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1 | INTRODUCTION

Extracellular vesicles (EVs) have become established as key mediators
of intercellular communication and are secreted by virtually all cell

types.[1 The umbrella term EVs comprises several types of lipid-bilayer
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extracellular vesicles; GFP, green fluorescent protein; MWCO, molecular weight cut-off; NTA,
nanoparticle tracking analysis; SEC, size exclusion chromatography; UF, ultrafiltration; cP,
centipoise

Extracellular vesicles (EVs) act as nano-scale molecular messengers owing to their
capacity to shuttle functional macromolecular cargo between cells. This intrinsic abil-
ity to deliver bioactive cargo has sparked great interest in the use of EVs as novel
therapeutic delivery vehicles; investments totaling over $2 billion in 2020 alone were
reported for therapeutic EVs.

One of the bottlenecks facing the production of EVs is the lack of rapid and high
throughput analytics to aid process development. Here CHO cells have been designed
and engineered to express GFP-tagged EVs via fusion to CD81. Moreover, this study
highlights the importance of parent cell characterization to ensure lack of non-fused
GFP for the effective use of this quantitative approach. The fluorescent nature of
resulting vesicles allowed for rapid quantification of concentration and yield across
the EV purification process. In this manner, the degree of product loss was deduced by
mass balance analysis of ultrafiltration processing, reconciled up to 97% of initial feed
mass. The use of GFP-tagging allowed for straightforward monitoring of vesicle elution
from chromatography separations and detection via western blotting. Collectively, this
work illustrates the utility of GFP-tagged EVs as a quantitative and accessible tool for

accelerated process development.

CHO cells, extracellular vesicles, nanobiotechnology, process analytics, process development, size
exclusion chromatography, ultrafiltration

enclosed vesicles with similar structural, biochemical, and functional
properties. The two major vesicle populations of therapeutic inter-
est include (1) small EVs/exosomes (40-150 nm size) that are derived
through an endosomal route of biogenesis and (2) microvesicles (100-
1000 nm) which are produced by the outward budding of the parent
cell plasma membrane (Figure 1A). Additionally, cells undergoing pro-
grammed cell death by apoptosis are known to shed a third vesicle sub-
type known as apoptotic bodies with broad size ranges between 50 nm

and 5 ym.[1‘3] The significance of EVs as molecular messengers lies in
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FIGURE 1

(A) EV biogenesis pathways leading to insertion of CD81-GFP within vesicles. (1) Early endosomes are formed by endocytosis. (2)

Early endosomes mature into the multivesicular body (MVB). Inward budding of the membrane produces intraluminal vesicles (ILVs). (3) MVB
fusion with plasma membrane releases ILVs from the cell. (1b) Microvesicles are formed by outward budding of plasma membrane. (B) Expression
vector map for stable expression of CD81-GFP. (C) Schematic illustration of CD81-GFP topology within the lipid bilayer of cells and EVs

their ability to shuttle molecular cargo that has functional impact on
recipient cells, particularly through nucleic acid delivery.[*] In recent
years EVs have captured the growing attention of many biotechnol-
ogy firms owing to their promising therapeutic potential.l>! This has
resulted in increasingly lucrative investments to develop EV-mediated
technologies; deals amounting to over $2 billion were reported in the

year 2020.1¢] Additionally, there is growing evidence that EVs could

serve as non-invasive diagnostic tools to aid in early detection of dis-
ease, particularly cancers,!78] thus showcasing the diversity of EV
research potential.

Currently, there is a lack of standardized methodology for the isola-
tion of EVs. Ultracentrifugation (UC) is often the most commonly used
isolation technique,[?] however, UC suffers from lack of scalability, 10!

time efficiency and has been suggested to damage vesicles.'1] To
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realize the therapeutic potential of EVs, production requires scalable
methods for the processing of cell culture supernatant feed mate-
rial. To address this, methods involving tangential flow filtration cou-
pled with chromatography steps have been used effectively for iso-
lation of EVs with scalable capabilities.[12-14] The tremendous inter-
est in EVs in recent years has driven research into novel methods for
analyzing these vesicles. However, many of these methods are lengthy
and require highly specialized equipment, costly consumables or pre-
labelling steps.[15-1%] Nanoparticle tracking analysis (NTA) remains
amongst the most popular methods for routine EV quantification!?]
despite known concerns relating to biased results depending on sam-
ple dilution and preparation.[2°! Previous work has described the use
of CD63 tetraspanin for GFP-EV tagging strategies in a transient man-
ner allowing expanded analytical capacities for single vesicle charac-
terization with higher vesicle specificity.!21] Similarly, CD63 has been
tagged with luciferase via genetic fusion for EV detection and in-

