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Abstract
Extracellular vesicles (EVs) have garnered much interest due to their fundamental role in intracellular communication 
and their potential utility in clinical diagnostics and as biotherapeutic vectors. Of particular relevance is the subset of EVs 
referred to as exosomes, ranging in size from 30 to 150 nm, which contain incredible amounts of information about their 
cell of origin, which can be used to track the progress of disease. As a complementary action, exosomes can be engineered 
with therapeutic cargo to selectively target diseases. At present, the lack of highly efficient methods of isolation/purification 
of exosomes from diverse biofluids, plants, and cell cultures is a major bottleneck in the fundamental biochemistry, clinical 
analysis, and therapeutic applications. Equally impactful, the lack of effective in-line means of detection/characterization of 
isolate populations, including concentration and sizing, is limiting in the applications. The method presented here couples 
hydrophobic interaction chromatography (HIC) performed on polyester capillary-channeled polymer (C-CP) fiber columns 
followed by in-line optical absorbance and multi-angle light scattering (MALS) detection for the isolation and characteri-
zation of EVs, in this case present in the supernatant of Chinese hamster ovary (CHO) cell cultures. Excellent correlation 
was observed between the determined particle concentrations for the two detection methods. C-CP fiber columns provide a 
low-cost platform (< $5 per column) for the isolation of exosomes in a 15-min workflow, with complementary absorbance 
and MALS detection providing very high-quality particle concentration and sizing information.

Keywords  Extracellular vesicles (EVs) · Exosomes · High-performance liquid chromatography (HPLC) · Capillary-
channeled polymer (C-CP) fibers · Multi-angle light scattering (MALS)

Introduction

Extracellular vesicles (EVs) have become increasingly 
relevant as the fundamental understanding of their roles 
in diverse cellular processes has evolved [1, 2]. EVs have 
different subsets, typically defined based on their size, 
including apoptotic bodies, microvesicles, exosomes, and 
exomeres [3, 4]. Exosomes, or small EVs (sEV), range in 
size from 30 to 150 nm in diameter, and were originally 
believed to be used for cellular dumping. It has been discov-
ered that exosomes encapsulate information, such as proteins 
and diverse genetic material, while their vesicular surfaces 

are decorated with membrane proteins from their host cell of 
origin. Moreover, the source of EVs influences their compo-
sition and functions after secretion [3, 5]. Due to their ability 
to encase information, exosomes have been proven to par-
ticipate in cell-cell communication. Their surface markers 
play a role in the direct targeting of specific cells [4], and in 
this way can also serve as a mode of diagnosis due to their 
presence in biofluids such as urine, blood, and saliva [6]. 
Ultimately, the processes which drive their role in intracel-
lular communication and the potential to serve as payload 
carriers open avenues for exosomes as potential therapeutic 
vectors [7, 8].

Due to the plethora of natural and cell culture exosome 
sources, along with their potential to hold diverse and rela-
tively large cargo payloads, they exhibit great potential as 
therapeutic vectors [7–10]. In comparison to more evolved 
vector systems such as adeno-associated viruses (AAV) [11] 
and lipid nanoparticles [12, 13], exosomes show particular 
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promise due to their natural origin achieving better immune 
responses, where AAVs can host immune responses [14] 
and the synthetic nature of lipid nanoparticles can promote 
immune responses, disrupt cell development, or are unstable 
in vivo [15, 16].

