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Short Abstract

Extracellular vesicles play important roles in physiological and pathological processes,
including coagulation, immune responses, and cancer or as potential therapeutic agents in
drug delivery or regenerative medicine. This protocol presents methods for the
guantification and size-characterization of isolated and non-isolated extracellular vesicles in
various fluids using tunable resistive pulse sensing.

Long Abstract

Extracellular vesicles (EVs), including ‘microvesicles’ and ‘exosomes’, are highly abundant in
bodily fluids. Recent years have witnessed a tremendous increase in interest in EVs. EVs
have been shown to play important roles in various physiological and pathological
processes, including coagulation, immune responses, and cancer. In addition, EVs have
potential as therapeutic agents, for instance as drug delivery vehicles or as regenerative
medicine. Because of their small size (50 to 1000 nanometer) accurate quantification and
size profiling of EVs is technically challenging.

This protocol describes how tunable resistive pulse sensing (tRPS) technology, using the
gNano system, can be used to determine the concentration and size of EVs. The method,
which relies on the detection of EVs upon their transfer through a nano-sized pore, is
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relatively fast, suffices the use of small sample volumes and does not require the
purification and concentration of EVs. Next to the regular operation protocol an alternative
approach is described using samples spiked with polystyrene beads of known size and
concentration. This real-time calibration technique can be used to overcome technical
hurdles encountered when measuring EVs directly in biological fluids.

Introduction

Vesicles from cellular origin are highly abundant in bodily fluids'. These so called
extracellular vesicles (EVs) (50-1000 nm in size) are formed by either fusion of multi-
vesicular bodies with the cellular membrane or by direct outward budding of the cellular
membrane. In recent years, scientific interest in EVs has greatly increased, resulting in a
plethora of EV-focused publications, in which new functions and characteristics of EVs are
described®. EVs are now believed to be involved in a broad array of physiological and
pathological processes such as signal transduction, immune regulation, and blood
coagulation™. In cancer, EVs seem to play a role in the formation of pre-metastatic
niches>®, transfer of pro-cancerous content’® and stimulation of angiogenesis®. Besides this,
EVs are explored as delivery agents of therapeutic agents”’.

Despite these developments, reliable quantification of EVs remains challenging.
Traditionally, indirect quantification methods are used, which rely on the quantification of
total protein content or specific proteins. Although broadly used, these techniques do not
account for protein-per-EV differences, and do not discriminate between contaminating
protein aggregates and proteins in EVs. Moreover, these techniques require isolation of EVs,
which in many cases makes comparison of EV concentrations in biological samples
impossible.

Therefore, efforts are undertaken to develop novel methods that allow for more precise and
direct EV measurement®. This report describes the use of tunable resistive pulse sensing
(tRPS) for reliable quantification and size profiling of EVs.

Currently, the gNano instrument (figure 1a) is the only commercially available platform for
tRPS. In tRPS, a non-conductive elastic membrane punctuated with a nano-sized pore is
separating two fluid cells. One of the fluid cells is filled with the sample of interest, whereas
the other cell is filled with particle-free electrolyte. By applying a voltage, an ionic
flow/electric current is established, which is altered upon the transfer of particles through
the pore (figure 1b). The magnitude of this current blockade (‘resistive pulse’) is
proportional to the volume of the particle!* (figure 1c). The blockade duration can be used
to assess the zeta-potential of particles, which relies on particle characteristics such as
charge or shape.'. Size profiling of unknown particles can be performed by comparing the
resistive pulses caused by the unknown particles with the resistive pulses caused by
calibration particles with a known diameter. Besides the magnitude of a blockade event, the
rate of which these occur is measured. This count rate relies on the particle concentration.
Since the concentration and rate of blockades are linearly proportional®™, using a single
calibration sample with particles of known concentration and particle size allows for the
measurement of concentration® and size distribution®* of an unknown sample.



The movement of particles through the nanopore is determined by electro kinetic-
(electrophoretic and electro-osmotic) and fluidic forces'. By using the variable pressure
module (VPM) a pressure difference between the fluid cells can be induced as an additional
force. Applying positive pressure increases the flow rate of particles, which may be of
benefit when the particle concentration is low. Also, pressure can be applied to reduce the
effect of electro-kinetic forces. This is especially important when using nanopores with a
relative small pore diameter (NP100, NP150 and possibly NP200) as often used for the
detection of EVs. For these nanopores, even when applying significant pressure, the electro-
kinetic forces can, depending on particle surface charge, remain non-negligible'®. By
measuring the particle rate at multiple pressures, an electro- kinetically corrected, and thus
more accurate, EV concentration can be calculated.

Here, detailed protocols are provided to determine the size-distribution and concentration
of EVs. Next to the regular operation protocol, an alternative approach is described where
samples are spiked with polystyrene beads of known size and concentration’. This real-
time calibration technique can be used to overcome some of the technical challenges
encountered when measuring EVs directly in biological fluids, such as urine, plasma and cell
culture supernatant, or when stability of the nanopore over a long period of measurement
time cannot be ensured.

Protocol

1. Standard operating protocol

1.1 Instrument setup and sample preparation

1.1.1. Connect the instrument to a computer with the Izon Control Suite software installed.

1.1.2. Choose the nanopore size to use: for size and concentration measurement of EVs a
NP150 (target size range 85-300nm) or NP200 (target size range 100-400nm) are most often
used. When working with EVs that have been isolated using a protocol that involves removal
of larger EVs, for instance by passing the sample through a 220nm filter, a NP100 pore
(target size-range 70-200nm) can be used. When working with EVs in a biological sample or
EVs isolated using a different protocol, the NP200 can be used, as it will get clogged less
often. Other nanopores such as the NP300 (target size-range 150-600nm) or the NP400
(target size-range 200-800nm), or even larger nanopores, can be used for larger types of
EVs.