[22] While providing high sensitivity, a luciferase-

vivo uptake studies.
tagging approach requires the use of expensive substrates to generate
signals with a specified half-life and are best suited for bio-distribution
studies. In a different approach, recombinant EVs (rEV) tagged with
GFP via HIV-1 gag polyprotein have been proposed as potential biolog-
ical reference material allowing for recovery characterization follow-
ing spiking of samples with rEVs.[23

Overall, past work has largely neglected the potential use of EV-
tagging strategies as an analytic approach to streamline EV process
development. In this study we have genetically engineered Chinese
hamster ovary (CHO) cells for stable expression of the tetraspanin
CD81 fused to GFP via a flexible peptide linker to generate tagged EVs.
In this way we aimed to exploit the known abundance of tetraspanin
proteins within EVs to label both exosomes and microvesicles with GFP
destined for the lumen of secreted vesicles.

We demonstrate it is possible to deduce total mass yields via mea-
sured GFP-concentration across fractions of the EV isolation process.
This quantitative approach simply requires use of plate readers with
fluorescent measurement capabilities. As such, we propose the use
of GFP-tagged vesicles as an accessible, rapid, and high-throughput
approach to simplify EV process development at bench scale and
beyond.

2 | EXPERIMENTAL SECTION

2.1 | Plasmid construction

The protein sequence for the Chinese hamster homolog of CD81 was
obtained from CHO-K1 genome (2014) Assembly: GCF_000223135.1
(Beijing Genomics Institute). Human CD81 was obtained from Uniprot
(accession number: P60033). Plasmids encoding gene inserts for
CD81-GFP (CHO) and CD81-GFP (Hu) were synthesized by ATUM
(California, USA). CD81-GFP fusion gene inserts were subcloned into
an in-house expression vector (UCB, Slough, UK) using standard lab-
oratory cloning techniques. Final constructs were verified by sanger

sequencing.

2.2 | Cell culture

CHO cells were cultivated in suspension with HyClone ActiSM chem-
ically defined medium (Cytiva life sciences) supplemented with 6 mM
L-Glutamine. Cells were seeded at 0.2 x 10 viable cells/ml and main-
tained in Erlenmeyer shake flasks (Corning) in shaking incubators at
37°C with 80% humidity and 7.5% CO,. Cell viability and density was
determined using Vi-Cell XR Instrument (Beckman Coulter).

2.3 | Transfections for stable expression

CHO DG44 host cells were cultured in CD-DG44 medium (Gibco,
Thermo Fisher Scientific) supplemented with 6 mM L-Glutamine and
Pluronic F-68 (Gibco, Thermo Fisher Scientific). For electroporation,
the Amaxa Cell Line Nucleofector Kit V and Amaxa Nucleofector Il
device were used (Lonza Group) according to the manufacturer’s pro-
tocol. Briefly, cells were electroporated with linearized plasmid DNA.
For each construct a total of 10 independent transfection reactions
were carried out and then pooled together into T-175 flasks. After 24 h
the pooled culture was split into T-25 flasks and transferred into selec-
tive medium. The resulting cell pools were then adapted back into shak-

ing culture.

2.4 | Fluorescence microscopy and flowcytometry
For fluorescence microscopy imaging, cell culture samples were taken
from shake flasks and diluted in 1X Phosphate-Buffered Saline (PBS).
Nuclear staining was carried out using NucBlue Live ReadyProbes
(Hoechst 33342) according to manufacturer’s instructions (Invitrogen,
Thermo Fisher Scientific). A total of 30,000 cells per well were dis-
pensed into 96-well plates and images were acquired using the Imag-
eXpress system (Molecular Devices) under FITC (Ex482, Em536) and
DAPI (Ex377, Em447) channels. GFP flow cytometry analysis of cells
was performed on the BD FACS Aria lll system (BD Biosciences) under
FITC channel.