With the potential for implementation as vectors, the abil-
ity to effect high-efficiency isolation, purification, and charac-
terization of EVs is essential, with the intent to move towards 
large-scale isolations presenting further challenges in terms of 
practicality. However, their isolation is the current bottleneck 
in all sectors and scales of exosome study and application, 
as current methods are costly and time consuming, result in 
low purities, and are of limited capacity [17–21]. Common 
isolation techniques of EVs include ultracentrifugation (UC) 
[22, 23], ultrafiltration (UF) [24, 25], immunoaffinity cap-
ture [26, 27], and polymer precipitations [3, 19, 28]. UC is 
a density-based isolation that is easily implemented; how-
ever, it often results in low exosome purities, requires large 
sample volumes, and has high capital costs [20, 29–31]. UF 
relies upon differences in hydrodynamic volumes to isolate 
exosomes, with high purities, but the filters/pores are prone to 
clogging, resulting in the loss of product [18, 32, 33]. Related 
in terms of separation based on hydrodynamic volumes, size 
exclusion chromatography (SEC) (though not operating in an 
HPLC mode) provides fairly rapid processing, though here 
differentiation of species in the size domain of sEVs can be 
ambiguous [34, 35]. Immunoaffinity capture approaches target 
the specific biomarkers on the outer bilayer of EVs, yielding 
very high purities, but very low overall yields of a singular 
population of exosomes and presenting very high consumable 
costs [17, 19, 36]. With polymer precipitation, a polymer and 
salt solution is used to reduce the solubility and precipitate 
the EVs from the solution [18]. This method results in a high 
yield, but low purity due to other matrix components (i.e., 
extracellular proteins and protein aggregates) co-precipitat-
ing with the exosomes [37]. While each of these isolation 
approaches has its positive and negative attributes, a method 
that yields high-purity EVs from diverse matrices is also read-
ily automated, and provides integrated means of detection/
characterization that would be impactful in the arena.

In an effort to improve the overall processing exosomes, 
Marcus et al. have successfully isolated/purified exosomes 
using hydrophobic interaction chromatography (HIC) per-
formed on polyester (PET) capillary-channeled polymer 
(C-CP) fiber chromatography columns [38–41] and spin-
down tips [42–45]. EVs from various sources ranging from 
biofluids (urine, plasma/serum, breast milk, etc.) to plants 
(blueberries, tomatoes, etc.) and cell culture media have 
been demonstrated [43–48]. The hydrophobicity-based 
separations are nondenaturing as they rely on high salt con-
centrations for binding conditions and low salt concentra-
tions for elution. Previous efforts by this lab have also shown 
the addition of organic modifiers to elute exosomes without 

affecting the vesicular structure of the isolated exosomes 
[38, 42, 49]. Direct comparisons between the C-CP fiber 
separations with most of the previously cited approaches 
have revealed higher overall yields, greater purities, lower 
overhead costs, and greater throughput for the fiber-based 
separations [42].

The characterization of isolated exosomes is also necessary 
regardless of their future use, whether fundamental biochemi-
cal data, clinical diagnostics, or vector development. Char-
acterization can entail many different biological, chemical, 
or physical attributes, including concentration, particle size 
distributions, isolate purity, surface protein identification, or 
genetic content. One would likely consider concentration and 
particle size distribution to be a key set of first-level charac-
teristics. Current characterization techniques include absorb-
ance, fluorescence, nanoparticle tracking analysis (NTA), and 
flow cytometry [3, 19]. The current quantification methods of 
EVs often depend on the method of isolation, including any 
specific solvents/media. Beyond this, the vast majority of the 
methods occur off-line from the isolation process, encompass-
ing a completely different set of unit operations and instru-
mentation. Taken a step further, they typically require some 
additional sample preparation/modification. While exquisite 
levels of selectivity can be achieved using approaches based 
on immunoaffinity labeling, these methods are usually so spe-
cific and expensive as not to be practical unless absolutely 
warranted [50]. The most general, and indeed most widely 
applied, means of exosome counting/sizing is NTA [51–54]. 
The off-line method relies on Brownian motion and light scat-
tering to determine the sizing and concentration, based on the 
statistics of random motion and the number of events. While 
the most common approach, the method is very susceptible to 
contamination from sample and ambient particles and various 
instrument instabilities. While the current standard, the meth-
od’s poor precision and accuracy, high capital costs, and off-
line nature make it unacceptable for high-throughput appli-
cations. More recently, multi-angle light scattering (MALS) 
has been used for the sizing and counting of EVs [55–57]. Of 
particular importance here is the fact that MALS is naturally 
adapted to flowing (solution) systems, though there are certain 
compatibility issues to be addressed. As for all of the common 
characterization techniques, low purity samples and/or aggre-
gation can hinder or falsely represent the results [58]. As a 
final means of particle quantification, Marcus and co-workers 
have demonstrated that simple optical absorbance detection 
(technically scattering) can be employed to generate standard 
Beer’s law plots that are well behaved over common exosome 
concentrations. In this case, measurements in the 200–220 nm 
region of the spectrum are clearly impacted by the presence of 
residual species such as proteins. Following separations on the 
C-CP fiber phases, quantitative values are in good agreement 
with prepared standards and NTA determinations. In com-
parison to other means of quantification, absorbance detection 
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offers ready in-line implementation and the ability to use cali-
bration functions (i.e., Beer’s Law) prepared from standards. 
Ultimately, it must be emphatically stated that the precision/
accuracy of any form of exosome quantification (and sizing as 
well) is only as good as the purity of the particles that are iso-
lated. Here the optical absorbance and MALS scattering will 
be evaluated and compared for the quantification of EV eluate.

