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Introduction

Rapid isolation of extracellular vesicles from diverse
biofluid matrices via capillary-channeled polymer
fiber solid-phase extraction micropipette tips

Kaylan K. Jackson, €2 Rhonda R. Powell,” Terri F. Bruce® and

Extracellular vesicles (EVs) play essential roles in biological systems based on their ability to carry genetic
and protein cargos, intercede in cellular communication and serve as vectors in intercellular transport. As
such, EVs are species of increasing focus from the points of view of fundamental biochemistry, clinical
diagnostics, and therapeutics delivery. Of particular interest are 30-200 nm EVs called exosomes, which
have demonstrated high potential for use in diagnostic and targeted delivery applications. The ability to
collect exosomes from patient biofluid samples would allow for comprehensive yet remote diagnoses to
be performed. While several exosome isolation methods are in common use, they generally produce low
recoveries, whose purities are compromised by concomitant inclusion of lipoproteins, host cell proteins,
and protein aggregates. Those methods often work on lengthy timescales (multiple hours) and result in
very low throughput. In this study, capillary-channeled polymer (C-CP) fiber micropipette tips were
employed in a hydrophobic interaction chromatography (HIC) solid-phase extraction (SPE) workflow.
Demonstrated is the isolation of exosomes from human urine, saliva, cervical mucus, serum, and goat
milk matrices. This method allows for quick (<15 min) and low-cost (<S1 per tip) isolations at sample
volume and time scales relevant for clinical applications. The tip isolation was evaluated using absorbance
(scattering) detection, nanoparticle tracking analysis (NTA), and transmission electron microscopy (TEM).
Exosome purity was assessed by Bradford assay, based on the removal of free proteins. An enzyme-linked
immunosorbent assay (ELISA) to the CD8L1 tetraspanin protein was used to confirm the presence of the
known exosomal-biomarker on the vesicles.

sition, overlapping size range, and characteristic cup/dimpled
shape when observed by electron microscopy, the exosome and

Extracellular vesicles (EVs) are a diverse group of cell-derived
membrane vesicles, typically ranging in size from 30 nm to
1 um in diameter."”> EVs are released by all cell types and
contain the biomolecular characteristics of the mother cell
(i.e., DNA, RNA, miRNA, mRNA, biomarker proteins).>”” While
no official EV classification system exists, three main EV sub-
types have been identified based on size and mechanism of
biogenesis.>® Microvesicles are 100 nm to 1 pm vesicles
created by the outward budding of a cell membrane. Apoptotic
bodies (reflective of cell death'®) are 1 to 5 um vesicles created
during the programmed cell death process. Exosomes are 30 to
200 nm vesicles created through the multivesicular body
(MVB) endosomal pathway. Due to their similarities in compo-
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microvesicle subtypes are difficult to differentiate. For this
reason, the vesicles are generically referred to as EVs."' Not
surprisingly, within the heterogeneity in EV sources, size, and
content, the specific mechanisms of action and distribution of
potential biomarkers varies immensely."

EVs are primary vehicles in intercellular communication,
signal transduction, and local and distal transport
processes.">* The exosome subset of EVs has become increas-
ingly targeted both as mediums for diagnostic information
and cargo transmission.">'® The lack of understanding of EV
physiochemical and biological characteristics, along with a
lack of field-wide consensus, has hindered the progress of the
fundamental and clinical use of exosomes. A thorough under-
standing of exosome biophysical attributes would allow for
details of several vital cell interaction mechanisms to be
revealed (ie.,, immune regulation, communication, and
disease progression).'”'® The analysis of EV-associated bio-
marker components during liquid biopsies has become a
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valued tool for cancer detection, allowing for the surveillance
of progression and treatment with a reduced physical burden
on the patient."®'® Alternatively, the large-scale processing of
exosomes has become a key goal for researchers in many
areas, including in the biopharmaceutical industry. EVs from
mesenchymal stem cell (MSC) origin are of particular interest,
having demonstrated the ability to enhance therapeutic trans-
port of targeted drugs,” initiate tissue regeneration,*’ and
support immune response modulation.'* Nevertheless, for the
full extent of EV analyses to be realized, the inefficient tools
for EV retrieval must be addressed.

