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Abstract
Exosomes, a subset of the extracellular vesicle (EV) group of organelles, hold great potential for biomarker detection, therapeutics,
disease diagnosis, and personalized medicine applications. The promise and potential of these applications are hindered by the lack
of an efficient means of isolation, characterization, and quantitation. Current methods for exosome and EV isolation (including
ultracentrifugation, microfiltration, and affinity-based techniques) result in impure recoveries with regard to remnant matrix species
(e.g., proteins, genetic material) and are performed on clinically irrelevant time and volume scales. To address these issues, a
polyethylene terephthalate (PET) capillary-channeled polymer (C-CP) fiber stationary phase is employed for the solid-phase
extraction (SPE) of EVs from various matrices using a micropipette tip-based format. The hydrophobic interaction chromatography
(HIC) processing and a spin-down workflow are carried out using a table-top centrifuge. Capture and subsequent elution of intact,
biologically active exosomes are verified via electron microscopy and bioassays. The performance of this method was evaluated by
capture and elution of exosome standards from buffer solution and three biologically relevant matrices: mock urine, reconstituted
non-fat milk, and exosome-depleted fetal bovine serum (FBS). Recoveries were evaluated using UV-Vis absorbance spectropho-
tometry and ELISA assay. The dynamic binding capacity (50%) for the 1-cm-long (~ 5μL bed volume) tips was determined using a
commercial exosome product, yielding a value of ~ 7 × 1011 particles. The novel C-CP fiber spin-down tip approach holds promise
for the isolation of exosomes and other EVs from various matrices with high throughput, low cost, and high efficiency.
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Introduction

Exosomes are 30–130 nm-sized extracellular vesicles (EVs)
containing genetic, proteomic, and intracellular content that

reflect the biophysical characteristics of the cells of origin,
and engage in diverse pathological and physiological roles
[1, 2]. Exosomes are released from most cell types through
multivesicular bodies (MVBs), which are distinctly created
through the endosomal pathway [1, 3, 4], different from the
biogenesis of many other extracellular vesicles [5, 6].
Exosomes carry intravesicular cargo, including DNA, RNA,
miRNA, as well as surface biomarker proteins—all promising
tools for unraveling the inner-workings of disease progression
[7]. Exosomes mediate a plethora of inter- and intracellular
processes, including cellular communication and signaling
phenomena, and contain essential cargo for local and distal
cargo transport processes [8]. Because the dysregulation of
intercellular communication processes leads to cancers and
immune-physical malfunctions, exosomes/EVs have become
relevant to understanding many complex biochemical interac-
tions [9–11]. Additionally, as the rate of exosome biogenesis
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differs based on the cell of origin, the simple ability to readily
determine the concentration of exosomes is of high interest.
An upregulation of exosome biogenesis is indicative of active
disease progression [12, 13]. Increased exosome-mediated
signaling is characteristic of invasive tumor phenotypes [12],
so it is essential to be able to efficiently quantify exosomes in
various types of samples. A pool of cells is well represented
by a collection of exosomes, making them a promising ana-
lytical target for liquid biopsy applications.

Exosomes/EVs are expressed by most cells and, as such,
can be collected from bodily fluids, including urine [14], sa-
liva [15], blood (plasma [15] and serum [16]), breast milk [17,
18], and cerebrospinal fluids [19, 20], and are also released
in vitro by cultured cells [21]. Furthermore, exosomes and
other extracellular vesicles have been identified in all three
physiological domains of life (archaea [22], bacteria [23,
24], and eukarya [22]) and are active agents of nutrient deliv-
ery by interspecies communication through intake of foods
like raw vegetables [25]. A challenge in the progression of
exosome/EV-based applications lies in the recovery of clean,
stable, and biologically relevant vesicles for genetic profiling,
bioengineering, and biomarker classification.

A large number of approaches have been used for
exosome/EV isolation, including ultracentrifugation, differen-
tial centrifugation, density-gradient centrifugation, size exclu-
sion chromatography, affinity chromatography, and several
polymer-based precipitation techniques [8, 26, 27]. These sep-
aration techniques rely on either the size and density of the
EVs, or the affinity of the exosomes for antibodies to specific
surface marker proteins such as Alix, CD9, CD81, TSG101,
and HSP70 [27]. Current exosome/EV isolation methods are
tedious and are often used following multiple high-speed ul-
tracentrifugation (> 100,000×g) steps to remove debris and
pelletize the exosomes [26]. While the high-speed ultracentri-
fugation method is the most widely used technique for generic
exosome isolation, it does not always efficiently isolate
exosomes from large protein aggregates or other vesicular
structures efficiently. In all, these techniques are time-
consuming and sample-size burdensome to the point of limit-
ing the use of exosomes on the clinical scale [27, 28]. Because
biological sample matrices are extremely complex and varied,
robust separation techniques are crucial for future clinical ap-
plications and fundamental research [29].