Here we present the isolation and quantification of EVs 
using capillary-channeled polymer (C-CP) fiber stationary 
phases for the isolation of EVs coupled with in-line absorbance 
and MALS detection, providing both quantitative and sizing 
characterization of CHO cell–derived exosomes. While pre-
vious studies have demonstrated the utility of the C-CP fiber 
platform for EV isolation from diverse matrices, the focus 
here is on the detection methods and not the analytical matrix, 
which should have no bearing on the respective detector per-
formance. The interfacing takes place without any modifica-
tion of the previously developed HIC elution strategy, with a 
100-mL aliquot of the CHO cell supernatant processed in less 
than 15 min. Implementation of MALS detection is under-
taken using silica nanoparticles to calibrate both the particle 
count and sizing. Tandem use of absorbance and MALS detec-
tion provides excellent correlation in terms of the quantitative 
responses with increases in sample loading, effectively validat-
ing the two methods as well as the overall purity of the C-CP 
fiber column isolation process. Comparison across five sepa-
rate C-CP columns is presented to confirm the reproducibility 
of the purification/detection protocol. It is believed that the 
ability to couple high-throughput chromatographic exosome 
isolation and in-line absorbance/MALS detection provides a 
powerful approach to exosome characterization.

Materials and methods

Chemicals and reagents

Ammonium sulfate (Thermo Scientific, MA, USA), Gibco 
phosphate-buffered saline (PBS) solution 10× pH 7.4 
(Thermo Scientific, MA, USA), glycerol (VWR, PA, USA), 
acetonitrile (ACN) (VWR, PA, USA), and deionized water 
(DI-H2O) from an Elga PURELAB flex water purification 
system (18.2 MΩ-cm, Veolia Water Technologies, High 
Wycombe, UK) were used for mobile phase preparations. 
A silica-bead standard (QS2503 (230-260 nm), NanoFCM 
Nottingham, UK), was used to confirm the MALS parti-
cle count and sizing measurements. Chinese hamster ovary 
(CHO) cell supernatant samples obtained from the Harcum 
Lab (Department of Bioengineering, Clemson University) 
were used for all separations. Following collection from the 
bioreactor, the supernatant was centrifuged at 1000 × g and 
stored at −20 °C, before use. On the day of the separations, 
the supernatant was filtered with a 0.22-μm polyethersulfone 

(PES) filter. As a benchmark, the concentration of the IgG 
product in the supernatants was independently determined 
to be 0.71 mg mL−1.

Column preparations

The preparation of the polyester (PET) C-CP fiber columns 
has been previously described in detail [59]. Simply, the fib-
ers removed from the primary spool are pulled through 0.76-
mm inner diameter polyether ether ketone (PEEK) tubing and 
trimmed to 30 cm. In this case, the total number of fibers was 
~450, determined to obtain an interstitial fraction of ~0.6 [59]. 
Following packing, the column/fibers are washed with DI, 
ACN, and DI to remove any electrostatic (spin) coatings or 
contaminants introduced during packing. Five separate C-CP 
columns were prepared for this study, with fiber masses within 
the columns averaging 0.109 g, with a 2.4% RSD.

Instrumentation

A Dionex Ultimate 3000 (Thermo Fisher Scientific, Sun-
nyvale, CA, USA) quaternary pump equipped with a diode 
array detector was used for all chromatographic measure-
ments. The instruments were controlled with Chromeleon 7. 
A 0.22-µm polyvinylidene fluoride (PVDF) membrane inline 
column filter was placed between the pump and injector to 
remove any mobile phase contaminants. A MALS detec-
tor (Dawn, Wyatt, Nottingham, UK) was used for particle 
concentration and sizing of exosomes utilizing 18 separate 
detectors. For the MALS measurements, the parameters 
were set as follows: refractive index (h) for 50% glycerol 
in 1X PBS = 1.4096, dh/dc = 0.1850 (commonly used for 
proteins), and the sphere real RI h = 1.61 (Wyatt database). 
Particle sizing was determined using the Zimm approxima-
tion, as used in other exosome applications [55].