Due to their ubiquitous nature in terms of the cells
of origin, exosomes and other EVs are found in diverse bio-
fluids, including urine,>** saliva,>>*’ blood (serum and
plasma),*®*7° cervical mucus,*?*"** breast milk,**** and
cerebrospinal,®*?* lymph,**?® synovial,’” and amniotic*®
fluids. As such, these media are reservoirs to derive clinical
and research scale populations. EVs may also be harvested
from cell culture media during the cell growth process for fun-
damental studies or subsequent use as biotherapeutic
vectors.?® Despite the high bioavailability of EVs, the extraction
of EVs from biofluids has proven to be a challenge due to
sample and vesicle heterogeneity and intense matrix effects. In
terms of characterizing the effectiveness of generic EV iso-
lation processes, several metrics exist relative to the final pro-
duct’s quality (versus the cost/time aspects of the procedures).
The first, most obvious feature is the yield; how many microve-
sicles can be extracted per unit volume of the primary matrix.
Practical working volumes can range from tens of microliters
of cerebrospinal fluid (CSF) to milliliters of urine and liters of
cell culture media. The second is the purity of the isolate. In
the case of EVs, the primary contaminants/co-eluates are
matrix and host cell proteins. In the case of serum/plasma
samples, these would typically include albumins and, most
problematically, lipoproteins.’>*! Finally, the most critical
aspect is the retention of biological functionality. Whether the
end-use is clinical analysis, fundamental research, or pro-
duction of biotherapeutic vectors, the recovered EVs’ physical
and chemical integrity must remain intact. Additional metrics
come into play during high-specificity isolations of targeted EV
populations. In all instances, aspects regarding processing
time, capital and supply costs, and operational complexity
must be considered.

It has been documented the needs for the development and
optimization of methods specifically for the isolation and
quantification of EVs from complex biofluid samples.** The
available methods for these purposes limit the downstream
characterization and application of EV recoveries due to con-
centration and purity concerns. The lack of efficient EV iso-
lation methods has become the rate-limiting step towards rea-
lizing the full potential of EVs in clinical and fundamental
research and prevents large-scale processing of EVs. Many EV
isolation methods are available based on a wide variety of
chemical/physical properties. Riekkola and co-workers have
recently presented an excellent review of the topic,”® with
many papers describing comparisons of the methods. At this
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point, it is clear that no single method can be universally
applied.”*** The employed isolation method is usually chosen
based on the subsequent means of characterization and utiliz-
ation of the EVs. At present, ultracentrifugation (UC) methods
are most commonly used to isolate EVs.*® The UC isolation
method consists of several differential centrifugation steps,
potentially reaching 200 000g."> UC introduces high-costs
regarding time (2 hours to overnight), sample volume
(10-45 mL), and capital (up to $100 000 for equipment, and
$3000 in running costs per year), producing low recovery/yields
(5-25%) which are typically contaminated with protein/lipo-
protein aggregates.*®?” Variations of this technique employing
density gradients and other reagents have also been
implemented but continue to present the previously-men-
tioned challenges.*®*® Other size/density-based methods
include ultrafiltration, size-exclusion spin downs, and field
flow fractional.*®>' Here again, low purity recoveries are pro-
blematic. As a final class of methods, immune-affinity and
polymer precipitation “kits” are finding increased use.’*"?
Still, concerns lie in the low yield and impure recoveries,
skewing the downstream characterization of the vesicles.
Ultimately, an isolation method with the ability to efficiently
produce high-yield, high-purity EVs on practical time/cost
scales is of critical importance.

To address the aforementioned issues, researchers from the
Bruce and Marcus groups have demonstrated the use of a poly-
ester (PET) capillary-channeled polymer (C-CP) fiber stationary
phase in hydrophobic interaction chromatography (HIC) work-
flows for EV isolation.*®® The C-CP fibers consist of an
8-legged periphery that creates 1 to 4 pm-wide channels upon
colinear packing in a column format. The relative hydrophobi-
city of the stationary phase and the high-salt retention of the
EVs allows for the capture and elution of the vesicles based on
hydrophobicity. HIC has been traditionally applied to protein
separations®’ due to the non-denaturing, on-off partitioning
of the solute, allowing the preservation of structure/
function.””®* Taking advantage of this, the efficient and
vesicle-preserving isolation of EVs from urine,>**® blood
plasma,® and cell culture milieu®*® have been demonstrated
in a 10 min HPLC workflow enabling simultaneous EV iso-
lation and quantification. Importantly, recent proteomics ana-
lysis of the eluates has revealed a very efficient removal of
serum proteins and lipoproteins, yielding extremely high
purity fractions in comparison to other methods.*® The
method has been extended to a more clinically-favorable EV
isolation workflow using 1 cm C-CP fiber phases attached to
micropipette tips, allowing for the solid-phase extraction (SPE)
of EVs to occur in a table-top centrifuge.”” Both methods have
proven to be beneficial in terms of efficiency, purity, and yield,
producing recoveries of EVs on clinically relevant scales of
time (<15 minutes) and cost (<$1 per column per tip). Here,
the versatility of the C-CP fiber spin-down tip to produce con-
centrated and contaminant-free EV recoveries is demonstrated
for the complex matrices of urine, saliva, cervical mucus,
serum, and milk. The tip recovery of exosomes was evaluated
using absorbance (scattering) detection, nanoparticle tracking
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analysis (NTA), and transmission electron microscopy (TEM).
The exosome purity was assessed by Bradford assay of free pro-
teins. The bioactivity and identity of the recovered vesicles was
confirmed with an enzyme-linked immunosorbent assay
(ELISA) to the CD81 tetraspanin protein. It is believed that the
methodology presented here will have relevance to both clini-
cal and fundamental biology research settings.