Marcus and co-workers have described the use of
capillary-channeled polymer (C-CP) fibers as stationary
phases for liquid chromatography (LC) separations of pro-
teins via reversed-phase (RP), ion exchange (IEC), hydro-
phobic interaction (HIC), and affinity modalities [30–36].
The combination of high column permeability and low
surface porosity provides high throughput and yield mac-
romolecule separations [37–39]. Bruce, Marcus, and col-
leagues have also recently reported a method for exosome/
EV isolation using an HIC mode on a poly (ethylene

terephthalate) (PET) C-CP fiber phase [40–43]. The use
of the HIC elution strategy allows for exosome isolations
based on the vesicles’ inherent hydrophobicity (partially a
function of their size), allowing non-destructive bulk re-
coveries of exosomes/EVs for further interrogation and ap-
plications. Capture/elution under HIC solvent conditions
preserves the morphology of the vesicles isolated from
various matrices, including cell culture milieu [40], urine
[40, 42], and human plasma [41]. In terms of potential
implementation scenarios, isolations are performed on <
100 μL sample volumes on time scales of < 10 min. The
simple chromatographic method also shows promise for
bulk recovery of EVs for fundamental biochemistry and
preparative applications.

While a standard liquid chromatograph is not overly bur-
densome in the analytical chemistry laboratory, it is not prac-
tical in many biochemical and clinical situations. Solid-phase
extraction (SPE) techniques are widely applied for sample
preparation of biological specimens, as they allow for efficient
separation of analytes from the originating complex matrices
[44–46]. SPE is a form of step-wise chromatography that is
designed to extract and adsorb components of interest from a
liquid phase onto a stationary phase (similar to LC separa-
tions), thus serving as a means of pre-concentration and af-
fecting a matrix modification. Many modalities influence the
passage of sample solutions through an SPE bed, but the use
of a table-top or microcentrifuge is particularly attractive in
terms of very low operational complexity and overhead [47,
48]. In this regard, C-CP fibers can be employed either as the
stationary phase column for HPLC or employed in 1-cm seg-
ments fit to a micropipette tip to affect SPE in a spin-down
mode using a table-top centrifuge [49–51]. In these applica-
tions, fiber phases have also been used as a means of desalting
proteins before MS characterization [52] and also to affect
immunoaffinity capture [51].

Here, PET C-CP fiber micropipette tips are employed in a
novel spin-down HIC protocol for the timely, efficient, and
structurally preserving isolation and quantification of
exosomes from various matrices (aqueous solution, mock
urine, reconstituted non-fat milk, and an exosome-depleted
fetal bovine serum). Mock matrices were used to normalize
and control the exosome quantity input, while also presenting
basic sample constituents. The goal is to quantify and charac-
terize exosome recoveries of known spike concentrations
from the various matrices without interference or introduced
bias from native exosome-containing biofluids. The sequen-
tial aspects of immobilization and recovery are affected for
multiple tips in parallel, in a total processing time of <
5 min. The capture of intact exosomes is verified via scanning
electron microscopy (SEM) and confocal microscopy, with
the efficacy of the elution confirmed via transmission electron
microscopy (TEM) and dot blot analysis. The binding capac-
ity of the 1 cm fiber tips is evaluated via sequential
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applications of sample aliquots until an observed break-
through, with the recoveries determined spectrophotometri-
cally. Finally, the ability to quantify EV recoveries via absor-
bance measurements is demonstrated and employed in the
evaluation of recoveries of exosomes spiked into various
mock-biofluid matrices. This simple and straightforward
method for exosome isolation and quantification opens the
door for future fiber platform optimization for selective EV-
type isolations for clinical diagnostics and fundamental bio-
chemistry research.