Methods

The solvents for the separation included a mobile phase 
(MP) A of 2 M ammonium sulfate in 1X PBS and MP B 
of 50% glycerol in 1X PBS. A step gradient method was 
performed with the sample injection in 100% MP A (0–4 
min) for exosome and protein binding, while sugars, salts, 
and small polar molecules were unretained. A step to a 50:50 
mixture of MP A:MP B was employed to elute any pro-
teinaceous species and was held for 4–10 min. Finally, a 
step to 100% MP B was performed (10–15 min) to elute the 
target EVs. Chromatographic measurements were taken in 
triplicate with an injection volume of 100 µL and a mobile 
phase flow rate of 0.5 mL min−1. Eluting species passed first 
through the system absorbance detector (216 nm) and then to 
the MALS detector volume. Absorbance-based assessments 
of exosome particle number densities were determined 



3328	 Wysor S. K. , R. K. Marcus 

through calibration functions as described previously [40], 
while number densities via MALS were determined through 
serial dilution of the silica-bead standard.

Results and discussion

Repeatability of exosome determinations based 
on standard absorbance responses

While CHO cell lines are commonly known for their produc-
tion of antibodies, the cells also secrete exosomes as a natu-
ral by-product of the cell metabolism [10, 46, 60, 61]. The 
workflow presented here aims to purify the exosomes from 
CHO supernatant and determine the concentration and sizing 
through in-line absorbance and MALS. The separations of the 
supernatant using PET C-CP fibers were performed in tripli-
cate on five separate columns, with the average chromatogram 
for each column shown in Fig. 1. The large protein elution 
band is expected as CHO cell lines are grown for the produc-
tion of immunoglobulin G (IgG), with a plethora of host cell 
proteins (HCPs) excreted as well. Slight variations in the total 
protein recoveries between each of the columns are observed, 
though the overall reproducibility across the columns was bet-
ter than 5% RSD. That said, previous 2DLC experiments have 
shown coupling two C-CP columns (protein A and PET) for 
the successive isolation of therapeutics (IgG and exosomes) 
from CHO supernatant have shown a higher level of preci-
sion in absorbance [46].

The relative process exosome recoveries, based on the 
integrated absorbance peak areas following the final gradient 

step, are presented in Fig. 2 across the five analytical col-
umns tested. The average peak areas for the exosome frac-
tion for each column are as follows: 37.5, 43.2, 40.2, 39.7, 
and 45.4 mAu × min for columns 1–5, respectively. Varia-
tions between columns are expected as the packing density 
between columns can vary slightly due to variations in the 
extruded fiber cross sections. The standard deviation of each 
peak area is plotted along with the percent relative standard 
deviation (% RSD) of triplicate runs. For each individual 
column, the variability was < 5% RSD, exhibiting excel-
lent reproducibility for each column. The repeatability of 
the absorbance areas across all five columns (a total of 15 
separations) is 7.6% RSD, while slightly higher than the 
intra-column variability, with excellent agreement across all 
five columns observed. In fact, if the absorbance response is 
normalized to the mass of fiber in the respective columns, the 
overall variability is improved to 4.9% RSD.

MALS‑determined exosome particle concentrations

A primary challenge in exosome characterization is accurate 
particle quantification. The primary challenges lie in the fact 
that commercial EV standards are unreliable themselves, as 
protein contaminants are still present within the standard, 
compounding the inherent variability of the actual methods 
of determination. As discussed previously, MALS presents an 
excellent alternative in terms of the quantification of particles. 
Following the 100-µL injections, HIC isolations, and passage 
through the absorbance detector, in-line MALS was used to 
determine the particle concentration of the EV eluates. To 
establish the particle concentrations, a silica standard of con-
centration (1–3 × 1010 particles mL−1) was used. Through the 
on-line MALS determination, the particle concentration was 