1.1.3. Choose the polystyrene calibration particles that complement the nanopore selected
in step 1.1.2. For a NP100, NP150 and NP200 nanopore use the CPC100, CP100 and CPC200
particles, respectively. For accurate size-estimation, ensure that the calibration particles
have a similar size as the unknown particles.

1.1.4. To ensure homogeneity of the calibration particles, vortex briefly (30s). Optionally,
apply sonication to remove aggregates.



1.1.5. Dilute the calibration particles in PBS to the target concentration in a volume of at
least 40ul. Note: The target concentration varies based on the nanopore selected in step
1.1.2. Target concentrations are supplied with the nanopores.

1.1.6. Apply and directly remove 78ul of PBS on the lower fluid cell; this wetting of the
lower fluid cell reduces the risk of air bubble formation under the nanopore when applying
an electrolyte to the lower fluid cell when the nanopore is in position.

1.1.7. Place the nanopore onto the 4 arms of the instrument. Use the digital calipers to
measure the distance between two opposite arms and enter the distance in mm into the
“Stretch” input field and click “calibrate stretch” to calibrate the nanopore stretch.

1.1.8. Stretch the nanopore to 47mm, by turning the side wheel and thus increasing the
distance between the opposing arms of the instrument, before re-applying 78ul PBS to the
lower fluid cell.

Note: Electrical interference can substantially influence the quality of measurements. When
using a laptop to run the lzon Control Suite software, make sure the laptop is connected to
the power grid using a grounded socket and plug. Mobile phones kept close to the
instrument can also be a source of electrical interference. Electrical interference is observed
as constantly repeated peaks in the baseline current, often with root mean square (RMS)
noise > 10 pA. Almost any buffer can be used to dilute calibration particles and EVs for tRPS
characterization. The presence of salts is a prerequisite for establishment of an electric
current. For EV measurements use PBS as a buffer. Calibration particles should always be
diluted in the same buffer as the EVs to ensure accurate measurements.

1.2. Determine the optimal settings for measurement

Note: Before recording, it is important to establish optimal measurement settings. The
blockade magnitude caused by a particle passing through the nanopore is dependent on the
applied stretch and the voltage applied. For reliable measurements the RMS noise should be
<10 pA and the mode blockade magnitude should be > 0.1 nA.

1.2.1. Place the upper fluid cell and shielding cage on the nanopore and introduce 10-40ul
of diluted calibration particles in the upper fluid cell. Use the VPM to apply > 0.8 kPa
positive pressure.

1.2.2. Reduce the applied stretch slowly towards 44mm whilst analyzing the blockade
events caused by the calibration particles. Note: When reducing the pore diameter the
movement of particles through the nanopore will be less likely and thus the particle rate will
decrease. However, due to increased relative blockade of the pore a larger blockade event
will occur resulting in improved signal-to-noise ratio. Increasing the voltage may further
increase the blockade magnitude but can also increase the RMS noise.

1.2.3. Reduce the stretch until appropriate blockade events (figure 1c) are observed in the
“Signal Trace” panel. (mode > 0.1 nA) and the corresponding particle rate is > 100/min.
Note: The particle rate is a less strict cut-off, however as measurements of at least 500



particles are ideal, particle rates of < 100/min will cause recording durations of at least 5
minutes. Particle rates higher than 2000/min can result in less accurate measurements (if
present, sample dilution should be performed).

1.3 Measurement of calibration particles, washing of the upper fluid cell and sample
measurement

In this section EVs from the cell culture supernatant of the glioblastoma multiforme cell line
U87-MG/EGFRvIIl are characterized. The isolation and preparation of these EVs has
previously been described and visualized®®.

1.3.1. Place the calibration particles in the upper fluid cell. Apply pressure (for example 0.8
kPa) using the VPM and record >500 particles.

1.3.2. If performing a multi-pressure measurement, increase the applied pressure (for
example to 1.2 kPa) and record a second calibration file. Note: A minimum of 0.2 kPa
difference is required.

1.3.3. Remove the calibration sample from the upper fluid cell. Wash the upper fluid cell 3
times with 100ul PBS to remove residual particles. Before introduction of the sample into
the upper fluid cell, use lint-free tissue to remove any residual PBS from the upper fluid cell.

1.3.4. Introduce the sample to the upper fluid cell. Make sure the baseline current is within
3% of the baseline current observed when measuring the calibration particles. If not within
3%, apply the strategy described below to stabilize the baseline current. Apply the exact
pressures as applied to the calibration particles and record the sample files. Note: The
particle rate plot should display constant particle detection (figure 2a).

1.3.5. In case of sudden interruption of particle detection, a sudden drop in baseline
current, or a sudden increase in RMS noise, the pore may be clogged; thus, pause the
recording. In order to restore the baseline, tap or twist the shielding cap, apply the plunger,
or completely remove the nanopore and wash it with de-ionized water and re-place it on
the instrument.

1.3.6. Alternatively, increase the nanopore stretch to 47mm in combination with maximum
pressure from the VPM for approximately 5 minutes.

1.4 Data analysis

1.4.1. Click on the “Analyze Data” tab to enter the analysis section of the software. Process
the calibration and sample files by right-clicking the “Unprocessed Files” and selecting
“Process Files”.

1.4.2. Click the checkbox next to the sample in the “Calibrated” column to couple the
sample files to the calibration recordings. Select corresponding sample and calibration files
and click “OK”. Note: when using the multi-pressure calibration option select the “Multi-
pressure Calibration” tab on the left to couple multiple samples to multiple calibration files.



