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Abstract
Background  Mesenchymal-stromal-cell-derived extracellular vesicles (MSC-EVs) play a key role in the paracrine 
effects of MSC and have demonstrated therapeutic potential in various preclinical models. However, clinical 
translation is hindered by manufacturing practices relying on planar culture systems, fetal bovine serum (FBS)-
supplemented media, and non-scalable, low-purity EV isolation methods that fail to meet dose and safety 
requirements, underscoring the need for innovative approaches. In this study, we developed a scalable platform 
to manufacture human MSC-EVs at clinically relevant numbers, integrating continuous collection of EV-enriched 
conditioned media (CM) using a stirred-tank reactor (STR) under xenogeneic-free conditions and a scalable 
downstream process.

Methods  Wharton’s jelly-derived MSC (MSC(WJ)) were expanded using microcarriers in a controlled STR using 
human platelet lysate (hPL)-supplemented medium. Then, a 3-day EV production stage, featuring continuous 
harvesting of the CM, was established using a novel serum-/xeno(geneic)-free exosome depleted-hPL supplement. 
For the isolation of MSC-EVs, a scalable process was implemented by pairing tangential flow filtration and anion 
exchange chromatography. Isolated MSC-EVs were characterised using nanoparticle tracking analysis, protein and 

Continuous collection of human 
mesenchymal-stromal-cell-derived 
extracellular vesicles from a stirred tank 
reactor operated under xenogeneic-free 
conditions for therapeutic applications
Cristiana Ulpiano1,2, William Salvador1,2†, Teresa Franchi-Mendes1,2†, Min-Chang Huang3, Yee-Hsien Lin3, Han-Tse Lin3, 
Carlos A. V. Rodrigues1,2, Ana Fernandes-Platzgummer1,2, Joaquim M. S. Cabral1,2, Gabriel A. Monteiro1,2 and Cláudia 
L. da Silva1,2*

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://orcid.org/0000-0002-1091-7651
http://crossmark.crossref.org/dialog/?doi=10.1186/s13287-025-04341-2&domain=pdf&date_stamp=2025-4-24


Page 2 of 18Ulpiano et al. Stem Cell Research & Therapy          (2025) 16:210 

Introduction
Extracellular vesicles (EVs) are small membrane-enclosed 
structures of 50–1,000  nm in diameter that are actively 
secreted by cells and harbour a variety of biologically 
active molecules, including proteins and nucleic acids [1]. 
Although originally identified as cellular waste, EVs are 
currently established as essential mediators of cell-cell 
communication that can induce alterations in nearby or 
distant recipient cells [1, 2]. EVs have the innate capac-
ity to efficiently cross biological barriers and demon-
strate reduced immunogenicity/toxicity, therefore being 
extensively investigated as potential intrinsic therapeutic 
agents, as well as drug delivery vehicles [3–5].

Mesenchymal stromal cells (MSC) are among the most 
extensively studied EV-producing cell types [6]. MSC-
derived EVs (MSC-EVs) are an important component of 
the paracrine action of MSC in tissue repair and regen-
eration [7]. Like their parental cells, MSC-EVs demon-
strate immunomodulatory and anti-apoptosis properties 
and the ability to regulate endogenous cell functions [8, 
9]. While MSC have been thoroughly evaluated in clini-
cal trials for various conditions and have demonstrated 
an exceptional safety profile [10–12], MSC-EVs can 
potentially offer additional safety advantages as they do 
not self-replicate and have a lower risk of microvascu-
lature entrapment upon administration [13, 14]. Fur-
thermore, MSC-EVs can be easily handled and endure 
different types of preservation [15]. These attributes posi-
tion MSC-EVs as promising candidates for off-the-shelf, 
cell-free therapeutics. MSC-EVs have shown significant 
beneficial effects in various preclinical disease models, 
including ischemic stroke, chronic kidney injury and 
chronic obstructive pulmonary disease [8, 9, 16]. More-
over, MSC-EVs can be bioengineered to enhance their 
therapeutic cargo and improve their selectivity for target 
cells, making them promising drug delivery systems [17].