Experimental

Chemicals and reagents

Deionized water (DI-H,O, 18.2 MQ cm) was obtained from a
Milli-Q water purification system (Millipore Sigma, Merck,
Darmstadt, Germany). Biotechnology-grade glycerol and
ammonium sulfate were purchased from VWR (Sokon, OH,
USA). Phosphate buffered saline (PBS, pH = 7.4), bovine serum
albumin (BSA), and Pierce™ Coomassie Plus (Bradford) Assay
Reagent were purchased from ThermoFisher Scientific
(Waltham, MA, USA).

Instrumentation

A NanoVue Plus UV-Vis spectrophotometer (GE Healthcare,
Chicago, IL, USA) was used to measure the absorbance/scatter-
ing (203 nm) of the EV fractions. A Synergy H1 Hybrid Multi-
Mode Plate Reader (BioTek, Winooski, VT, USA) was used to
measure the UV-Vis absorbance (595 nm) of samples in the 96
cell-well format during the Bradford assay of protein content,
employing the colorimetric Pierce™ Coomassie Plus (Bradford)
Assay Reagent. The plate reader was also used in the chemilu-
minescent detection of the Pierce™ ECL Substrate during the
enzyme-linked immunosorbent (ELISA) assay. A Hitachi
HT7830 transmission electron microscope (Chiyoda City, Tokyo,
Japan) was used for TEM imaging to determine the structural
integrity, size, and purity of the EVs in the C-CP tip recoveries
from various biofluids. A Malvern Panalytical NanoSight NS300
nanoparticle tracking analysis (NTA) system (Malvern,
Worcestershire, United Kingdom) was used to determine the
concentration and size distribution of isolated vesicles.

Extracellular vesicles

Commercial lyophilized “exosome standards” from the urine
of healthy donors were obtained from Galen Laboratories
Supplies (Craigavon, Northern Ireland). To be clear, the
material has not been certified as a reference standard. No
information regarding purity or classification was supplied
from the manufacturer. However, the product is a means of
preparing EV solutions of known concentration (2.7 x 10'* par-
ticles per mL), though vesicles exceeding typical exosome dia-
meter, lipoproteins, and other protein contaminants have
been previously identified in the material.®® Despite the poten-
tial of systematic error (impurities) introduced by these stan-
dards, they have proven useful for order-of-magnitude esti-
mation of recovered EV concentrations.

Fresh-morning urine, saliva, and cervical mucus (collected
using a cotton swab and dissolved in PBS) were obtained from
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consenting, anonymous donors. After sample collection, the
cervical mucus samples were stored at —80 °C until thawed for
EV processing. Corning™ Human AB Blood Serum was
obtained from ThermoFisher Scientific (Waltham, MA, USA).
The frozen human serum was thawed and aliquoted before
use. Unpasteurized raw goat milk (serving as a surrogate for
human breast milk) was obtained from Split Creek Farm
(Anderson, SC, USA). All biofluid samples were filtered using a
sterile syringe filter of 0.22 pm pore size (Frogga Bio, Toronto,
Canada) prior to processing.