1.4.3 Once successfully coupled, the Izon Control Suite software will display different
sample characteristics such as a size-distribution (figure 2b), baseline durations, full width
half maximum (FWHM) and a concentration analysis. Optionally: For each sample, individual
data points can be exported as a comma-separated file.

2. Alternative protocol — Spiking samples with calibration beads

Note: In general, the standard operating procedure can be used when working with isolated
EVs. When working with non-isolated EVs in biological samples, or isolated EV preparations
contaminated with large protein aggregates, operating the instrument can be challenging.
These challenges consist mainly of a high rate of nanopore blocking (sudden drop in
baseline current), inability to recover baseline currents within 3% of -calibration
measurement or significant differences in particle rates between identical samples (figure
3a). For samples displaying these difficulties an alternative protocol to quantify EVs was
developed®’. This methodology relies on the introduction of larger polystyrene calibration
beads into the sample of interest (figure 3b). A detailed procedure for this alternative
protocol is discussed below.

2.1. Sample preparation

Note: When preparing samples using the alternative method, it is desired to establish an EV-
to-bead ratio of around 1. Also, it is essential to include a ‘calibration bead only’ sample, to
allow for accurate ‘gating’ of the calibration beads and to determine the number of
background particles (for example protein aggregates) present in the buffer.

2.1) Centrifuge 100ul of cell culture supernatant for 7 minutes at 300 x g

2.2) Add 20ul of the supernatant to 20ul of PBS and 10ul of 75 times diluted 335nm
polystyrene beads (stock 7e10/ml).

2.2. Sample measurement

2.2.1. Use the strategy described in section 1.2 to determine the optimal instrument
settings.

2.2.2. Measure the ‘calibration bead only’ sample first. Ensure that the background
detection of small non-bead particles is as low as possible (<10% of the beads).

2.2.3. Measure each individual sample once before recording replicates in order to
distribute fluctuation in nanopore conditions equally over the different samples. Measure at

least 3 replicates of each sample.

2.2.4. Re-measure the ‘calibration bead only’ sample after finishing the recording of all
samples.

2.3. Data analysis



Note: When using the alternative protocol, exclusive use of the I1zon Control Suite software
does not suffice for concentration calculation. Additional spreadsheet software is required.
Table 1 indicates an example of the concentration calculation of the samples depicted in
figure 3.

2.3.1 Open the ‘calibration bead only’ sample and one or more sample files.

2.3.2 Determine which blockade event size (in nA) can be used as a cut-off for distinction
between EVs and polystyrene beads. Determining the blockade value (nA) corresponding to
the left base of the polystyrene beads population (figure 3b). Note: ensure equal setting of
the bin-sizes of all measurements (can be adjusted in ‘ViewSettings’ which is accessed by
clicking the “pop-up” button below “Individual Blockade Trace”).

2.3.3 Retrieve the values of the total particle count for each sample by clicking the
“Particle Analysis Summary” tab of the sample.

2.3.4 Filter the data sets using the cut-off level determined in step 2.3.2. by selecting the
“Data Filtering” pop-up. Display only particles smaller than the cut-off.

2.3.5 Retrieve the values of the EV count for each sample from the “Particle Analysis
Summary”.

2.3.6 Subtract the amount of EVs from the total particles to determine the amount of
calibration beads.

2.3.7 Determine the EV-to-bead ratio by dividing EV count by calibration bead count.

2.3.8 Determine the average background ratio by averaging the ratios determined for
each “bead only” calibration sample. Subtract this value from each individual sample.

2.3.9 Multiply the adjusted EV-to-bead ratio by the concentration of calibration beads to
determine the concentration of EVs for each sample.

2.3.10 Multiply the concentration found in step 2.3.9 by the EV dilution factor introduced
by the addition of calibration beads to the EV sample. Note: In the example sample setup,
the total dilution of sample in PBS and calibration beads is 2.5 times and thus the
concentration found in step 2.3.9 should be multiplied by 2.5 to determine the raw EV
sample concentration.

2.3.11 Calculate statistics such as the averages, standard deviation and standard error of
the mean for each group of replicates.

Note: in some cases overlap between EVs and spiked polystyrene beads is observed. If
correction for the underestimation of EV concentration is required, samples without spiked
polystyrene beads should also be measured. Use the same cut-off as determined in step
2.3.2 to determine a “bead-to-EV” ratio, to calculate the ratio of EVs that fall within the



range of the spiked polystyrene beads. This bead-to-EV ratio should be added to the EV-to-
bead ratio determined in step 2.3.8.

2.4. Optional: EV size distribution using the alternative method.
2.4.1 Open a sample recording twice in the Control Suite Software.

2.4.2 Set the filter options of one of the samples to only display particles bigger than the
cut-off determined above. This will display the calibration particles only.

2.4.3 Set the filtered sample to “calibration file” and enter the mode size of the calibration
beads.

2.4.4 Couple the sample file and the “calibration file” created in step 2.4.3 as described in
1.4.2. The sample file will now display a size-distribution of both EVs and calibration beads
based on the spiked calibration beads.

Note: The standard operating protocol will most often suffice for the determination of size-
distributions of EVs. Sometimes however, exact buffer components are unknown (for
example in plasma or urine) which makes it impossible to prepare a sample of calibration
beads in the same buffer as the EVs of interest. An EV sample spiked with calibration
particles can be used for EV size-estimation in these specific conditions.