Materials and methods

Materials HPLC-grade acetonitrile (ACN) was obtained from
ThermoFisher Scientific (Pittsburgh, PA, USA). Deionized
water (DI-H2O, 18.2 MΩ-cm) was obtained from a Milli-Q
water purification system (Millipore Sigma, Merck, Germany,
USA). Ultra-pure ammonium sulfate was obtained from
VWR (Radnor, PA, USA). Biotechnology-grade glycerol
was purchased from VWR (Sokon, OH, USA). Non-fat dry
milk was purchased from Bio-Rad (Hercules, CA, USA).
Phosphate-buffered saline (PBS, 0.067 M (PO4), pH 7.4)
and exosome-depleted fetal bovine serum (FBS) were obtain-
ed from ThermoFisher Scientific (Waltham, MA, USA). Tris-
buffered saline (TBS, 0.1 M, pH 8.0) was obtained from
Sigma Aldrich (St. Louis, MO, USA). Uranyl acetate, 16%
paraformaldehyde (formaldehyde) aqueous solution, and
formvar/carbon film 10 nm/1 nm thick on square 200-mesh
copper grids were obtained from Electron Microscopy
Sciences (Hatfield, PA, USA). The 1-Step Ultra TMB-
ELISA substrate was purchased from ThermoFisher
Scientific (Pittsburgh, PA, USA). The Anti-rabbit IgG (H+L)
10 nm Silver Conjugate (OD 7.5) and Silver Enhancer Kit for
membranes were obtained from Cytodiagnostics (Burlington,
ON, Canada).

The mock urine was prepared based on the recipe as report-
ed by Khan et al. [52], consisting of an aqueous solution of
potassium chloride (0.2 g L−1), sodium chloride (8 g L−1),
disodium hydrogen phosphate (1.14 g L−1), potassium
dihydrogen phosphate (0.2 g L−1), 200 μL L−1 McCormick
yellow food coloring (water, propylene glycol, FD&C yellow
5, and propylparaben), urea (114.1 g L−1), and DI-H2O up to
1 L. Hydrochloric acid and sodium hydroxide were used to
adjust the pH to 7.5. The solution of 2% non-fat dry milk was
dissolved in DI-H2O to create the milk matrix.

Instrumentation Three absorbance spectrophotometers were
employed in these studies, based on the required sample vol-
ume for measurement, the instrument’s sensitivity to changes
in absorbance, and the sample introduction method. A
NanoVue Plus UV-Vis spectrophotometer (GE Healthcare,
Chicago, IL, USA) was used to measure the direct absorbance

of the concentrated exosome eluates (1 μL) from the C-CP
fiber tip. A GENESYS 10S UV-Vis spectrophotometer
(ThermoFisher Scientific, Waltham, MA, USA) was used to
measure the absorbance of diluted exosome eluate. The
Synergy H1 Hybrid Multi-Mode Reader (BioTek, Winooski,
VT) was used to determine the UV-Vis absorbance (450 nm)
of samples in the 96-well format as employed in an ELISA
assay employing the 1-Step Ultra TMB Substrate.

Electron microscopy was employed as a confirmatory
tool for the structural integrity of both immobilized and
eluted EVs. SEM was performed using a Hitachi S-4800
(Chiyoda, Tokyo, Japan) to confirm the capture of intact
EVs on the C-CP fiber surface. Transmission electron mi-
croscopy (TEM) was performed using a Hitachi HT7830
(Chiyoda, Tokyo, Japan) to confirm the release of intact
EVs from the C-CP fiber surface. STEM imaging was per-
formed using the Hitachi SU9000 CFE SEM/STEM to ob-
serve the integrity of eluted exosomes. The methods for
fixing and imaging of these populations, which are not
innovative in their own right, are described in the
Electronic Supplementary Material (ESM).

Confocal microscopywas used to image the C-CP fiber tip-
captured exosomes after undergoing immune-recognition pro-
cedures for the confirmation of the capture of exosomes
exhibiting the CD81 tetraspanin marker protein. In prepara-
tion for this technique, the fiber-captured vesicles were stained
using a mouse primary antibody to CD81 (Santa Cruz
Biotechnology, Dallas, TX) followed by a goat anti-mouse
secondary antibody labeled with AlexaFluor 647 before
super-resolution confocal imaging with a Leica SP8 confocal
microscope with Hyvolution super-resolution software (Leica
Microsystems, Buffalo Grove, Illinois). A sandwich enzyme-
linked immunosorbent assay (ELISA) was used to detect and
quantify the expression of the tetraspanin exosomal marker
protein, CD81, in exosome recoveries following elution from
the C-CP fiber tip from various matrices. CD81 expression in
the recoveries of exosomes isolated by the C-CP spin-down
tip was further confirmed using an immunodot blot assay.
Briefly, recovered exosomes were captured by the
immobilized CD81 mouse antibody on a PVDF membrane,
subsequently detected using rabbit primary antibodies to ge-
neric tetraspanin antibodies (CD9, CD81, CD63), and visual-
ized using a goat anti-rabbit silver nanoparticle conjugate,
followed by the use of a silver enhancement kit to amplify
the resultant response (see the ESM).