C-CP fiber tip creation and methodology

The C-CP fiber micropipette tips were assembled as previously
reported,” with the same HIC isolation workflow employed.
Briefly, the 1 cm long C-CP fiber tips were cut from 30 cm
long, 0.8 mm inner diameter fluorinated ethylene-propylene
(FEP) C-CP packed columns consisting of ~450 PET C-CP
fibers. The C-CP tips had an interstitial fraction of ~0.6, with
~3 pL of bed volume, which was press-fit to 200 pL low-reten-
tion micropipette tips and secured with a small amount of
superglue, as depicted in Fig. 1. The EV isolation methodology
for the various biofluids was initiated by mixing 100 pL of the
raw biofluid with 100 pL of ammonium sulfate (2 M final con-
centration) to induce the hydrophobic interaction between the
biofluid components and the fibers. The total volume was vor-
texed, then deposited inside the sample reservoir of the C-CP
tip assembly. The apparatus was then placed inside a 15 mL
conical, table-top centrifuge tube and spun-down at 300g for

Tip |
1-cm C-CP P
fiber tip T :

\
L]

Clefefef e

|| Sample
Collection \—

Conical
Centrifuge
Tube

Fig.1 The capillary-channeled polymer (C-CP) fiber solid-phase
extraction up setup for the isolation of EVs from complex biofluids in a
tabletop centrifuge.
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1 minute. (Due to the high viscosity of the saliva matrix, the
tip containing the saliva sample was centrifuged at 500g for
10 minutes.) Next, the fiber-bound vesicles were washed with
200 pL of DI-water (300g, 1 min) before inducing the elution of
free proteins (including lipoproteins®*®®) using 200 pL of 25%
glycerol with 1 M ammonium sulfate in PBS (300g, 1 min). For
the protein-rich serum and milk matrices, two protein elution
steps were employed to minimize protein carryover in the EV
elution. Finally, the elution of the EVs was induced using
50 pL of 50% glycerol in PBS (300g, 1 min) and the final frac-
tion collected. Based on the respective sample/elution
volumes, a 2x concentration factor is realized.

Quantification and characterization of EV recoveries

Previous reports have demonstrated the validity of using stan-
dard absorbance (scattering) measurements as a means of
quantifying isolated exosomes.”*° In those efforts, quantifi-
cation was achieved by generating linear response curves
based on serial dilutions of the commercial exosome stan-
dards in the elution solvent. Given the high complexity and
presence of matrix-associated components in the diverse bio-
fluid matrices, the method of standard addition was also used
to more accurately quantify the EVs. For the method, 10 pL of
the unknown sample (S,) was spiked once (S,), twice (S,), and
three times (S;) with 10 pL of EV standards of known concen-
tration (2.7 x 10'° particles per mL), with the total sample
volumes adjusted to 50 pL using DI-water. The absorbance of
each sample was measured at 203 nm (n = 5). The optical
absorbance of the raw and spiked samples (So4) and the
known added concentrations of exosome standards were used
to create a standard addition response curve for EV quantifi-
cation. The resulting linear regression was extrapolated to
determine the concentration of EVs in the unknown sample.

The structure, size, and concentration of the recovered EVs
were evaluated using TEM and NTA. The sample preparation
for TEM imaging was performed as previously reported.’” The
size distribution of the eluted EVs was determined using the
NanoSight NS300 NTA system, equipped with a 532 nm laser.
Throughout NTA experimentation, five replicates were col-
lected for each sample in 60-second intervals, with a
minimum of 200 valid tracks recorded per video and a
minimum of 1000 valid tracks recorded per sample. The focal
plane for each sample was manually adjusted using the focus
knob to achieve the best optical field of view. The syringe
pump for sample introduction was set to a constant flow rate
of 50 pL per minute. The camera level was set to 14, and the
detection threshold was set to 3, as optimized by Vestad
et al.®® To clarify, the concentration values based on the NTA
data are not the direct concentration values of the EV recov-
eries. Instead, the recovered EVs were diluted to be compatible
with the NTA system’s working concentration range (107-10°
particles per mL).

Protein components of the biofluids and EV recoveries were
evaluated using a Bradford assay and an indirect enzyme-
linked immunosorbent assay (ELISA). The Bradford assay was
used to determine the total protein concentration of both the
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whole samples and EV elution fractions. For the total protein
determinations, 250 pL of Bradford reagent was added to
25 pL of each sample and allowed to incubate at room temp-
erature for 20 minutes before detecting the absorbance
response at 595 nm using the Synergy H1 Plate Reader. The
absorbance responses were compared to a standard curve
using BSA standards. All samples and standards were applied
to the cell well plate in triplicate.