2.5 | EV harvest

Stable cells expressing CD81-GFP (CHO) or CD81-GFP (Hu) were cul-
tivated under batch culture conditions in 250 ml Erlenmeyer flasks.
Cultures were terminated on day 5 and the conditioned medium was
harvested. Cell culture supernatant was collected by 500 x g centrifu-
gation and then passed through 0.2 um filters (Steriflip, Merck Mil-
lipore). 20 ml of the resulting clarified conditioned medium (CCM)
was processed with 300 kDa Vivaspin 20 Ultrafiltration Units (Sarto-
rius) according to manufacturer’s protocol and retentates were con-
centrated to approximately 0.5 ml. Size exclusion chromatography
(SEC) was performed using gEV original/35 nm (Izon Science) columns
according to the manufacturer’s protocol. Briefly, 0.4 ml of ultrafiltra-
tion retentate was loaded onto the columns and 0.5 ml fractions were



Biotechnology
Journal

40f12

SANCHEZ ET AL.

manually collected over a total elution run of 12 ml using PBS (10 mM,
pH 7.4) as the buffer. Total protein was quantified with the Micro BCA
Protein Assay Kit (Cat. 23235, Thermo Scientific) according to manu-
facturer’s instructions.

2.6 | Fluorescence intensity quantification

GFP concentration in samples was estimated based on fluorescence
intensity using Abcam GFP Quantification Kit (ab235672) according
manufacturer’s guidelines. For the purposes of this study, the optional
GFP quenching solution included in the kit was omitted. Briefly,
recombinant GFP standards and unknown samples were diluted using
the included GFP assay buffer. GFP standard curves were prepared
between range of 80-400 ng GFP/well (Supp Figure S1A) and 8-40 ng
GFP/well (Supp Figure S1B). All samples were assayed in a final vol-
ume of 100 ul and fluorescence was measured using Ex = 485/20 nm,
Em = 528/20 nm filter-set on Biotek Synergy2 microplate reader.
Assays were carried out in black 96 well assay plates with clear flat bot-

tom (Cat. 3603. Costar, Corning) to reduce inter-well interference.

2.7 | Nanoparticle tracking analysis

Particle concentration and size distributions were measured using
the Nanosight NS300 equipped with Blue488 nm laser module and
sCMOS camera. Samples were diluted to appropriate range and loaded
into the low volume fluidic chamber using the NanoSight syringe
pump. Camera frames were manually focused, and triplicate measure-
ments were captured for 120 s at 25 frames per seconds. Instrument
temperature was maintained at 25°C and sample viscosity set to 1.0
centipoise (cP). Resulting videos were processed at threshold level 5
on NTA software 3.3.

2.8 | Western blotting

Whole cell lysates were prepared on ice using RIPA lysis buffer
(Thermo Scientific) and treated with 1X Protease Inhibitor Cocktail
(Thermo Scientific). Total protein was quantified using micro BCA
assay. Samples were prepared by mixing with 4X NuPAGE LDS Sam-
ple buffer at 1:3 ratio and then heated to 70°C. Samples were loaded
onto 4%-12%, Bis-Tris, 1.5 mm gels alongside a reference protein lad-
der (26634, Invitrogen). Electrophoresis was run at 180 V with 1X
MES SDS running buffer (Invitrogen, Thermo Scientific). Proteins were
transferred to 0.45 um PVDF membranes (Invitrogen, Thermo Scien-
tific) with 1X Towbin buffer at 100 V for 75 min and blocked for 1 h.
Blots were incubated overnight at 4°C with primary antibodies (1:1000
anti-GFP, MA5-15256, Invitrogen; 1:100 anti-CYC1, sc-514435, Santa
Cruz). Membranes were incubated with polyclonal secondary antibody
(1:500, Ref: 31430, Invitrogen) for 1 h at room temperature. ECL sub-

strate (Ref: 34095, Thermo Scientific) was added and blots were visu-

alized under chemiluminescence using an Amersham Imager A600 (GE
Healthcare Life Sciences).