Methods The C-CP fiber SPE tip assembly process is depicted
in Fig. 1. Poly(ethylene terephthalate) (PET) capillary-
channeled polymer fibers were extruded by the Clemson
University School of Materials Science. The C-CP fiber tips
were constructed as previously reported [48] (see the ESM).
Ultimately, tips of 1 cm length, having an inner diameter of
0.8 mm, and an interstitial fraction of ~ 0.6, yielded bed
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volumes of ~ 3 μL. The method for mounting the spin-down
tips for processing and collection of EV fractions has also
been described previously [48] (see the ESM). The efficient
reuse (n > 15) of the C-CP fiber stationary phase has been
demonstrated in a column format used in HPLC isolation of
exosomes from a mock urine matrix [42]. However, given the
low consumable cost (< $0.5 USD per tip) and for the sake of
convenience, new C-CP micropipette tips were employed for
each exosome isolation here.

Lyophilized and purified exosomes from the urine of re-
portedly healthy donors were obtained fromGalen Laboratory
Supplies (North Haven, CT, USA) with a prepared suspension
concentration of 2.27 × 1012 particles mL−1 (provider-deter-
mined by nanoparticle tracking analysis (NTA)). For HIC-
based processing, EVs in the mock sample matrices were
mixed 1:1 with 2 M ammonium sulfate at pH = 7.5. Aliquots
of 100 μL per trial were passed through the C-CP fiber tips
under 300×g centrifugal force for 1 min each. Under the high
salt conditions, the target vesicles and latent proteins (from the
original sample) were retained on-fiber. After the capture of
the vesicles, the fiber surfaces were washed with 100 μL of
DI-H2O. Protein elution was induced by passage of 50 μL of
25% glycerol in PBS under the same centrifugation condi-
tions, with the final elution of the captured EVs induced using
50μL of 50% glycerol in PBS. The elution of proteins by 25%
glycerol and exosomes by 50% glycerol has been confirmed
by SEM imaging of the fiber surfaces after the various steps in
this workflow as well as in the use of acetonitrile as the mobile
phase modifier [42, 43], as it is here. The eluted EVs were
quantified by diluting a 3-μL aliquot to 1.5 mL with DI-H2O.

Absorbance measurements were performed using a
GENESYS 10S UV-Vis spectrophotometer. Additionally, an
ELISA was used to confirm the presence of CD81-expressing
EVs in the spin-down tip recoveries.

To determine dynamic binding capacity, breakthrough ex-
periments were performed using 21 successive 50 μL aliquots
of the diluted exosome standard (4.65 × 107 particles per
50 μL aliquot in 1 M ammonium sulfate with 25% glycerol),
spun through the tips (300×g, 1 min each). Use of the glycerol
modifier inhibits the adsorption of adventitious proteins. The
fiber surfaces were thenwashed five times with 50μL aliquots
of diH2O.

Results and discussion

Capture and elution fidelityAs with all forms of biomolecule/
particle isolation, a successful SPE spin-down methodology
for exosome/EV isolation and recovery must provide not only
for separation, but must do so without compromising the
physical and biological attributes of the EVs. In this case,
EVs must be isolated with respect to the components of the
sample matrix, including salts, small molecules, such as ami-
no acids, sugars, proteins, and genetic material. Previous re-
ports have illustrated this capability via HIC separation of
exosomes from diverse media [40–42]. In the case of the
spin-down tip processing, the integrity of the physical and
biological attributes of the exosomes was evaluated via SEM
and immunofluorescence, respectively, following the elution
steps to remove salts and adventitious proteins. In Fig. 2a (for

Fig. 1 The practical steps of C-
CP fiber tip fabrication and the
spin-down approach to isolation
and purification of EVs. (See
ESM for details)
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the case of the commercial exosomes dispersed in water), the
surface of the C-CP fibers at this stage is pristine, as indicated
by the presence of globular vesicles without any remnants of
salt crystals or the like.

To further illustrate the integrity of the captured exosomes,
super-resolution confocal microscopy imaging was per-
formed. Exosomes captured on C-CP fiber surfaces were
immunolabeled using a primary antibody to the tetraspanin
surface marker protein, CD81, and a fluorescent secondary
antibody (AlexaFluor 647 goat anti-mouse). As seen in Fig.
2b, there are dispersed nanobodies (of the size range expected
for the target exosomes) within the ~ 25 × 25 μm2 viewing
region. Due to the resolution limits of the confocal microscope
(~ 140 nm), it is important to note that fluorescent particles
observed here are not necessarily individual exosomes, but
perhaps small aggregates producing a more intense fluores-
cent response. Nevertheless, with regard to capture, the target
exosomes are well dispersed on the fiber surface (without
substantial debris), while maintaining their basic physical
morphology and surface protein makeup. Indeed, the charac-
teristics depicted in Fig. 2 are the first steps towards affecting a
practical exosome diagnostic platform.