Representative results

To use the tRPS instrument, a non-conductive nanopore has to be placed on the 4 arms of
the machine (figure 1a) and a voltage (figure 1b) has to be applied. Once an electric
baseline current is established, resistive pulses caused by particles passing through the pore
will be detected as illustrated in figure 1c.

EVs were purified from the cell culture supernatant of the glioblastoma cell line U87-
MG/EGFRvIII by ultracentrifugation. A stable particle rate-plot is observed when measuring
the isolated EVs (figure 2a) on a NP100 nanopore. This stable particle rate-plot is required
for a reliable EV concentration measurement. After pairing the EV-sample recording to a
recording of 115nm polystyrene calibration beads, a size-distribution (figure 2b) and
concentration estimate of the EV-sample can be obtained (data not shown).

EVs were also quantified directly in glioblastoma cell culture supernatant. When measuring
EVs in biological samples, nanopore clogging often results in interruptions and/or
fluctuations in particle rate-plots (figure 3a). This results in inaccurate EV concentration
estimations. By spiking the sample with polystyrene beads of known concentration and size,
an EV-to-bead ratio can be determined. Figure 3b illustrates the results obtained after
spiking cell culture supernatant with polystyrene beads of 335nm in size. Two clear
populations are observed. The particles inducing a blockade of less then 0.46nA are
determined EVs, the larger particles are determined polystyrene beads. The ratio of EVs to
polystyrene beads is used to calculate the raw concentration of EVs (table 1). Figure 3c
illustrates the size-estimation of the two populations based on the spiked polystyrene



beads. The nanopore setup used resulted in the detection of EVs > 140nm in size. This can
be lowered by reducing the nanopore opening, however this will also result in more
clogging events.

Figure 1. gNano instrument and mode of operation. (A) Photograph of the instrument. A
nanopore is positioned on the instrument, separating a lower fluid cell from an upper fluid
cell. The fluid cells are protected from environmental electrical interference by the shielding
cap. (B) Illustration outlining tunable resistive pulse sensing (tRPS). A non-conductive elastic
nanopore is separating two fluid cells. By applying a voltage an electric current is established
through the pore punctured in the nanopore. As extracellular vesicles move through the
nanopore, the ionic flow is altered and detected as a resistive pulse. In tRPS the opening size
of the nanopore can be tuned (reduced or increased) by stretching the nanopore by
increasing the distance between the opposing arms of the instrument, or reducing this
distance. (C) lllustrative example of resistive pulses. The magnitude of a single resistive
pulse is proportional to the volume of the particle: larger pulses indicate larger particles.

Figure 2. Particle count-plot and size-distribution obtained from measuring isolated EVs
from U87-MG/EGFRVIII cell culture supernatant. (A) Particle count-plot indicating overall
constant particle detection. Brief reduction of particle detection was observed between 80
and 100 seconds of recording. After pausing and tapping the shielding cap, the particle rate
stabilized after which the recording was resumed. (B) The size-distribution of isolated EVs is
plotted after calibrating the unknown sample (EVs) to 115nm polystyrene calibration beads.
(5nm bin size).

Figure 3. tRPS quantification of EVs in cell culture supernatant using the alternative
protocol. (A) Typical particle-rate plots obtained when measuring EVs directly in a biological
fluid. Pore clogging causes brief interruptions and fluctuations in the rate of particle
detection. Each plot represents a replicate measurement of the same sample. (B) Three
replicate size-distribution graphs obtained after spiking cell culture supernatant with 335nm
polystyrene calibration beads. All particles inducing a resistive pulse of less than 0.46 nA are
selected as EVs. (C) The spiked polystyrene beads can be used to obtain a size-distribution of
the sample. (5nm bin size).

Table 1. Example calculation of EV concentration using the alternative protocol. A cut-off
value is determined to distinguish EVs from calibration beads. Subsequently, the total
number of EVs and beads can be retrieved. For each measurement the EV-to-bead ratio is
calculated. The amount of background particles in the electrolyte (for example protein
aggregates) is calculated by averaging the EV-to-bead ratio for the individual measurements
of the ‘calibration beads only’ sample. For each sample the background ratio is subtracted
from the obtained ratio. This adjusted ratio is multiplied by the concentration of the
calibration beads in the sample (in this example: 9.33e7/ml). To determine the raw
concentration of EVs, the obtained concentration is multiplied by the total EVs dilution
factor (in this example: 2.5).

Discussion



The protocols described in this manuscript offer methodologies for quantification and size-
characterization of EVs using tRPS. The major advantages of the tRPS platform are the small
sample size, relative short measurement duration and the absence of required sample
manipulation.

Prerequisite for accurate tRPS measurement is to keep conditions identical between
calibration and sample measurements. This encompasses the usage of identical buffers as
well as identical instrument settings, such as nanopore size, voltage and applied pressure.
The original VPM lacks a mechanism for exact setting of the applied pressure, thereby
causing minor differences in applied pressure between samples. Also, evaporation of
priming fluid in the VPM can induce minor pressure differences when measuring at different
time points and the VPM should therefore often be re-primed. These limitations have
potentially been solved by introduction of the VPM2, which has a click-based scaling and is
air-pressure based.

The alternative protocol described in this manuscript is particularly suited for measurement
of EVs in non-purified biological samples.’’. We believe that buffer components, such as
sugars, lipids, proteins and other larger debris, can in some cases influence the
measurement conditions too much for the standard protocol to be applicable. Addition of
calibration beads to the sample rather than comparing two separate measurements
introduces ‘real time calibration’. This method is especially suitable when comparing
samples (e.g. blood plasma of different donors) that have different and/or unknown fluidic
background contents. Although differences exist between EVs and polystyrene particles
(e.g. particle density and surface charge), theoretical models as well as experimental data
underscore the usability of polystyrene beads for quantification and size profiling of EVs,
under the prerequisite that significant pressure is appliedls'lg. To minimize the influence of
electrokinetic forces, usage of the relatively larger NP150/NP200 nanopore and significant
positive pressure is advised.