The presence of EVs in biofluids is commonly confirmed
using antibodies to the CD81, CD63, and CD9 tetraspanin pro-
teins, which are incorporated in the transmembrane space of
EVs during biogenesis.®” Despite their wide use as marker pro-
teins, tetraspanins are in fact not universally expressed in EVs,
and the overall expression is also heterogeneous among singu-
lar EV populations.®® Therefore, the presence of EVs may be
confirmed by the detection of these proteins, but their
absence does not preclude the presence of EVs. Prior to chemi-
cal processing for the CD81 ELISA assay, the tip-isolated EVs
were applied to a 100 kDa filter unit to remove latent glycerol,
as high concentrations of glycerol are known to interfere with
antibody binding.®®’° The EVs isolated from the target bio-
fluids were first diluted in 1:1 ELISA coating buffer (0.05 M
carbonate-bicarbonate in PBS) and then incubated on a
shaker overnight at 4 °C to coat the cell well plate with the ana-
Iytes. An exosome standard positive control and negative con-
trols of PBS, protein elution buffer, and EV elution buffer were
also applied to the cell well plate. All samples and controls
were applied to the cell well plate in triplicate. After incu-
bation, the cell well plates were washed with sterile PBS
(200 pL per well, 30 min, 6 buffer changes) and then blocked
with 5% BSA in PBS at room temperature for 30 min. The wells
were incubated overnight with 50 pL of a mouse monoclonal
antibody to the CD81 protein (1 pg mL™") on an orbital shaker
(4 °C). The washing and blocking steps were repeated before
applying 200 pL of the goat anti-mouse HRP conjugated sec-
ondary antibody (1 ug mL™", 200 pL, RT, 2 hours). The cell well
plate was washed using 200 uL of PBS per well and 6 buffer
changes. Finally, the Pierce ECL Substrate was applied and
incubated at room temperature for 30 minutes before detec-
tion. The Synergy H1 microplate reader was used to measure
the chemiluminescent response resulting from the HRP cata-
lyzed oxidation of the substrate, correlating to the concen-
tration of species containing the CD81 antigen.

Results and discussion
EV quantification via standard addition

Concentrated EV recoveries with high purity, preserved mor-
phology, viability, and stability are essential for the most
efficient use of EVs derived via any isolation method. Given
the complexity and diversity of the biofluids (and culture
media), removing matrix contaminants is of utmost impor-
tance. Carryover of matrix species with the target EV isolates,
including proteins and genetic material, hinders the
implementation of downstream characterization techniques
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(i.e., MS proteomics or RNA-Seq), their use in clinical analysis
schemes, and use as vectors in gene therapy applications. In
this regard, the use of optical absorbance as an EV quantifi-
cation tool is particularly susceptible to interferences due to
the presence of low concentrations of matrix species. However,
the quantification of isolated EVs by absorbance has been pre-
viously demonstrated using simple optical absorbance
measurements at 203 nm.***®! To be clear, the absorbance
response observed at this wavelength is not credited to the
common electronic transitions typical of biomolecules in solu-
tion. Instead, the “absorbance” response is caused by light
scattering due to the presence of the nanobodies, which is
conveniently proportional to the EV concentration. A cause for
concern with this method for quantifying EVs is that matrix
proteins and nucleic acids will skew the absorbance detection,
especially at the 216 and 280 nm wavelengths traditionally
used for determinations of proteins. These effects are lessened
at 203 nm, where a higher absorbance (light scattering)
response is observed at shorter wavelengths.*® In fact, absor-
bance spectra obtained for EV solutions follow the anticipated
responses (exponentially decreasing with wavelength) for par-
ticles of ~150 nm, based on Mie scattering theory.

The method of standard addition is widely used for the
quantification of analytes whose responses (regardless of the
methodology) are subjected to significant matrix interfer-
ences.”’ The method has not been previously employed for the
quantification of EVs in biofluids, but could prove useful in
this application as diverse matrices are being evaluated. A
proof of concept for this method is illustrated in Fig. 2, where
the method of standard addition was used to quantify EVs in
aqueous solution using the commercial exosome stock. The
method was first applied to test the “unknown”, which was the
initial exosome stock solution of 7.0 x 10'° particles per mL.
The test unknown (S,) was spiked once (S,), twice (S,), and
three times (S;) with aqueous aliquots of the EV standard,
increasing the theoretical concentrations by 1.1 x 10", 2.2 x
10", and 3.2 x 10" particles per mL, respectively. As shown in
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Fig. 2 (red line), the absorbance responses for the un-spiked
(So) and spiked (S4, S, S3) EV stock aliquots in DI-water are
well behaved, yielding a correlation coefficient (R*) of >0.999.
Based on the linear regression, the “unknown” concentration
was determined to be 7.4 x 10'° particles per mL, a 5% error.
As a point of reference, the concentration of the same solution
determined by a standard calibration curve (R*value = 0.998)
yielded a concentration of 6.3 x 10'° particles per mL, a 10%
error (accuracy that would be considered outstanding by vir-
tually any other EV assay method).