In those cases where further exosome characterization is
required, such as in the search for surface biomarkers or ge-
netic analysis (e.g., RNA-Seq) of the vesicular cargo, the or-
ganelles must be recovered (eluted) while maintaining their
physical integrity and biological function. The most common

method for assessment of the morphology of individual
exomes is transmission electron microscopy, where both the
size and vesicular structure are revealed. The TEM micro-
graph of an HIC-eluted EV (Fig. 3a) illustrates the successful
maintenance of the physical structure through the isolation
process. The biological fidelity of exosome populations is
readily assessed through the use of dot blot assays (Fig. 3b),
wherein a positive immune-response is obtained for the CD9,
CD81, and CD63 antibodies in the post-tip isolation eluates.
As seen in the various exposures, the recovered exosomes do
indeed retain the surface markers of the three tetraspanin pro-
teins confirming the presence and viability of the exosomes.
While the dot blots do not reflect the retention of the encap-
sulated genetic materials, they suggest that the expected
membrane-bound proteins remain intact.

Dynamic binding capacity (DBC) The ability to effectively
isolate and purify EVs is only relevant to the extent that it
yields the required density of EVs necessary to provide mean-
ingful sample data. As a general rule, most RNA-sequencing
analyses require 109–10 exosomes for accurate profiling, while
LC/MS proteomic studies require on the order of 1010–11

exosomes [53–59] To this end, the dynamic binding capacity
of the 1 cm C-CP fiber spin-down tips was determined
(Fig. 4). Unlike in the case of continuous processes [38], a
frontal analysis was required. This was performed using dis-
crete 50 μL aliquots of test solutions (exosomes in 25%

Fig. 2 Physical and biologic
imaging of exosomes adsorbed to
PET C-CP fiber surface via a
scanning electronmicroscopy and
b super-resolution confocal
fluorescence microscopy

Antibody
Positive 

Control
Sample

Negative 

Control

CD9

CD63

CD81

a b
500 nanometers

Fig. 3 Physical and biological
characterization of exosomes
eluted from PET C-CP fiber spin-
down tips via a transmission
electron microscopy and b dot
blot immunoassay
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glycerol/1 M (NH4)2 SO4), with the pass-through exosome
content used to assess breakthrough/overload. Figure 4 shows
the determined absorbance values, obtained by diluting 3 μL
of the eluate in DI-H2O in a 1.5-mL cuvette. The absorbance
response is not significant until aliquot #14, wherein the pass-
through content increases rapidly, and a plateau is reached
beyond aliquot #16, suggestive of surface saturation. Based
on the general response, the eluate absorbance reaches one
half of the steady maximum value (a measure of reaching
DBC) with aliquot #15. At this point, based on per-aliquot
particle densities of 4.65 × 1010, a DBC value on the order
of ~ 7 × 1011 is achieved for a total volume of 750 μL.
Though there is no consensus regarding a “healthy range”
for exosome concentration, this value is in line with that ex-
pected in many native biofluids, including urine, milk, serum,
and plasma. The capacity demonstrated at this early stage is
on-par for what would be desired in the clinical and biochem-
ical laboratory arenas.

Quantification In previous EV separations employing PET
C-CP fiber columns in a Dionex Ultimate 3000 HPLC sys-
tem (ThermoFisher Scientific, Waltham, MA, USA), UV-
Vis absorbance at 203, 216, and 280 nm was used as a
method for EV detection [40]. Even with the well-known
optical absorbance of some buffer/matrix components at
these wavelengths, a successful method of exosome isola-
tion should alleviate their contributions and allow ready
quantification. The absorbance response observed in this
instance is not due to the molecular absorption of an innate
biomolecule, but rather corresponds to the light scattering

due to the presence of the particles. Ultimately, the absor-
bance response was found to be directly proportional to the
exosome content, for particles of different sources. As
most methods of EV isolation carry along remnant pro-
teins, there is a potential that the absorbance (scattering)-
based measurement could be affected by their presence.