3 | RESULTS AND DISCUSSION

Production of tagged EVs started with the generation of cells express-
ing constructs with GFP-cargo destined to be enriched in EVs. CHO
cells were selected for this work owing to their genomic plasticity, ease
of handling and ability to thrive in chemically defined medium formu-
lations which streamline EV purification. Additionally, recent work has
demonstrated the use of DG44 CHO cells as a source of biocompatible
EVs containing recombinant therapeutic cargo.l24] As such, CHO cells
could also be readily adopted in future for bioprocessing of therapeutic
EVs.

3.1 |
EVs

Molecular design for secretion of GFP-tagged

The design of constructs (Figure 1B) for generating GFP-tagged EVs
began with the use of either human (Hu) or Chinese hamster (CHO)
derived CD81 sequences to compare effectiveness for exploiting the
host-cell machinery during EV biogenesis in DG44 CHO cells.

The integral membrane protein CD81 of the tetraspanin family was
selected for EV-tagging owing to its prolific use as a molecular marker
of EV membrane identity.!2%] The crystal structure and proposed topol-
ogy of full-length CD81 within the plasma membrane has been pre-
viously described.[26] CD81 has both the N-terminus and C-terminus
present on the cytosolic leaflet of the plasma membrane in cells, which
in turn corresponds to the interior of EVs. For our molecular design
we opted to fuse GFP at the C-terminus to minimize the possibil-
ity of aberrant membrane insertion during translation and membrane
translocation (Figure 1C). Furthermore, expression of closely related
tetraspanin CD63-GFP has been reported to have minimal impact on
vesicle integrity and overall proteomic composition of resulting EVs
analyzed by mass spectrometry.[21]

Cassettes encoding the human (Hu) or Chinese hamster (CHO)
sequence of CD81 fused to GFP via a flexible peptide linker were
inserted into an optimized expression vector for recombinant pro-
tein production in CHO cells; the design of this construct includes the
gene for dihydrofolate reductase (DHFR) downstream from the insert
(Figure 1B), an established and routine selection marker for DG44
CHO cell lines. This molecular design for constitutive over-expression
of CD81-GFP at the parent cellmembrane aimed to exploit the endoge-
nous mechanisms of EV biogenesis pathways to tag both microvesicles
and exosomes with GFP (Figure 1A,C).

Live cell fluorescence imaging revealed clusters of CD81-GFP, par-
ticularly in close proximity to the periphery of parent cells. In addition,
an outline of the plasma membrane could also be observed, as antici-
pated for a transmembrane protein (Figure 2A). We hypothesize that
observation of such distinct clusters of GFP may highlight stages of EV
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FIGURE 2 Expression Validation of
CD81-GFP in parent cells. (A) Representative
fluorescence microscopy imaging of live cells
expressing CD81-GFP, indicating strong
localisation along the plasma membrane. Scale
bar represents 10 um. (B) Anti-GFP western
blot analysis of whole cell lysates to validate
assembled GFP-fusion. Lanes: 1 CD81-GFP
(Hu); 2 CD81-GFP (CHO); 3 negative control,
lysate lacking expression of GFP. 30 ug protein
loaded per lane. (C) CHO cell pools expressing
CD81-GFP (Hu) and CD81-GFP (CHO) were
analysed by flow cytometry after recovery
from stable transfection. Histogram plots were
normalised relative to the mode; event count
values are represented as percentages of the
modal count plotted against GFP FITC-A signal
intensity

CD81-GFP

biogenesis (as outlined in Figure 1A) where CD81 becomes enriched in
regions destined for cellular or vesicular trafficking. This observation
requires further investigation into the cell biology of these processes
however this is beyond the scope of this study. Expression of the CD81-
GFP constructs was further validated by western blot analysis and flow
cytometry (Figure 2B,C). Anti-GFP blot analysis indicated successful
expression of full-length CD81-GFP fusion from parent cells express-
ing Human (Hu) and Hamster (CHO) tetraspanin sequences. However,
we observed a substantial level of non-fused GFP detected from cells
expressing human (Hu) CD81 homolog (Figure 2B, lane 1). The cause of
this remains unclear considering the high degree of protein sequence
identity (94.1%) across both homologs (Sup Figure S2) and identical C-
terminal sequences where the linker-GFP is fused. This may be due to
proteolytic cleaving at the linker/fusion point or the result of aberrant
expression effectively producing free GFP.