As mentioned previously, the stock exosome material is
known to contain undetermined amounts of proteinaceous
material and other vesicular bodies. As a further test of the use
of the standard addition quantification method, the
“unknown” sample and the equivalent spike samples were put
through the spin-down protocol. As seen in the response curve
(blue line), proportional recoveries are indeed maintained,
reflecting a lack of any sort of overloading of the fiber phase.
Indeed, the recoveries are quite high versus the EVs in the
stock aqueous solution, ranging from 96-102% (concentration
of recovered EVs /raw stock), with the lower y-intercept being
attributed to the removal of the latent proteins in the original
stock material. Also of relevance, the average variation for the
bulk measurements was 4%RSD, while for the full extraction
process the variability averaged 5%RSD. There is some level of
degraded quantitative performance (scatter) in the tip recov-
eries, as seen in the lessened goodness-of-fit (R> = 0.970).

EV recoveries from diverse matrices

After confirming the ability of the standard addition method
to determine the concentration of EVs and the C-CP tip’s
ability to produce quantitative EV recoveries, the experimental
protocol was applied to the raw biofluid matrices. The urine,
saliva, cervical mucus, serum, and milk biofluids samples
were spiked as described above, followed by tip isolation. The
raw biofluids were spiked once, twice, and three times with EV
stock solutions of increasing concentration (1.1 x 10" particles

y =5E-12x + 0.1079
R*=0.970

9.E+10 1.E+11 1.E+11

Theoretical Concentration of EV Standard Spikes

(particles mL-1)

» Exosome Standards

» C-CP Tip Isolated EVs

Fig. 2 Standard addition curve using a commercial exosome standard stock of 1.1 x 10° particles per mL concentration based on absorbance
measurement at 203 nm (red). Quantification of EVs based on absorbance detection after employing aqueous EV solutions of known concentration

to the C-CP tip (blue).
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Fig. 3 Determined EV particle concentrations (n = 3) for human urine, saliva, cervical mucus, blood serum and goat milk biofluid unknown samples
spiked once, twice, and three times with a commercial exosome standard stock of 1.1 x 10'° particle per mL before EV isolation using the C-CP tip
workflow. The biofluid-originating EV recoveries were quantified based on absorbance at 203 nm and compared to a response curve of linear

response.

per mL per spike), then diluted to 200 pL with ammonium
sulfate (2 M final concentration) before applying to the C-CP
spin-down tips for the isolation process (load, protein wash,
EV elution). The absorbance response of the EV eluates was
measured at 203 nm. The relative absorbance responses pre-
sented in Fig. 3 reflect the fact that the C-CP tip does produce
EV recoveries of proportionally increasing concentrations,
despite the biofluid sample complexity. The respective
regressions of each have an R> correlation coefficient of >0.98.
The determined values for each of the biofluids are provided
in each case, with respective values each falling in line with
expectations based on literature values.”””® The relative pre-
cision of the determined values (n = 3) is excellent, with an
average value of ~7%RSD across the matrices.

The relative responses for the spikes across the different
matrices are fundamentally instructive. In theory, consecutive
increases of 1.1 x 10'° particles per mL EV concentration were
applied. Therefore, given a homogenous and ideal biofluid
sample, the difference between the determined concentrations
of the S, and S,,, samples should be 1.1 x 10'° particles per
mL. While the responses here are proportional within each
matrix type, there is a definitive difference in the slopes; i.e.
the method of standard addition reveals the existence of
matrix effects. That said, given the vast physico-chemical
differences among these biofluids, the extent of the effects,
based on the slopes of the response curves, are less than a
factor of 2x. As such, the use of a single absorbance calibration
function would deliver that level of accuracy, with higher levels
achieved with the use of matrix-matched standards. Analysis
across multiple matrices would benefit most using the stan-
dard addition method.

