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ABSTRACT

One of the greatest bottlenecks in extracellular vesicle (EV) research is the production of sufficient
material in a consistent and effective way using in vitro cell models. Although the production of
EVs in bioreactors maximizes EV yield in comparison to conventional cell cultures, the impact of
their cell growth conditions on EVs has not yet been established. In this study, we grew two
prostate cancer cell lines, PC-3 and VCaP, in conventional cell culture dishes and in two-chamber
bioreactors to elucidate how the growth environment affects the EV characteristics. Specifically,
we wanted to investigate the growth condition-dependent differences by non-targeted metabolite profiling using liquid chromatography–mass spectrometry (LC–MS) analysis. EVs were also
characterized by their morphology, size distribution, and EV protein marker expression, and the
EV yields were quantified by NTA. The use of bioreactor increased the EV yield >100 times
compared to the conventional cell culture system. Regarding morphology, size distribution and
surface markers, only minor differences were observed between the bioreactor-derived EVs (BREVs) and the EVs obtained from cells grown in conventional cell cultures (C-EVs). In contrast,
metabolomic analysis revealed statistically significant differences in both polar and non-polar
metabolites when the BR-EVs were compared to the C-EVs. The results show that the growth
conditions markedly affected the EV metabolite profiles and that metabolomics was a sensitive
tool to study molecular differences of EVs. We conclude that the cell culture conditions of EV
production should be standardized and carefully detailed in publications and care should be
taken when EVs from different production platforms are compared with each other for systemic
effects.

Introduction
Extracellular vesicles (EVs) are naturally occurring
intercellular communicasomes containing proteins
and nucleic acids, but also lipids and metabolites,
which mediate information between cells and tissues.
EV is the recommended umbrella term used to cover
the heterogeneity of vesicle populations formed
through different pathways [1], including plasma
membrane-derived microvesicles and multivesicular
body-derived exosomes. Additionally, changes in cell
status can produce various vesicle types such as apoptotic bodies from apoptotic cells [1] or very large
“oncosomes” from cancerous cells that are also
regarded as EVs [2]. More, still unknown EV subtypes
are likely to exist which may differ in their
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composition, ultrastructure, size, stimulus of production, and/or originating pathway, as has been suggested, for example regarding human ejaculate, where
several different classes of EVs were identified by their
morphology under cryo-transmission electron microscopy [3]. The large variety of EV subtypes also highlights the multifaceted nature of EV-mediated
communication, as the EVs vary also in their molecular
content [1,4]. For example, EVs from cancerous prostate cells significantly differ in their cargo from those
secreted by normal prostate epithelial cells [5], and
differences in content and function have also been
reported between EVs from prostate cancer cells of
varying metastatic potential [6,7]. However, properties
and functional effects have mostly been studied with
EVs obtained from in vitro cell cultures. As a matter of
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fact, 95% of the researchers authoring the new
MISEV2018 guidelines used in vitro cell models for
their EV studies [8], and until recently, not much
attention has been given to the effects of cell culture
conditions and growth environment in the EV studies
beyond the fetal bovine serum (FBS)-derived EVs.
Due to the origin-dependent composition and their
role as natural delivery agents, EVs offer significant
potential as diagnostic markers [9–11] and carriers of
therapeutic cargo [12–14]. The use of EVs for therapeutic applications, product development and research
(e.g. omics analyses) requires large amounts of EVs, for
which conventional cell culture systems are too inefficient, requiring active maintenance and processing of
large volumes of cell conditioned media. Bioreactors,
such as two-chamber or hollow-fibre bioreactors, in
which cells can be grown in high densities in a 3Dlike platform, present an attractive alternative for producing more EVs [15,16]. However, it is currently
unknown how well the properties of the bioreactorderived EVs translate to the current knowledge of EVs,
mostly derived from EVs from cells grown in conventional cell cultures.
In this study, we compared EVs (20K and 110K
subpopulations isolated by differential ultracentrifugation) from two commonly studied metastatic prostate
cancer cell lines, PC-3 and VCaP, which were cultured
either in conventional cell culture dishes (C-EVs) or
bioreactors (BR-EVs). To obtain the best snap-shot of
the versatility of the EV cargo, we focused on EV
metabolites by non-targeted metabolomics in addition
to the basic characterization of EVs.

from FBS with a cellulose acetate membrane of 10 kDa cutoff. The FBS used in the T-175 flask cultures was centrifuged at 110,000 × g for 16 h to deplete extracellular
vesicles according to a previously published protocol [17].

A flow chart of the isolation and analyses is presented
in Figure 1. EVs were isolated from the conditioned
media using differential ultracentrifugation as previously described [5] with slight modifications. Cell
culture media was collected consecutively every
3 days from conventionally cultured cells at 80% con-

Materials and methods
PC-3 and VCaP-prostate cancer cell lines were obtained
from the American Type Culture Collection (ATCC). All
reagents were purchased from Gibco, Life Technologies.
Both cell lines were tested negative for mycoplasma prior
to the study. Seeding density for both cell lines and culture
conditions was 4.5 × 106 cells/ml. Cells were grown at 37°C
and 5% of CO2 either in Celline 1000 AD model bioreactors (Integra-Biosciences) according to the manufacturer’s
guidelines (http://wheaton.com/celline-ad-1000-flask
-3-cs-strl.html#support-tab, Wheaton Science Products)
or in T-175 flasks (Nunc). PC-3 cells (passage 16) were
grown in Dulbecco’s modified Eagle medium Nutrient
Mixture F-12 (DMEM/F12) and VCaP cells (passage 64)
in DMEM supplemented with 10% FBS and 1% of penicillin/streptomycin (100 units/ml penicillin and 100 g/ml
streptomycin). Cells grown in bioreactors were separated

Schematic overview of the workflow of the study.
Conditioned media from PC-3 and VCaP cells grown in cell
culture flasks or in bioreactors were harvested for extracellular
vesicles (EVs) by differential ultracentrifugation as 20K and
110K subpopulations. The isolated EVs were characterized by
nanoparticle tracking analysis (NTA), electron microscopy (EM)
and Western blotting, and the EV samples were submitted to
non-targeted metabolomics (liquid chromatography mass spectrometry, LC MS). Respective media controls for metabolomic
profiling were incubated without cells at 37°C for 72 h and
processed by ultracentrifugation similarly as the 110K EV
samples. CM, conditioned media; RP, reverse phase; HILIC,
hydrophilic interaction liquid chromatography.