To maximize the levels of GFP-tagged EVs recovered downstream,
high proportions of parent cells expressing the protein of interest are
desirable. To this end, flow cytometry studies indicated over 98% of

cells to be GFP-positive within populations of stable transfected cells
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with both CD81-GFP (Hu) and (CHO) constructs (Figure 2C). Broader
distribution of maximum GFP signal intensity was observed for par-
ent cells expressing the CD81-GFP (Hu) construct (Figure 2C). We
propose that this wider signal distribution may be the result of abun-
dant non-fused GFP expression in accordance with western blot anal-
ysis discussed above (Figure 2B). Moreover, the identification of non-
fused GFP expression highlights the potential underlying complexities
that may arise from generating tagged EVs via protein fusions. Con-
sequently, we later explored the implications of non-fused GFP when
using GFP-tagged EVs as a quantification tool.

3.2 |
EVs

Establishing cell culture & recovery of tagged

Following the generation of stable cell pools that retained expression
of CD81-GFP over multiple passages (data not shown), we then stud-
ied the potential use of GFP as a direct measure to track EV recov-

ery across the EV purification process. In this study we established a
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cells in suspension batch culture. Viable cell density (VCD) plotted against days in culture. Supernatant is harvested on day 5 where cells are
approaching the end of exponential growth phase (C) Quality control western blot analysis of material harvested at Day 5 and Day 7 of cell culture.
Blot was probed for Cytochrome c1 (CYC1), acommon non-EV protein that may co-isolate with EVs. Lanes: 1 Day 7 cell lysate; 2 Day 5 cell lysates;
3 Day 7 UF retentate; 4 Day 5 UF retentate. 50 ug total protein loaded per well. (D) Schematic indicating bench-scale ultrafiltration process using

300 kDa molecular weight cut-off (MWCO)

bench-scale adaptation (Figure 3A) of emerging methods for scalable
production of EVs! 1427281 jnyolving downstream processing steps such
as clarification, ultrafiltration/diafiltration (UF/DF) and SEC.

For upstream cell culture we reasoned that maximal cell densi-
ties while retaining high viability of cells in would be most favorable
for recovery of GFP-tagged EVs at bench scale, following the logic
that a greater number of viable cells could yield a greater quantity
of EVs. Retaining high viability is of great importance for isolation of
high-quality EV preparations as this reduces the abundance of impu-
rities such as apoptotic bodies that are released by cells undergoing
apoptosis.[29:30] To establish a suitable point of culture harvest, we
studied the growth profile of CHO cells across a total period of 8 days
of cells in suspension batch culture (Figure 3B). Accordingly, culture of
cells up to Day 5 allowed for routine harvest of cultures at viable cell
densities at or above 7 x 10° viable cells/ml, corresponding to late-
stage exponential phase of growth and therefore promoting a healthy
population of parent cells.

The CCM collected from a harvest contains secreted EVs among

other macromolecular impurities from the upstream cell culture pro-

cess. Ultrafiltration processing has been widely incorporated into iso-
lation processes!111427.31] 35 3 means of primary recovery to enrich
EVs from CCM. Separation of macromolecules and EVs by ultrafiltra-
tion is based on the use of polymer membranes with specific molecu-
lar weight cut-off (MWCO) where EVs are expected to be retained in
the sample retentate (Figure 3D) while smaller molecules pass through
into the permeate waste. For this work we employed the use of bench
scale of UF devices for the processing of CCM (Figure 3A,D) to concen-
trate EVs in the retentate up to 40-fold. CYC1 is a non-EV associated
protein of mitochondrial origin. To assess the depletion of large cellular
debris such as lysed mitochondria, UF retentates were subject to west-
ern blot analysis which confirmed a lack of CYC1 in our preparations
as shown by absence of bands in lanes 3 and 4 (Figure 3C). Addition-
ally, the absence of CYC1 is suggestive of EV preparations containing
primarily small EVs such as exosomes.[2°!

Particle analysis of UF EV material indicated comparable size distri-
bution and particle titers between CD81-GFP(CHO) derived harvests
and negative control material from cells lacking CD81-GFP construct

expression. However, decreased overall particle titers were recovered



SANCHEZ ET AL.