Physical characterization of EV isolates

To confirm that the C-CP tip elution fractions do indeed
contain EVs in the correct size range and consist of the
expected characteristic shape, NTA and TEM imaging were per-
formed. Fig. 4 presents both the size distributions observed

This journal is © The Royal Society of Chemistry 2021

via NTA and electron micrographs of the intact vesicles follow-
ing isolation. The eluted EVs presented average diameters
from 121.7-160.3 nm across the matrices. Based on the NTA
data, the populations of EVs recovered from the urine, saliva,
and milk samples presented the most “gaussian-like” size dis-
tributions, though with minor subsets of vesicles detected at
larger sizes (as is typical). On the other hand, the EVs isolated
from the cervical mucus and blood serum samples were far
less homogeneous, with several distinct subpopulations.

Visualization via transmission electron microscopy (TEM) is
another benchmark method to identify extracellular vesicles.
The TEM micrographs presented in Fig. 4 confirm that EVs
were isolated from the biofluids using the C-CP spin-down
tips. In each of the images, either cup-shaped, donut-shaped,
or spherical-shaped vesicles with a dark halo can be observed.
The EVs observed in the TEM micrographs fall within the
exosome size range. One key aspect to emphasize is that, even
in the potentially lipoprotein-heavy biofluids (cervical mucus,
serum, milk), no vesicles are observed that would correspond
to the anticipated lipoprotein size range (~20 nm) character-
istic of LDLs. The isolation of EVs from lipoproteins is a funda-
mental challenge due to the similarities of the vesicles’ size,
structure, composition, and biological interactions.’®*' High
purity recovery of EVs (i.e., the lack of matrix proteins/lipopro-
teins) using the fiber isolation methodology has been demon-
strated in recent mass spectrometric proteomics analyses,>**°
and is a significant advantage of the C-CP tip isolation tech-
nique. This point is further demonstrated in the following
section. The TEM images show that the HIC-based C-CP tip
isolation preserves the characteristic vesicular shape with no
visual contamination.

Beyond the size distribution, NTA can also be used as a
semi-quantitative means of determining nanoparticle den-
sities. As presented in Fig. 5a, the particle densities deter-
mined for the raw biofluids via NTA can be appreciably higher
than the corresponding values generated by absorbance
measurements. Not surprisingly, this is particularly true for
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the most proteinaceous matrices (where agglomeration would
likely occur). In these cases, the densities determined by NTA
can exceed those of absorbance by as much as an order of
magnitude, with the measurement variability also highest for
those samples. Importantly, the same analyses performed on
the spin-down isolates (Fig. 5b) yield values in far better agree-
ment between the two quantification methods, with much-
improved measurement precision realized for the NTA. It is
noteworthy that the relative concentrations across the matrices
parallel each other between the two independent measure-
ment methods, with the values not differing by more than 2x.
This level of agreement is seen as validation of the efficacy of
the C-CP fiber spin-down tip methodology.

Characterization of EV purity

To investigate the purity of EVs (based on the removal of
matrix proteins) isolated using the C-CP tip method, a

4320 | Analyst, 2021, 146, 4314-4325

Bradford assay was performed. The total protein concen-
trations of the whole biofluid samples and the EVs eluted from
those biofluids using the C-CP tip isolation method were deter-
mined. To be clear, a Bradford assay reflects the total protein-
aceous material present in a sample. As such, in the ideal case
of perfect isolation of EVs, a positive response will still result
due to the interaction between the Bradford reagent and
surface proteins and externally exposed basic and aromatic
amino acid residues. The Bradford assay results for the raw
matrix materials and the EV isolates are presented in Fig. 6. As
would be anticipated, the goat milk and human blood serum
matrices were the most protein-dense, with the human urine
matrix having the lowest amount of protein present. After con-
ducting the C-CP fiber spin-down tip EV isolation workflow,
most of the contaminating proteins were removed while
leaving behind the EVs, which contribute to only a small frac-
tion of the total protein response for the protein-rich matrices.

This journal is © The Royal Society of Chemistry 2021
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Here, the 67-89% removal of “total protein” was demonstrated
for the saliva, cervical mucus, serum, and milk biofluid
samples. A much lower (17%) removal of proteins was
observed from the human urine sample, as expected given the
much lower relative concentration of free protein in healthy
urine samples. The EV recoveries present a low (346-412 pg
mL ") total protein concentration based on the Bradford assay.
While not perceivable on this scale, the relative amounts of
determined protein for the isolates are a very close reflection
of their relative EV densities determined via the standard
addition and NTA methods (Fig. 3 and 5), suggesting the
efficacy of the method to yield high-purity EVs. The C-CP tip
method demonstrates here the ability to remove up to 89% of
protein contaminant species. The efficiency of the method is
demonstrated by the absence of proteinaceous aggregates in
the TEM micrographs of EVs after the tip isolation process.
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Perhaps most definitive, recent MS proteomic analysis work
has confirmed the removal of common contaminant lipopro-
tein species from serum samples using this method, based on
the virtual absence (<0.3% of total proteins) of the Apo-B100
content in the EV isolates.®® The depletion of the lipid marker
protein was confirmed by ELISA analysis, as well.*