EVs and calibration beads are distinguished by size. Consequently, the nanopore has to be
opened by applying stretch, to a diameter where detection of both EVs and the larger
calibration particles is observed. Since opening of the pore will decrease the sensitivity
towards smaller particles, only EVs larger than a certain size are recorded (often EVs >
120nm when using a 335nm calibration bead). The minimum detection limit for EVs can be
decreased to approximately 90 nm, using 203nm calibration beads on a NP150 nanopore.
However, this setup may be unviable when larger EVs induce frequent clogging of the
nanopore. The presence of these obstructing EVs may force the utilization of a setup where
a population of EVs, too small to reach the detection threshold, will not be detected.

The difficulty to operate the system increases when trying to measure particles smaller than
100nm in size. In such cases, detection may be improved by increasing the salt
concentration of the electrolyte. An increased ion concentration will induce relatively
increased blockade magnitudes for small particles (larger signal-to-noise ratio). The viability
of this technique for measurements of EVs has to be validated though, as increased salt
concentrations may influence the volume of EVs.



In conclusion, the tRPS platform can be used for direct quantification and size-
characterization of EVs. Since no isolation or EV manipulation (antibody binding or
fluorescent labeling) is required, the platform is suitable for direct EV quantification in
biological fluids. An alternative protocol is provided that can be beneficial for samples
where buffer components induce significant pore clogging events, making reliable utilization
of the standard protocol unviable.
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Table 1
Click here to download Table: Table1.xlsx

Measurement

Calibration only #1

Calibration only #2  Supernatant #1

Average current (nA)
Particle rate

cutoff used (nA)

Total particles
Extracellular vesicles
Spiked calibration beads
EVs/calibration beads

Sample - background

Extracelullar vesicles (107)/ml

Sample 2.5x diluted
Raw concentration EVs (107)/ml

117
172
0.46

303
3
300

0.01

120 116
194 250
0.46 0.46
317 489
1 213
316 276
0.003 0.772
0.765
7.14
17.85



http://www.editorialmanager.com/jove/download.aspx?id=159944&guid=c03faa16-8bfd-4fd5-b133-77b688102284&scheme=1

Supernatant #2 Supernatant #3
118 120
246 196
0.46 0.46
488 454
215 213
273 241
0.788 0.884
0.781 0.877
7.29 8.18
18.22 20.46




Excel Spreadsheet- Table of Materials/Equipment
Click here to download Excel Spreadsheet- Table of Materials/Equipment: JoOVE_Materials_v3.xls

Name of Material/ Equipment Company Catalog Number Comments/Description
gNano instrument Izon Science Ltd.[N/A
Variable pressure module Izon Science Ltd.[N/A

Choice of nanopore varies based on
target particle. Different nanopores

Nanopore Izon Science Ltd.[NP100, NP200 ) )
are available for different target
sizes.
Calibration Particles lzon Science Ltd CPC100, CPC200,|Calibration particles are available in
‘|cPC400 different sizes.
Multiple
Sonication bath . P Basic sonication bath is sufficient
available
Multiple
(Mini) vortexer . P
available
Multiple
Lift-free tissues . P
available
Multiple

Phosphate Buffered Saline (PBS) |available

Windows based computer

Izon Control Suite 2.2 Izon Science Ltd.|N/A

Spreadsheet Software Multiple

N/A
available /
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Item 1 (check one box): The Author elects to have the Materials be made available (as described at

h p://www.jove.com/publish ) via: Standard Access

Item 2 (check one box):

Open Access

E The Author is NOT a United States government employee.

D The Author is a United States government employee and the Materials were prepared in the
course of his or her du es as a United States government employee.

|:| The Author is a United States government employee but the Materials were NOT prepared in the
course of his or her du es as a United States government employee.

ARTICLE AND VIDEO LICENSE AGREEMENT

1. De ned Terms. As used in this Ar cle and Video License
Agreement, the following terms shall have the following
meanings: “Agreement” means this Article and Video License
Agreement; “Ar cle” means the article specified on the last
page of this Agreement, including any associated materials
such as texts, gures, tables, artwork, abstracts, or summaries
contained therein; “Author” means the author who is a
signatory to this Agreement; “Collec ve Work” means a work,
such as a periodical issue, anthology or encyclopedia, in which
the Materials in their en rety in unmodi ed form, along with a
number of other contribu ons, cons tu ng separate and
independent works in themselves, are assembled into a
collec ve whole; “CRC License” means the Creative Commons
A ribu on-Non Commercial-No Derivs 3.0 Unported
Agreement, the terms and condi ons of which can be found
at: h p://crea vecommons.org/licenses/by-nc-
nd/3.0/legalcode; “Deriva ve Work” means a work based
upon the Materials or upon the Materials and other pre-
exis ng works, such as a transla on, musical arrangement,
drama za on, c onaliza on, mo on picture version, sound
recording, art reproduc on, abridgment, condensa on, or any
other form in which the Materials may be recast, transformed,
or adapted; “Ins tu on” means the institution, listed on the
last page of this Agreement, by which the Author was
employed at the me of the crea on of the Materials; “JOVE”
means Mylove Corpora on, a Massachuse s corpora on and
the publisher of The Journal of Visualized Experiments;
“Materials” means the Article and / or the Video; “Par es”
means the Author and JoVE; “Video” means any video(s) made
by the Author, alone or in conjunc on with any other par es,
or by JOVE or its a liates or agents, individually or in
collabora on with the Author or any other par es,
incorporating all or any por on of the Ar cle, and in which the
Author may or may not appear.
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2. Background. The Author, who is the author of the Ar cle,
in order to ensure the dissemina on and protec on of the
Ar cle, desires to have the JoVE publish the Ar cle and create
and transmit videos based on the Ar cle. In furtherance of
such goals, the Par es desire to memorialize in this Agreement
the respec ve rights of each Party in and to the Ar cle and the
Video.