Biotechnology

(A)

Fluorescence quantification

7 cem Feedf Retentate Permeate

~

CD81-GFP (CHO) Harvest

80
60-

40

0_ 1 I
ol

2 N B
& & &F
N4 Q\’\o

%GFP mass relative to feed O

& ()
&

7of 12
JournaIJ—

(B)
=5 Nanoparticle tracking analysis
£
E 1.2x1012- CCM Feed | Retentate | Permeate
E -
114
Tt 6x10 1 I
= 1 |
§ 8x1010 1
E 10-
£ 4x10"°
8 -
g 0- _*_*_*_
o A %) N
RS RS RS
RPN OX AN O Y
S R’ R’
® (&) & (&) ol

CD81-GFP (Hu) Harvest

ke
[}
Q@ 100+
o V-
S &0 vIv
2 u
8 601
]
@ 40-
o
E 20_
o
[T
(O] 0- T é T
= I S N
0&0’ e'b' Kz@ \00
o o ¥
xS
& PF
¢ &
R

FIGURE 4 GFP-tagged EVs facilitate analysis of product recovery from ultrafiltration processing. (A) Fluorescence based quantification of
GFP concentration in clarified conditioned medium (CCM) feed, retentate and permeate fractions. N = 7 feed; N = 9 retentate; N = 6 permeate.
Error bars represent + SD (B) NTA-based quantification of total particle concentration in material from UF fractions. N = 3 technical replicates,
error bars represent + SEM. (C, D) Evaluation of feed burden on GFP recovery. 20 mL of CCM feed material was loaded for full feed and 10 mL of
feed was topped up with 10 mL PBS for ¥ feed burden. Mass of GFP in UF fractions expressed as a percentage of total GFP mass in the initial feed
material where feed = 100%. N = 3, error bars represent + SD. N numbers indicate independent EV isolation replicates unless specified otherwise

from CD81-GFP(Hu) UF material, possibly linked to abundant free GFP
expression (Supp Figure S3A,B).

3.3 | Characterization of ultrafiltration recovery
Fluorescence intensity was measured across the three fractions of the
ultrafiltration process to evaluate the amount of GFP recovered in the
retentate. It was possible to rapidly quantify GFP concentrations in the
magnitude of ug/ml across CCM feed, retentate and permeate samples
in 96-well plates from minimal sample volume of 100 ul.

A significant enrichment of GFP fluorescence signal was observed
in the retentate fractions recovered from UF processing (Figure 4A).
Moreover, fluorescence quantification revealed threefold greater GFP
concentration in retentate material recovered from cells expressing
CD81-GFP (Hu) compared to material from CD81-GFP (CHO) cells.

Indeed, NTA concentration measurements also indicated EV enrich-
ment in retentate material with particle counts in the magnitude of
1011 - 102 particles/ml (Figure 4B). While NTA particle concentra-
tions in retentates were higher in material from CD81-GFP (CHO) cells
compared to CD81-GFP (Hu), the measured GFP concentration was
significantly higher for CD81-GFP (Hu) retentates (Figure 4A). We pro-
pose this difference is likely caused by the expression of non-fused GFP
from CD81-GFP (Hu) cells (Figure 2B) which is being held in the reten-
tate despite the MWCO of 300 kDa being at least 10-fold larger than
the molecular weight of GFP. This highlights the importance of ensur-
ing that parent cells are not expressing free GFP which can lead to
erroneous measurements if using this approach to estimate EV yield.
Importantly, this also demonstrates further ambiguity that may arise if
only a single method of EV quantification is used.

The GFP quantification strategy was then employed for mass bal-

ance analysis to generate approximations of total GFP mass present in
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the CCM feed, retentate and permeate fractions. In these studies we
explored the effect of feed bioburden on filtration recovery by load-
ing UF devices with undiluted CCM feed or 1:2 diluted feed termed
the ‘half-feed’. In this manner we aimed to evaluate the impact of feed
burden on GFP recovery from UF processing. Mass balance analysis of
material derived from CD81-GFP (CHO) harvests indicated a total GFP
yield of 40.3% in the permeate for full feed conditions. Under half-feed
conditions, GFP yield in the permeate increased to 50.7% which indi-
cates greater vesicle loss in the permeate under reduced burden on the
filtration membrane (Figure 4C, Supp Table S1A,B). Interestingly, we
did not observe a significant change in GFP yield (%) in the retentates
derived from full or half-feed processing of CD81-GFP (CHO) material
(Figure 4C).