Based on the fact that the extent of scattering would be
(nominally) inversely related to the incident wavelength and
that proteins (being composed of aromatic amino acids) ab-
sorb at 280 nm, response functions were prepared at 203, 216,
and 280 nm. Lyophilized exosome standards from the urine of
reportedly healthy donors (previously shown to have latent
proteins present) were used to create standard curves. Here,
1–35 μL of the exosome standards (2.3 × 1012 particles mL−1)
were diluted to 1.0 mL in DI-H2O, presenting a concentration
range of ~ 2.3 × 109–8.0 × 1010 particles mL−1 (Table 1). The
slope of the 280 nm function is approximately 40% higher
than the lower wavelengths. The stronger absorbance at
280 nm reflects the inevitable presence of proteins (which
contain aromatic amino acids) in the commercial exosome
material. Indeed, the characteristics for the lower wavelengths
are virtually identical, with much better regression statistics
than at the higher wavelength. Based on these figures of merit,
and fewer contributions from background proteins, the shorter
wavelengths are preferred. While the limits of detection and
quantification are not as low as with other methods (e.g., im-
munoassays) [60–65], the values are relevant for most biolog-
ical and clinical systems of interest, particularly in consider-
ation of the total sample volume required (< 50 μL) and ease
of determination.
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Fig. 4 Breakthrough analysis of
50 μL aliquot additions of 4.65 ×
1010 particles per dose. The 50%
dynamic binding capacity is
surpassed during trial 15 at
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Table 1 Absorbance response
characteristics for exosome
standards in aqueous solution at
203, 216, and 280 nm

λ (nm) Response function R2 LOD (particles mL−1) LOQ (particles mL−1)

203 y = 5E−16x + 0.0076 0.9958 6.05 × 109 2.02 × 1010

216 y = 5E−16x + 0.0077 0.9938 7.58 × 109 2.53 × 1010

280 y = 7E−16x + 0.0069 0.9808 1.22 × 1010 4.08 × 1010
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Isolation and quantification of EVs/exosomes in diverse me-
dia As proof of concept towards the efficacy of the HIC spin-
down tip approach to exosome isolation and quantification, the
commercial exosome standards (2.73 × 1012 particles mL−1)
were spiked into DI-H2O, mock urine, reconstituted non-fat
milk, and exosome-depleted fetal bovine serum (FBS)matrices.
Two dilution factors were employed (1/100; 1/1000), as a quan-
titative test of the response, as well as tolerance towards the
challenges of the matrices themselves. The matrices were
mixed (50:50 v/v) with the HIC loading solvent (2 M
(NH4)2SO4) in PBS. While diH2O presents a pristine environ-
ment, the mock urine matrix presents high salinity and is small
molecule-heavy, the milk has high protein content, and the FBS
contains fat and high-protein content. Thesemodel biofluids are
obvious target matrices from which exosome/EVs may be ex-
tracted for diagnostic purposes. In terms of loading and elution,
the procedure involved a spin-down under high-salt conditions,
followed by elution of proteins with 50 μL of 25% glycerol and
1 M (NH4)2SO4 in PBS. This fraction was collected for absor-
bance measurements of protein/exosome content. Finally, the
EV fraction was eluted in 50 μL of 50% glycerol in PBS and
collected for the determination of vesicle content. Though glyc-
erol has been used as a biological preservative [66], it is not
ideal for all downstream analyses (i.e., proteomic analysis)
where necessary vesicle lysing may be hindered. In these cases,
acetonitrile may be used as a substitute elution phase, as previ-
ously reported [42, 43].

Essential to the quantification process of EVs in different
matrices is the assumption that EVs may be quantitatively
immobilized and recovered from the fiber surfaces. The latter
point has been evaluated in recent studies using the chromato-
graphic (column) platform, wherein recoveries of adsorbed
EVs were greater than 80% [43]. Parallel evaluation of the
recoveries was performed here via UV absorbance (using the
previously generated aqueous matrix calibration functions)

and an ELISA assay. The determined numbers of EV particles
for the two dilution factors, as determined via optical absor-
bance (203 nm), are presented in Fig. 5. Aliquots (50 μL) for
both the protein and exosome elution fractions were diluted to
1 mL for the absorbance measurements. Starting with the low-
est (1/100) dilution factor, no absorbance response is seen in
the protein fractions for aqueous and mock urine phases, but
there is a measurable absorbance, equivalent to 5.3 × 109 and
2.4 × 1010 EVs, for the milk and exosome-depleted FBS ma-
trices, respectively. These respective responses are not surpris-
ing, as the latter matrices have appreciable protein content and
corresponding appreciable absorbance, while the aqueous and
urine matrices do not. On the other hand, absorbancemeasure-
ments taken of the presumed EV fraction yield statistically
identical values for the aqueous, mock urine, and non-fat milk
matrices, as they would be expected. Interestingly, a much
higher (~ 2×) recovery of EVs was observed in the
exosome-depleted FBS exosome elution fraction. The preci-
sion of triplicate measurements for each of the matrices was
better than 8.4% RSD.