3. Grant of Rights in Ar_cle. In considera on of JOVE agreeing
to publish the Ar cle, the Author hereby grants to JoVE,
subject to Sec ons 4 and 7 below, the exclusive, royalty-free,
perpetual (for the full term of copyright in the Ar cle,
including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Ar cle in all forms,
formats and media whether now known or herea er
developed (including without limita on in print, digital and
electronic form) throughout the world, (b) to translate the
Ar cle into other languages, create adapta ons, summaries or
extracts of the Ar cle or other Deriva ve Works (including,
without limita on, the Video) or Collec ve Works based on all
or any por on of the Ar cle and exercise all of the rights set
forth in (a) above in such transla ons, adapta ons,
summaries, extracts, Deriva ve Works or Collec ve 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 herea er devised, and include the
right to make such modi ca ons 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 Ar cle
as provided in, but subject to all limita ons and requirements
set forth in, the CRC License.

4. Reten on of Rights in Ar cle. Notwithstanding the
exclusive license granted to JoVE in Sec on 3 above, the
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Author shall, with respect to the Ar cle, retain the non-
exclusive right to use all or part of the Ar cle for the non-
commercial purpose of giving lectures, presenta ons or
teaching classes, and to post a copy of the Ar cle on the
Institution’s website or the Author’s personal website, in each
case provided that a link to the Ar cle on the JoVE website is
provided and no ce of JoVE's copyright in the Ar cle is
included. All non-copyright intellectual property rights in and
to the Ar cle, such as patent rights, shall remain with the
Author.

5. Grant of Rights in Video — Standard Access. This Sec on 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
considera on of JoVE agreeing to produce, display or
otherwise assist with the Video, the Author hereby
acknowledges and agrees that, Subject to Sec on 7 below,
JoVE is and shall be the sole and exclusive owner of all rights of
any nature, including, without limita on, all copyrights, in and
to the Video. To the extent that, by law, the Author is
deemed, now or at any me 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 Sec on 6
applies only if the “Open Access” box has been checked in

Item 1 above. In considera on of JOVE agreeing to produce,
display or otherwise assist with the Video, the Author hereby
grants to JoVE, subject to Sec on 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Ar cle, 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 herea er
developed (including without limita on in print, digital and
electronic form) throughout the world, (b) to translate the
Video into other languages, create adapta ons, summaries or
extracts of the Video or other Deriva ve Works or Collec ve
Works based on all or any por on of the Video and exercise all
of the rights set forth in (a) above in such transla ons,
adapta ons, summaries, extracts, Deriva ve Works or
Collec ve 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 herea er devised, and
include the right to make such modi ca ons as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Sec on 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 limita ons and
requirements set forth in, the CRC License.

7. Government Employees. If the Author is a United States
government employee and the Ar cle was prepared in the
course of his or her du es 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 permi ed under such
statute. In such case, all provisions contained herein that are
not in con ict with such statute shall remain in full force and
e ect, and all provisions contained herein that do so con ict
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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 connec on with the
Materials and the sale, promo on and distribu on thereof.
The Author hereby waives any and all rights he or she may
have, rela ng to his or her appearance in the Video or
otherwise rela ng to the Materials, under all applicable
privacy, likeness, personality or similar laws.

9. Author Warran es. The Author represents and warrants
that the Ar cle 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 collec vely) 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 Ar cle and
Video License Agreement with JOVE rela ng 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, reproduc on, distribu on, public or private
performance or display, and/or modi ca on of all or any
por on 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 con nue to
comply with all government, ins tu onal and other
regula ons, including, without limita on all ins tu onal,
laboratory, hospital, ethical, human and animal treatment,
privacy, and all other rules, regula ons, 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 ins tu onal review board.

10. JoVE Discre on. 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
regula ons of the Author's ins tu on. If more than one
author is listed at the beginning of this Agreement, JoVE may,
in its sole discre on, elect not take any ac on with respect to
the Ar cle un | such me as it has received complete,
executed Ar cle and Video License Agreements from each
such author. JoVE reserves the right, in its absolute and sole
discre on and without giving any reason therefore, to accept
or decline any work submi ed to JoVE. JoVE and its
employees, agents and independent contractors shall have
full, unfe ered access to the facili es of the Author or of the
Author’s institution as necessary to make the Video, whether
actually published or not. JoVE has sole discre on as to the
method of making and publishing the Materials, including,
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without limita on, to all decisions regarding edi ng, ligh ng,
Iming, ming of publica on, if any, length, quality, content
and the like.