Fig. 1   Overlay of averaged HIC separations across 5 PET C-CP col-
umns. Absorbance is measured at 216 nm, where 2 M ammonium 
sulfate (A.S.) is introduced from 0 to 4 min and unretained species 
flow through. From 4 to 10 min, a step is taken to 1 M A.S. and 25% 
glycerol in 1X PBS where proteins are eluted. Finally, 50% glycerol 
in 1X PBS is introduced from 10 to 15 min, and EVs are eluted

Fig. 2   The average absorbance peak area of triplicate runs of the exo-
some elution fraction plotted across 5 PET C-CP columns. The text 
above each bar represents the %RSD
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determined to be 1.70 × 1010 particles mL−1 with a 4.1% RSD 
for the silica particle standard, confirming the suitable operation 
of the detection system. An example of the MALS-determined 
particle densities over an exosome elution band is shown in 
Fig. 3, with the absorbance at 216 nm plotted on the left axis 
(purple) and the particle density (particles mL−1) plotted on the 
right axis (black). Across the evolving exosome elution peak, 
the instantaneous particle densities range from 2.0 × 106 to 1.1 
× 107 particles mL−1. Of note, MALS determinations across 
the protein elution band were below the measurement limit of 
detection. Similar traces were observed across the suite of injec-
tions/columns. The area under the curve of the particle density, 
along with the dilution correction, was then used to determine 
the recovered particle concentration of exosomes, as presented 
in Fig. 4 [53, 62]. For the individual columns, the average, inte-
grated exosome particle concentrations were determined to be 
4.2, 3.2, 3.6, 2.8, and 4.6 (× 108) particles mL−1 for columns 
1–5, respectively, with an average value across the 15 injections 
of 3.7 × 108 mL−1. Indeed, this value is in excellent agreement 
with the absorbance-based concentration of 3.6 × 108 mL−1. As 
would be expected, the variability of the values for each column 
is broader than the absorbance measurements of Fig. 2, as the 
scattering process and the underlying assumptions in terms of 
the basic calculations are dependent on far more experimental 
variables that change in the course of the solute elution, such 
as the viscosity, refractive index, and particle density in the 
probed microvolume. That said, the precision across the whole 
here (38% RSD) is better than typical of NTA measurements 
[53, 58, 62]. As a final point, based on the integrated parti-
cle concentrations, the particles captured per mass of the fiber 
column resulted in ~3 × 109 particles mL−1 g−1 of stationary 
phase, presenting an excellent opportunity for a cost-effective 
scale-up isolation of EVs.

MALS‑determined exosome particle diameters

Silica standards were used to verify the sizing and concentra-
tion determination reported from the MALS. Based on the use 
of standards of known diameters (230–260 nm), the diameter 
of silica determined via inline MALS was between 236 and 
248 nm, consistent with the expected diameter. Along with 
the corresponding MALS results for the silica particles, the 
pooled scattering data for the CHO cell–derived EVs (three 
injections) for each column are presented in the box plots in 
Fig. 5, representing the distribution of EV diameters present in 
the eluate fractions. In short, the box and whisker plots entail 

Fig. 3   The particle density of exosomes is plotted across  the elution 
peak. The absorbance trace (purple) at 216 nm is plotted on the left 
axis, while the MALS-determined particle density response (black) is 
plotted on the right axis

Fig. 4   Average particle concentration of the exosome eluate across all 
5 C-CP columns determined via MALS

Fig. 5   Particle sizing of silica standards and the exosome eluates 
determined via MALS. Triplicate runs are represented by each box 
and whisker for each column. The box represents the inner quartile, 
or 50% of the population, while the bars represent the remaining 25% 
on each side
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four quartiles, each representing 25% to represent the range of 
determined exosome diameters. The solid box represents 50% 
of the data points in the inner quartiles, with the midline repre-
senting the median of the population. Of course, very different 
from the case of the synthetic silica beads, there are broader dis-
tributions of determined values for the naturally heterogenous 
EV populations [10, 53, 62]. For column 1, particle diameters 
were determined to range from 40 to 177 nm, with 75% falling 
between 40 and 126 nm. For column 2, a much wider range was 
observed; more importantly, the inner quartile of the population 
falls between 64 and 161 nm. A large overall spread was deter-
mined from column 3, again with the 50% box falling between 
70 and 160 nm. The diameters of exosome eluates from column 
4 were between 18 and 149 nm, with 50% falling between 65 
and 99 nm. Finally, for column 5, the determined diameters 
were between 5 and 277 nm, with 50% between 38 and 277 
nm. In each case, some of the determined sizes fall outside 

the range of exosomes, such as exomeres (< 50 nm) [63] and 
> 300 nm in diameter, which could be either aggregates or 
small microvesicles [64]. The differences across the columns 
are likely a reflection of the slight differences in the individual 
packing characteristics, more so than different EV populations. 
Overall, the most relevant values of median and 50th percentile 
sizes were in very good agreement across all five columns, with 
the majority found in the expected exosome size range.