For the case of the higher dilution factor (1/1000), it would
be expected that the recoveries would be proportionally (~
10×) less, but potential matrix effects would be lessened as
well. Here, the responses for the protein elution fractions for
the aqueous, mock urine, and non-fat milk matrices fall below
the level for accurate determination. The FBS protein elution
still shows a measurable absorbance response, equivalent to
3.2 × 108 EVs. This is to be expected with the high concen-
tration of total protein in the original matrix. The greater than
expected decrease in apparent concentration is due to lessened
amounts of protein aggregation in the more dilute solution.
That noted, the determined concentrations in the respective
EV fractions are indeed ~ 10× less than the more concentrated
case for all matrices. Here again, a high level of precision in
the EV recovery is obtained (< 6.9% RSD), with the

Fig. 5 Post-isolation of exosome
standards spiked into various
matrices (50 μL) using the PET
C-CP fiber tip spin-downmethod.
The concentrations of exosomes
recovered were determined based
on absorbance response (1 μL)
when compared to the standard
curve of Table 1. a Quantified
recovery of exosomes from mock
matrices of 1/100 concentration
and b quantified recovery of
exosomes from mock matrices of
1/1000 concentration. The loaded
1/100 and 1/1000 solutions
theoretically contain 2E10 and
2E9 exosomes, respectively
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determined particle numbers across the first three matrices
being virtually the same, and a significantly higher exosome
recovery again for the exosome-depleted FBS matrix. Thus,
based on the absorbance-based quantification method, there is
no significant difference in EV recoveries across the diverse
aqueous, mock urine, and non-fat dry milk matrices. More
importantly, the fractional recoveries for the two dilutions
are approximately 75% versus the initial number of EVs ap-
plied to each tip for these matrices. This value reflects a sig-
nificantly more efficient recovery of exosomes when com-
pared to the fractional recoveries of other methods, such as
ultracentrifugation, which results in equal or lesser concentrat-
ed recoveries of exosomes, though requiring nearly 90 times
the starting sample volume. As previously mentioned, a sig-
nificant increase in recovery was observed from the FBS ma-
trix. Marketed as an “exosome-depleted” FBS source, the
manufacturer claims the depletion of 90% or more of native
endogenous exosomes. The increase in EV recovery for the
FBS matrix may be due to remnant exosomes from the native
FBS matrix (known to contain high concentrations of EVs).

To verify and quantify the presence of remnant (native)
extracellular vesicles in the exosome-depleted FBS matrix,
the tip isolation of exosomes was performed on an exosome-
spiked aqueous solution, the exosome-depleted FBS, and the
FBS spiked with exosome standard. In the spiked-solution
cases, the primary stock solution was added at a 1:100-μL
ratio to the matrix. The optical absorbance of the eluate was
detected at the 203 nm wavelength and used to quantify the
exosomes based on the previous aqueous solution calibration
function. Figure 6a shows the resulting exosome concentra-
tions, where approximately the same number of exosomes

were quantified in the eluates from the aqueous and native
exosome-depleted FBS solutions. Addition of the spike to
the FBS yields an ~ 73% increase in the determined density,
a value in line with a combination of the responses for the
aqueous solution and the FBS sample, as would be expected
as the spike values are the same for the first and third cases.
Importantly, the levels of precision are very uniform ranging
from 5.4–8.2% RSD for triplicate isolation and measurement
sets. Based on the determinations performed here, the
exosome concentration in the “depleted” FBS is approximate-
ly 1.5 × 1010 particles mL−1. This value is less than recently
published values of 2.27–2.93 × 1011 particles mL−1 [67].
Based on those values, the material employed here meets the
stated 90% clearance target stated by the manufacturer, with ~
6.6% remaining based on the published values.

The presence of exosomes in the depleted FBS was further
confirmed physically using STEM and nanoparticle tracking
analysis. Figures 6b–d are micrographs of the exosome eluted
fractions for the same three cases, exosomes spiked (1:100) in
aqueous solution, the native FBS, and exosomes spiked into
FBS. In all three cases, the typical halo-structure objects are
clearly revealed, having diameters on the order of 80–120 nm.
NTA analysis was performed to analyze the size distribution
of the eluted exosome populations. The graphical size distri-
butions of the eluted exosomes are presented in ESM.
Statistically, larger numbers of exosomes are observed in the
case of the spiked-FBS (as suggested in the data of Fig. 5),
though the means (~ 96 nm) and modes (74.3 and 77.7 nm) of
the distributions are very similar. What are quite different are
the broader distribution aspects, where the spiked-FBS dis-
plays a D90 (upper limit inclusive of 90% of the population)

Fig. 6 a Quantification of
exosomes in the eluates from
aqueous solution (1/100),
exosome-depleted FBS, and a
spiked exosome-depleted FBS
matrix (1/100). b–d STEM
images of eluted exosomes, all
containing their characteristic
spherical structure post isolation
using the C-CP tip method
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of 155.4 nm while the spiked aqueous population exhibits a
D90 of 130.1 nm. This relationship is not surprising as the
FBS is a far more diverse matrix than the human urine origi-
nating spike matrix.