To calculate the GFP mass assumed lost to the ultrafiltration mem-
brane, the sum of GFP mass in the retentate and permeate was sub-
tracted from the total GFP mass measured in the initial feed. Accord-
ingly, 28.7% GFP yield was assumed as membrane loss for processing
of CD81-GFP (CHO) full feed material. In contrast, half-feed process-
ing resulted in reduced loss with 19.7% GFP yield attributed the mem-
brane (Supp Table S1A,1B). Consequently, we reasoned that greater
feed burden results in an increased membrane loss, likely due to cake
layer formation; however, reducing feed burden results in a similar
degree of loss but instead attributed to the permeate.

As discussed above, CD81-GFP (Hu) cells are liable to expressing
detectable levels of non-fused GFP (Figure 2B) which would distort
EV yield estimation. In mass balance analysis of material from these
cells, we measured a loss of GFP yield (%) in retentate of over three-
fold under half-feed conditions (Figure 4D, Supp Table S2A,B). This loss
in GFP retentate yield could be the result decreased membrane fouling
under half-feed conditions, allowing potential non-fused GFP aggre-
gates in the retentate to pass through the membrane more readily.

Moreover, it should be advised that potential photobleaching of GFP
could result in overestimation of product loss and samples should be
carefully stored. Similarly, discrepancies in fluorescence intensity of
free and conjugated GFP may result in altered recovery estimates.

3.4 | Tracking elution of GFP-EVs from SEC

The final step in our EV isolation process was SEC separation
(Figure 3A) of UF retentate material harvested from CD81-GFP (CHO)
and CD81-GFP (Hu) parental cell lines. Fractions of 0.5 ml were manu-
ally collected over a total elution volume of 12 ml and subjected to flu-
orescence quantification, total protein quantification and western blot
analysis (Figure 5A-D).

GFP-fluorescence proved to be a rapid means of quantifying con-
centration of eluted GFP-tagged EVs even below 1 ug/ml. Moreover,
samples were analyzed without prior treatment or lengthy incubation
times. Despite significant sample dilution as a result of the SEC pro-
cess, it was still possible to measure the fluorescence intensity of eluted
fractions. GFP-tagged EVs were eluted between 3.5 and 4.0 ml which
produced a major GFP-concentration peak in material from CD81-
GFP (CHO) cells (Figure 5A). In agreement with this, anti-GFP west-

ern blot analysis of elution fractions indicated strong enrichment of
CD81-GFP fusion in the EV elution fractions compared to UF mate-
rial (Figure 5C). Total protein analysis indicated broader peaks corre-
sponding to free protein impurity elution between 5.0 and 11.0 ml elu-
tion fractions (Figure 5A). NTA studies of the EV elution fractions (3.5-
4.5 ml) indicated size particle size distributions in the expected range
for EVs (Figure 5E) with mean particle sizes decreasing with greater
elution volume, in agreement with larger vesicles eluting first (Supp
Tables S3 and 4).

It is important to highlight that some fluorescence signal was mea-
sured between fractions 7-10 ml (Figure 5A). Initially, this suggested
elution of free GFP from CD81-GFP (CHO) harvests. However, blotting
indicated the absence of prominent GFP bands corresponding to these
fractions (Figure 5C). Combined, this observation implies the measured
fluorescence signal can be attributed to background fluorescence from
substantial free proteins eluting between 7 and 10 ml. Accordingly, it
cannot be fully excluded that intrinsic EV proteins may contribute low-
level fluorescence signal. We propose future work could employ fluo-
rescence plate-readers equipped with monochromators to best min-
imize non-specific background. One may also consider treatment of
samples with commercial GFP quench solution (please see methods).
On this occasion this treatment was excluded from our study as we
aimed to maintain a simple and rapid approach to track elution.

On the contrary, elution of GFP-tagged EVs from CD81-GFP (Hu)
cells produced only a minor GFP concentration peak between fractions
3.5 and 4.0 ml. Instead, a major GFP concentration peak corresponding
to free protein elution was observed (Figure 5B). This observation con-
firmed that a significant level of non-fused GFP still remained in the UF
retentate harvested from CD81-GFP (Hu) cells. Fluorescent proteins
have a known propensity to dimerize non-covalently,[3233] as such we
speculate these observations could be caused an abundance of non-
fused GFP aggregates. This notion was supported through western blot
analysis indicating potential GFP aggregates eluting between 5.5 and
11.0 ml (Figure 5D). NTA analysis of UF material from CD81-GFP (Hu)
cells prior to SEC separation show a greater variation in particle size
distribution with multiple minor peaks, also suggestive of aggregate
formation (Figure 5F).

