vesicles 

derived from treated BCPAP cells where n = 3).

average exosome diameter (nm) total number of exosomes/cell

TPC1 Exosomes

untreated cells 61 (±20) 7550–8500

U0126-treated cells 66 (±21) 15 000–18 500

BCPAP Exosomes

untreated cells 67 (±22) 8700–15 900

U0126-treated cells 68 (±20) 29 500–49 000

FTC133 Exosomes

untreated cells 76 (±24) 6200–7360

U0126-treated cells 72 (±23) 4200

a
The exosome subpopulation of EVs is defined as vesicles ≤150 nm in diameter. The total number of exosomes per cell corresponds to the number 

collected over the entire A4F elution time from 19 to 53 min.

Langmuir. Author manuscript; available in PMC 2015 September 30.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Agarwal et al. Page 23

Table 2

Parameters of the General Form of the EVD Obtained from Fits of the Exosome Size Distributions Measured 

by A4F/MALS

ζ μ σ mean diametera (nm)

TPC1 Exosomes

untreated cells 0.180 49.5 14.0 61

U0126-treated cells 0.444 53.8 11.3 69

BCPAP Exosomes

untreated cells 0.610 52.8 10.8 75

U0126-treated cells 0.287 56.3 12.1 68

FTC133 Exosomes

untreated cells 0.054 65.0 19.5 77

U0126-treated cells 0.213 60.1 15.3 73

a
The mean diameters are computed from the EVD probability distributions with these parameters.
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