As a complement to the use of absorbance spectrophotom-
etry to perform quantification, spin-down tip recoveries were
also assessed via a standard ELISA assay for the antibody
response to the CD81 tetraspanin surface protein. Presented
in Fig. 7 are the determined number of particles is reported for
the same two dilution values (1/100 and 1/1000) as depicted in
Fig. 5 aqueous, mock urine, and non-fat milk test matrices.
(The FBS material was received after the University ELISA
facilities were closed due to COVID-19 protocols and so were
not part of this assay.) The determinations were made on the
same collected EV elution fractions as used in the absorbance
measurements. As reported for the 1/100 dilution samples, the
numbers of collected EVs are statistically identical for the
three different matrices. As expected, the level of precision
of the bioassay is somewhat degraded from the absorbance
measurements, but with a variability of < 9.1% RSD, the re-
sults are in line with what would be expected. With increased
dilution, the number of particles is statistically lower, with
similar repeatability, but not in the direct proportion seen in
the absorbance case. Again, the recoveries across the matrices
are similar, maintaining the same relative responses among
each. The measured CD81 expression reflects the fact that
the exosome biogenesis process, and therefore, surface protein
expression is due to many stochastic processes. Though
exosomes from identical cells may be produced via the same
mechanisms, exosome populations are heterogeneous, and
differences in protein expression are expected. Also, while
glycerol in the elution buffer was used to increase exosome
stability and prevent aggregation, the presence of glycerol

may also have an effect on the conformation of exosome sur-
face proteins in the eluate. Changes in protein conformation
due to the presence of glycerol has been previously reported
[68, 69], where proteins are altered to more compact states.
This has been found to affect antigen–antibody binding inter-
actions, specifically in ELISA applications [70]. The observa-
tion of non-linear quantification of exosomes seen in Fig. 7,
when compared to absorbance-based results in Fig. 5, is most
likely due to these effects.

Conclusions

Presented here is an efficient, timely, and vesicle-preserving
method for exosome/EV isolation using a simple PET C-CP
fiber tip workflow followed by quantitation via absorbance
and ELISA assay quantification. There is a high demand for
clean and reproducible EV recoveries from complex matrices
for potential uses as targets of clinical, diagnostic, and thera-
peutic relevance. The isolation of exosomes using
hydrophobicity-based chemical separation allows for the gen-
tle and effective capture and subsequent release of exosomes
despite the complexity of the matrix of origin. It should be
pointed out that the process is not directly related to, nor is it
impacted by, traditional size exclusion effects as the fibers are
non-porous and the interfiber channels have widths of 1–
4 μm. That said, there may be some size-based effects in terms
of elution characteristics as size will affect the extent of hy-
drophobic interactions with the fiber surface. The combination
of low-volume, high-throughput processing, high recoveries,
and practical simplicity of the method bodes well in compar-
ison to other approaches, particularly for clinical situations.

Fig. 7 Post-isolation of exosome standards spiked into various matrices
(50 μL) using the PET C-CP fiber tip spin-down method; the
concentration of exosomes recovered were determined based on ELISA
readout to an exosome standard curve of linear response was performed to
quantitatively detect the expression of the exosomal tetraspanin protein-

CD81 (n = 3) employing a capture antibody of 1:250 concentration.
Quantified recovery of exosomes from mock matrices of 1/100 and
1/1000 concentration. The loaded 1/100 and 1/1000 solutions
theoretically contain 2 × 1010 and 2 × 109 exosomes, respectively
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The HICmode C-CP fiber tip workflow introduces a pleth-
ora of potential capabilities as modes of fiber capture selectiv-
ity are explored and optimized. The present method would be
classified as a generic exosome/EV capture approach, but pre-
viously demonstrated methods of fiber surface modification
could be implemented for selective capture based on the pres-
ence of target surface proteins [36, 50]. Likewise, as shown
here, protein-specific immunofluorescent labeling could be
affected for on-fiber detection. Continued optimization of this
technique and characterization of the purity (freedom from
matrix species) and the proteomic and genetic cargo are es-
sential to the future implementation of this technique to com-
plex biofluid samples. To this end, there indeed may be in-
stances, such as mass spectrometry-based proteomics, where
the use of acetonitrile will be the preferred elution phase mod-
ifier, allowing more efficient processing to recover surface
and sequestered proteins. Ultimately, the use of other C-CP
fiber platforms could be implemented to affect point-of-care
(POC) assays. Importantly, each of these aspects could be
scaled up to volumes necessary for the isolation and purifica-
tion of exosomes/EVs for various biotherapeutic applications.
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