Despite the substantial amounts of non-fused GFP in elution frac-
tions, strong enrichment of correctly fused CD81-GFP bands can
indeed be observed on the blot between 3.5 and 4.0 ml (Figure 5D). In
this scenario, the value of fluorescence intensity as a direct measure of
EV concentration is compromised by significant ‘free’ GFP molecules
that distorts measurements starting at the feed material. Accordingly,
our findings demonstrate that appropriate characterization of parent
cell expression should be considered for effective EV monitoring with

this analytical approach.

4 | SUMMARY

The purification challenges faced for the effective isolation of EVs
are compounded by the lack of appropriate analytical techniques

to better understand yield and recovery of an EV isolation process.
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FIGURE 5 (A, B)Elution of extracellular vesicles from SEC separation tracked via GFP fluorescence signal. Void volume is expected between
0.0 mL - 3.0 mL, EV elution range is expected between 3.5 mL - 4.5 mL. Free protein is expected to elute after 4.5 mL. N = 3, mean values indicated.
(C, D) Anti-GFP western blot analysis of elution fractions of SEC runs between 3.5 mL - 11.0 mL. 1 ug protein loaded per well. UF indicates
ultrafiltration retentate. Fractions were analysed across two separate blots and developed images were stitched together using ImageJ software.
(D, E) NTA Particle size distribution of UF retentate material and SEC fractions corresponding to vesicle elution (EV1, EV2, EV3). Shaded regions
indicate + SEM of three technical replicates. Supporting size and particle concentrations indicated in supplemental Tables S3 and S4. N numbers
indicate independent EV isolation replicates unless specified otherwise

Accordingly, rapid and accessible analytical methods remain one of combined with NTA, however, these require incubation times and are
the greatest challenges also facing wider areas of research concern- susceptible to interference from numerous substances including lipids
ing EVs.[18] This is of particular importance for process development and glucosel3435] which are likely to be present in EV feed material and
of EVs derived from cell culture supernatant. Total protein quantifi- thus may significantly exaggerate results. The combination of total pro-

cation methods such as bicinchoninic acid (BCA) assay are commonly tein and total lipid quantification has been proposed as a metric for
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evaluating quality of EVs.13¢] As such, protein-lipid ratios provide an
additional analytic to consider for assessing purity of EVs, perhaps as
an end point analytic during process development. However, the disad-
vantage to this method lies in the use of limited reference standards
such as fish oil and cholesterol which are unlikely to fully reflect the
variety of lipids present in EV membranes.

In the present study we have proposed the potential use of GFP-
tagged EVs derived from stable cell lines as a method for straightfor-
ward and rapid process characterization. Our findings through explor-
ing this method revealed the need for further optimization of our own
process, particularly to reduce losses while increasing retentate yields.
We propose this could be explored further by employing the same
fluorescence-based assays to evaluate performance of different mem-
brane MWCO filters or membrane materials.

Importantly, we have highlighted that attention must be paid to
ensure candidate cell lines do not display aberrant expressions of
non-fused GFP in order to use this quantitative approach effectively.
Through the comparison of EV material harvested from CD81-GFP
(CHOQO) and CD81-GFP (Hu) cell lines, we were able to establish that
CD81-GFP (CHO) cell lines do not secrete non-fused GFP above
detectable levels; this is a critical attribute for a candidate cell line if
GFP-EVs are to be used as a measure of EV recovery. If employed cor-
rectly with the suggested measures, the use of GFP-tagged EVs is time
effective as samples can easily be analyzed in high-throughput formats
using multi-well plates with minimal pre-treatment. Moving forward,
the use of convenient dot-blotting techniques could be used in con-
junction to reliably evaluate EV elution via the enclosed GFP-tag. Col-
lectively, the flexibility afforded through this straightforward and rapid
approach could be used by anyone to accelerate their characterization
of an EV isolation process at any stage of development.
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