Verification of EV identity

While no universally expressed EV/exosome marker exists, the
CD81 tetraspanin protein has been identified in high concen-
trations in many exosome populations.”® (The CD63 and CD9
tetraspanins have been used as identifiers in previous works
from this laboratory,”” but CD81 generally exists in higher con-
centrations.) As such, the marker has been accepted as a
general marker for the presence of EVs, with the acknowledg-
ment that it is expressed to different extents even within the
same EV population, and in some cases not at all. To confirm
the presence of EVs in the C-CP tip eluates and assess the
recovered vesicles’ bioactivity, a semi-quantitative ELISA using
an antibody to the CD81 tetraspanin protein was employed. As
shown in Fig. 7, serial dilutions of the commercial exosome
standard stock were used to create a standard curve for the
ELISA response quantification. With this standard curve of
linear response (R*> = 0.985), the concentration of recovered
EVs containing the CD81 tetraspanin protein was estimated.
When the concentration of EV standards presenting a CD81
response was compared to the EV concentration as determined
by absorbance detection (Fig. 3), the relative concentrations
show the same general trends among the matrices. Even so,
the quantitative numbers for the exosome concentrations
reflect recoveries of 53-91% across the matrix types versus the
absorbance-determined concentrations (Fig. 3). This level of
agreement between the highly generic (absorbance) and highly
specific (ELISA) means of quantification is quite remarkable.
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Fig. 7 Indirect ELISA standard curve employing an antibody to the CD81 tetraspanin protein using serial dilutions of a commercial exosome stan-
dard (2.7 x 102 particles per mL), and the CD81 responses of the C-CP tip isolated EVs from biofluid samples.
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Based solely on the CD81 ELISA, the highest percentage of
recovery for EVs containing CD81 was found for the blood
serum sample (91%), followed by the saliva (70%), urine
(59%), cervical mucus (58%), and the goat milk (53%). This
level of variation is not at all surprising because CD81 is not
universally expressed and is upregulated/downregulated in EVs
of different origins.

Conclusions

The C-CP fiber tip isolation method has proven to be an
efficient means of EV isolation, with the ability to withstand
potentially complex matrix effects from human urine, saliva,
cervical mucus, blood serum, and goat milk. The HIC-based EV
isolation technique presents significant benefits regarding
time, cost, and ease of use. The C-CP spin-down tip workflow
enables the processing of multiple samples simultaneously in
15 min, limited only by the table-top centrifuge capacity. The
method of standard addition employing a commercial exosome
standard stock was demonstrated as an accurate means to deter-
mine the concentration of EVs, regardless of the matrix type.
That said, the respective responses showed very little difference
in sensitivity (i.e., minimal matrix effects). NTA analysis pro-
vided the determination of particle size distributions and
overall particle densities for the different matrices. TEM ana-
lysis confirms that the EVs isolated from all biofluids retained
the characteristic cup or donut-shaped morphology after the
isolation process. The purity of the EV isolates was confirmed
through Bradford assays, revealing total protein content before
and after isolation, with up to 89% of biofluid-originating pro-
teins being removed. The efficacy of the method to isolate bio-
active EVs was demonstrated through an ELISA assay for the
CD81 tetraspanin marker protein. Overall, there was a self-con-
sistency in the relative (and absolute) amounts of EVs isolated
from the different matrices based on the multiple, independent
measurement approaches. This agreement serves to validate the
quantitative aspects of the isolation process.

The bench-top C-CP spin-down tip protocol introduces a rela-
tively facile means of EV isolation. The C-CP tip HIC isolation
method’s capabilities make it an ideal candidate for use in lab-
oratory settings. The ability to work with microliter volumes
while achieving high EV yields and purity lends itself to both
clinical and fundamental EV research applications. For example,
the ability to alleviate the complicating aspects of serum/lipo-
proteins is an essential element in performing high-fidelity pro-
teomics analysis. Likewise, the same factors are key in develop-
ing bioassays based on the presence of targeted surface marker
proteins. Finally, while likely requiring the use of preparative
scale columns, the characteristics demonstrated here are essen-
tial in the development of EVs as gene therapy vectors.
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