11. Indemni ca_on. 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 representa ons
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, resul ng from the
breach by the Author of any representa on or warranty
contained herein or from allega ons or instances of viola on
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, viola ons of ins tu onal, laboratory, hospital, ethical,
human and animal treatment, privacy or other rules,
regula ons, laws, procedures or guidelines, liabili es and
other losses or damages related in any way to the submission
of work to JoVE, making of videos by JoVE, or publica on in
JoVE or elsewhere by JoVE. The Author shall be responsible
for, and shall hold JoVE harmless from, damages caused by
lack of steriliza on, lack of cleanliness or by contamina on
due to the making of a video by JoVE its employees, agents or
independent contractors. All steriliza on, cleanliness or
decontamina on procedures shall be solely the responsibility
of the Author and shall be undertaken at the Author’s
expense. All indemni ca ons provided herein shall include
JoVE's attorney’s fees and costs related to said losses or

ARTICLE AND VIDEO LICENSE AGREEMENT

damages. Such indemni ca on and holding harmless shall
include such losses or damages incurred by, or in connec on
with, acts or omissions of JoVE, its employees, agents or
independent contractors.

12. Fees. To cover the cost incurred for publica on, JoVE
must receive payment before produc on and publica on the
Materials. Payment is due in 21 days of invoice. Should the
Materials not be published due to an editorial or produc on
decision, these funds will be returned to the Author.
Withdrawal by the Author of any submi ed Materials a er

nal peer review approval will result in a US$1,200 fee to
cover pre-produc on expenses incurred by JoVE. If payment is
not received by the comple on of Iming, produc on and
publica on of the Materials will be suspended un [ payment is
received.

13. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the bene ts of any of
JoVE’s successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachuse s without giving e ect to any
con ict 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 e ect as
delivery of an original signed copy of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement required per submission.

AUTHOR:

Name:

Department:

Ins tu on:

Ar cle Title:

Signature:

| Date: _ o

Please submit a sighed and dated copy of this license by one of the following three methods:
1) Upload a scanned copy as a PDF to the JoVE submission site upon manuscript submission (preferred);

2) Fax the document to +1.866.381.2236; or

3) Mail the document to JoVE / A n: JoVE Editorial / 17 Sellers St / Cambridge, MA 02139

For ques ons, please email editorial@jove.com or call +1.617.945.9051.

.
MS # (internaluse): .
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Rebuttal Comments
Click here to download Rebuttal Comments: Responses to reviewer comments_R4.docx

| _Editorial comments:

1) All of your previous revisions have been incorporated into the most recent version
of the manuscript. Please download this version of the Microsoft word document
from the "file inventory" to use for any subsequent changes.

All changes made to the manuscript based on the editorial and reviewer comments,
have been made to a new version of the document (R4).

2) In step 1.3.4 you use a sample that is not prepared in the protocol. This is a main
point of the article and so its preparation should be included. Please keep protocol
content and formatting guidelines in mind as you address this revision.

The isolation and preparation of an extra-cellular vesicle (EV) sample is a detailed
process with many different steps. Adding this information to this manuscript will, in
our opinion, distract the reader from tunable resistive pulse sensing for EV
characterization. However, this process has been described and visualized in a JoVE
publication before. We have added a short note right at the beginning of section 1.3,
referring to this JoVE publication.

3) Please disregard the comment below if all of your figures are original.

If you are re-using figures from a previous publication, you must obtain explicit
permission to re-use the figure from the previous publisher (this can be in the form
of a letter from an editor or a link to the editorial policies that allows you to re-
publish the figure). Please upload the text of the re-print permission (may be copied
and pasted from an email/website) as a Word document to the Editorial Manager
site in the "Supplemental files (as requested by JoVE)" section. Please also cite the
figure appropriately in the figure legend, i.e. "This figure has been modified from
[citation]."

All of the figures are original.

4) Please take this opportunity to thoroughly proofread your manuscript to ensure
that there are no spelling or grammar issues. Your JoVE editor will not copy-edit your
manuscript and any errors in your submitted revision may be present in the
published version.

The manuscript has been thoroughly been proofread by us.

Reviewers' comments:

Reviewer #1:

Manuscript Summary:

The manuscript described the detailed protocol to quantify and profile the size
distribution of EVs. Alternative method was also described to measure EVs directly in
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biological fluids. On the other hand, the limitation of the method is well described
also. All these provide sufficient information for user to carry out the experiment.

Major Concerns:

The theory/working principle of the technique could be explained in more detail. i.e.
the magnitude of current blockade is only affected by the particles diameter? How
about other physical properties of the particles?

We have added text regarding the assessment of the zeta-potential of particles
based on the blockade duration.

Minor Concerns:
1. In line 62-63 please provide reference for the mentioned processes.

A total of 5 references have been added to the manuscript to further clarify the
mentioned processes.

2. Figure 2 is not displayed correctly.

Due to a hidden layer in the lllustrator file, figure 2 (as also mentioned by reviewer 2
and 3) can be confusing if opened in certain .pdf viewing software. When using
Adobe Acrobat Reader the figure should display the correct information. We have
made new versions of the lllustrator files with the hidden layers removed.

Additional Comments to Authors:
N/A

Reviewer #2:

Manuscript Summary:

The authors described the workflow for determining the concentration and size of
Extracellular Vesicles (EV) using Tunable Resistive Pulse Sensing (tRPS). The standard
operating protocol in part one is largely concordant with the training materials from
Izon Science, so there is nothing much to be criticized about. In part two, the authors
introduced an alternative protocol, which simplifies the calibration step for some
samples by spiking the samples with calibration beads. The novel alternative
protocol, though not yet fully supported by the factory software, is of general
interest to researchers working in this field. However, some practical issues have to
be addressed and they are outlined below.

Major Concerns:

As discussed by the authors in the introduction at line 56, the size of EVs can range

from 50-1000nm. However, the authors described that 335nm polysterene beads

can be used for spike-in standard in the alternative protocol. Since the author

claimed that the alternative protocol is suitable for biological samples without

filtering out the larger EVs, how did the authors avoid cross-talk between the spike-
| in standard and the EV sample?