Correlation between absorbance and light 
scattering responsivity

A primary goal of the described studies was the co-vali-
dation of the quantitative aspects of the in-house devel-
oped optical absorbance [39, 40] and MALS scattering 
approaches. As noted above, the absorbance and MALS-
based concentrations for the CHO cell supernatant were in 

Fig. 6   Analytical response curves as a function of CHO cell supernatant loading volume for a absorbance and b MALS detection. c Correlation 
between absorbance and MALS response curves
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agreement to within 4%, absolute. In order to retain consist-
ency, the analytical responses of the two methods were eval-
uated based on increasing injection volumes of the CHO cell 
supernatant. The primary response curves by absorbance 
and MALS are presented in Fig. 6a and b, respectively, for 
volumes ranging from 12.5 to 100 μL, a factor of 10 increase 
in loading. The absorbance response yielded a linear regres-
sion of y = 1.0708x + 34.33 with an R2 = 0.9995, showing 
outstanding linearity and high precision for the triplicate 
measurements at each loading volume. The significance F 
value was 5.1 × 106, and the P value was 2.5 × 105, con-
firming the statistical significance of the absorbance data. 
Based on the linear regression statistics and the variability of 
PBS-blank injections, the limit of detection (LOD = 3sb/m) 
was determined to be 2.6 × 104 particles mL−1. Likewise, 
the MALS measurements yielded excellent linearity with a 
response function of y = 6.95 × 104x + 8.66 × 105 and R2 = 
0.9994. The significance F value was 6.9 × 106 and P value 
5.6 × 104, again confirming the validity of the approach. The 
LOD based on the MALS linear regression was 6.7 × 104 
particles mL−1. Here again, the standard deviations of the 
triplicate measurements were outstanding, as depicted by 
the error bars. The respective LOD values are considered 
to be very good in terms of potential applicability of either 
detection modality across diverse EV separation strategies. 
Ultimately, the correlation between the two responses across 
the 10× loading range was evaluated, as shown in Fig. 6c. A 
strong correlation between the absorbance and light scatter-
ing detection was observed with an R2 = 0.9985 and a linear 
regression of y = 6.49 × 104x–1 × 106. This strong correla-
tion between the two methods provides further support of 
the general utility of the absorbance method as an effective 
means of the determination of EV concentrations.

Conclusions

The method presented here fills a very important need in the 
field of exosome analytics; integrated methods of purification 
and characterization. Hydrophobic interaction chromatogra-
phy on polyester C-CP fiber columns is coupled with stand-
ard absorbance and MALS detection. In total, a cost-effective 
15-min workflow for the successful isolation, quantification, 
and sizing determination of EVs from CHO cell supernatant 
is demonstrated. The consistency of the C-CP fiber stationary 
phases is observed across five separate columns, along with 
triplicate runs in terms of absorbance recovery, particle con-
centrations, and particle sizing. As anticipated, the MALS siz-
ing, while accurate in terms of the average values, does show 
more dispersion than the quantification responses. Importantly, 
the strong correlation between light scattering detection and 
absorbance serves to further demonstrate that simple absorb-
ance is effective for the determination of particle count of EVs. 

Future works will look towards elucidating (and mitigating) the 
precise causes for the greater dispersion in results for MALS 
vs. absorbance particle density determinations, as the ability 
to accurately profile sizes is essential to better understanding 
the biochemistry of EVs. Likewise, further investigations into 
the respective breadth and extents of the quantitative figures of 
merit for both detection modalities must be determined. The 
combined detection methodology will be expanded across dif-
ferent matrices including urine and plasma. Additionally, efforts 
will look to scale up the C-CP columns for larger volume, pre-
parative processing as recoveries of ~3 × 109 particle mL−1 g−1 
of EVs per mass of fiber column hold great promise.
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