We have added a note at the end of section 2.3 which explains this problem and
offers a method to correct for the overlap of EVs and spiked polystyrene beads.

At line 264, the authors stated that "Measuring each individual sample once before
recording replicates in order to distribute fluctuation in nanopore conditions equally
over the different sample.". Should the replicates be performed right after the
earlier attempts, such that the pore condition can be kept as close to each other as
possible? Particularly for the alternative protocol, where replicates will be used for
calibrating each other, maintaining constant pore conditions between replicates is
vital for the accurate calibration of samples.

We fully agree with reviewer 2 that nanopore conditions should be kept as constant
as possible. The text has been changes slightly to emphasize this more.

The representation of Figure 2 is confusing. Two overlapping X-axis were drawn and
are obscuring each other. Besides, could the author explain why Time and Diameter
could be represented by the same axis? It is not intuitive to think that only large
particles can be recorded as the time of measurement increases.

As outlined above, this is due to a hidden layer in the lllustrator file that is displayed
in some .pdf viewing software. The intended (lllustrator/pdf) file does not display the
double axis.

In Figure 3B, only blockade height (nA) was shown, which is different from Figure 2B,
where particle diameter (nm) was shown. Blockade height is not relevant to
biologists unless that is calibrated into particle diameter. Since the alternative
protocol has described the calibration of particle size using spike-in standards,
particle diameters should be shown instead.

We have added subfigure 3C where one of the samples is displayed in nm rather
than nA. We believe the subfigure 3B should remain in the manuscript since we use
the blockade height plot, rather than particle sizing in nm, for the distinction of the
two populations.

Minor Concerns:
Decimal points in Table 1 was written as comma, should be written as dot to be
consistent with the rest of the article.

The commas in Table 1 have been changed to dots.

At line 99, one cannot "eliminate" electro-kinetic forces. | think the word "counter"
better fits in here.

The word “eliminate” has been changed to “reduce the effect of” which better fits
the desired effect of applying more pressure.




Additional Comments to Authors:
N/A

Reviewer #3:

Manuscript Summary:

The manuscript describes one of the methods for characterizing extracellular vesicles
in terms of their size distribution and concentration. It is one of the three most used
methods alongside nanoparticle tracking analysis and dynamic light scattering. The
workflow is well described, language flows well and and the method is discussed in
terms of its advantages and limitations. It gives an impression of a detailed yet
balanced overview of the method. It deserves a video review well as it's not a very
widely spread method. Having a detailed video overview of the method would help
researchers to make a decision whether it suits their particular needs and,
furthermore, if they already use it, is there anything they could do in order to
optimise their workflow (e.g. using the "real-time" calibration using spike-in sample).

Major Concerns:
There are some points nevertheless that in my opinion would improve the
manuscript from technical point of view.

1. The method description requires some clarification. While the authors explain well
the principle of the system in Figure 1, it remains somewhat undefined what the
word "tunable" in tRPS means. It may remain unclear for the reader whether this
refers to the term "stretching" later in the manuscript. Also, it should be explained
what that "stretching" is. It is a parameter that can be modified during measurement
but it is not described in Figure 1 (i.e. what is its part in overall working principle of
the device).

We have added information regarding the tunable aspect of the instrument in the
figure legend of Figure 1 (therefore figure 1 has been slightly changed: added the
arrow and “arm” text).

Secondly we have added additional information in step 1.1.8.

2. The authors provide a recommendation which pore size to use for extracellular
vesicles. If there is a rule-of-thumb which pore size should be chosen based on
expected particle size then it could be mentioned (e.g. when perhaps researchers
want to study properties of large apoptotic vesicles compared to EVs, etc.). If for
new sample type several pore sizes should be tested to get an estimate which size to
use in all future experiments, it should be more clearly mentioned.

We have updated step 1.1.2 to include all nanopores and their target size ranges for
EV guantification and characterization.




3. At row 432, please clarify, does this mean that each sample should be measured
using several different pore sizes for making sure that smaller particles are not being
missed during measurement?

Additional text has been added to the manuscript explaining the trade-off between
particle detection and nanopore clogging. This will explain in more detail the
difficulties encountered when employing the “spiking method”, especially
concerning the missing of a population of small EVs not reaching the detection
threshold.

4. In discussion, the manuscript could benefit of a short but concise comparison
between the described method and other used techniques such as nanoparticle
tracking analysis and dynamic light scattering (e.g. performance, ease of use,
potential artifacts, advantages, limitations, cost, ease of use, data quality).

We believe that describing the different alternative techniques with enough detail
and accuracy is beyond the scope of this manuscript. In the introduction, we refer to
a recently published review (vd Pol et. al 2013) where these techniques and others
are described into great detail.

Minor Concerns:

Please check figures carefully again. In Figure 2, legends seem to overlap, also the
graphs themselves seem to have been pasted on top of each other so that the
underlying graph is partially visible.

In Figure 2A and text, it should be explained more explicitly how to read the particle
rate graph. Particle rate is not any of the axis, as | understand it's rather the slope of
the acquired points that makes up the "particle rate" (i.e. the average rate of
detection of particles).

The text in the figure legend has been changed to “particle-count plot” which, as
suggested, better describes the displayed data.

Figure 3B is said to represent particle size distribution, however the x-axis is in nA
and not in nm (like in Figure 2B). Please correct the axis or terminology, please.

The blockade-size in nA is a measure for particle volume and thus particle size.
However, as also suggested by reviewer 2 we have added subfigure 3C which
illustrates the translation of figure 3b (in nA) to sizing in nm.

Additional Comments to Authors:
N/A