In clinical settings, large doses of MSC-EVs are 
required, ranging from 1010 to 1011 total administrated 
vesicles [18]. For instance, an ongoing trial for treating 
acute respiratory distress syndrome (NCT04602104) 
involves daily aerosol inhalation of 1.6 × 109 MSC-
EVs for a week. In another trial for osteoarthritis 
(NCT05060107), 5 × 1011 MSC-EVs are administered 
as a single intra-articular injection. However, conven-
tional EV manufacturing methods employing planar cul-
ture systems (e.g. T-flasks) and ultracentrifugation (UC) 
lack scalability and generate low EV yields with limited 
purity, making them inadequate for clinical translation 
[19]. Thus, the implementation of innovative MSC-EV 
manufacturing workflows that include scalable and Good 
Manufacturing Practices (GMP)-compliant upstream 
and downstream processes is essential to generate high-
purity EVs in clinically relevant numbers [19].

For large-scale MSC culture, bioreactor platforms com-
bined with microcarriers offer a promising strategy to 
increase cell density and sustain the production of large 
volumes of EV-enriched conditioned media (CM) [19]. 
Moreover, shear stress associated with dynamic stirred 
culture conditions promotes higher EV secretion from 
MSC when compared to static conditions [20–24]. Mul-
tiple small-scale microcarrier-based stirred platforms, 
such as spinner flasks [23, 25, 26] and vertical-wheel sys-
tems [20, 21, 27], have been implemented to maximize 
MSC expansion and MSC-EV production. Stirred-tank 
reactors (STR), featuring higher reproducibility due to 
automated control, can further enhance EV yields and 
process standardization by continuously monitoring and 
controlling the cell culture environment [22, 24, 28].

Aside from the culture platform, another important 
factor in upscaling MSC-EV production is the MSC tis-
sue source, as cell doubling rates and EV secretion vary 
significantly, affecting final product costs [19, 21]. Our 

zeta potential quantification, western blot analysis of EV protein markers, transmission electron microscopy and 
uptake studies of fluorescently labelled-EVs.

Results  The system sustained the efficient expansion of MSC(WJ), reaching a total of (6.03 ± 0.181) x 107 cells after 
7 days, which corresponds to a 30.1 ± 0.740-fold expansion. Upon a 3-day continuous CM harvesting, a total of 
(2.13 ± 0.301) x 1012 EVs were isolated corresponding to a particle yield factor of (1.26 ± 0.186) x 104 EVs/cell/day. 
MSC-EVs presented high purity levels ((5.53 ± 1.55) x 109 particles/µg), a homogeneous small size distribution (mean 
diameter of 115 ± 4.88 nm), a surface charge of -23.4 ± 6.23 mV, positive detection of tetraspanins CD9 and CD63 and 
syntenin-1 and displayed a typical cup-shaped morphology. MSC-EVs were readily incorporated by endothelial cells 
and two human breast cancer cell lines.

Conclusions  Overall, the scalable and Good Manufacturing Practices (GMP)-compliant platform established 
herein enabled the reproducible manufacturing of MSC-EVs with high purity and generally accepted characteristics 
concerning size, protein markers, surface charge, morphology, and cellular internalization, validating its potential for 
future clinical applications.

Keywords  Extracellular vesicles, Mesenchymal stromal cells, Stirred-tank reactor, Continuous collection, Scalable 
manufacturing
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previous work consistently demonstrated higher EV 
concentration and productivity when using Wharton’s 
jelly (WJ)-derived MSC (MSC(WJ)) compared to MSC 
isolated from adipose tissue (MSC(AT)) and bone mar-
row (MSC(M)), whether expanded in static conditions 
(i.e. T-flasks) or in vertical wheel bioreactors [21]. Simi-
larly, others have reported that MSC(WJ) exhibit higher 
expansion rates and produce greater EV yields than 
MSC(M) and MSC(AT) [29], making MSC(WJ) particu-
larly attractive for EV manufacturing. Selecting a suit-
able culture medium formulation is equally important, 
with serum-/xeno(geneic)-free (S/XF) options being 
indispensable for transitioning to GMP-compliant con-
ditions, although most preclinical studies still use fetal 
bovine serum (FBS)-containing media formulations [30]. 
Moreover, during conditioning periods for EV collec-
tion, it is essential to use media depleted of EVs to avoid 
cross-contamination, while ensuring cell health and EV 
productivity to maintain process efficiency [30, 31]. For 
EV production, MSC are typically cultured in an EV-free 
medium after expansion during conditioning periods 
ranging from 24 to 72 h [21, 22, 32]. Our group has pre-
viously established platforms for MSC-EV production in 
stirred systems exploring various MSC sources, S/XF cul-
ture media, and conditioning periods [21, 26, 28].

Following upstream processing, a scalable downstream 
process that includes the concentration and separa-
tion of EVs from the contaminants present in the CM 
is required to manufacture MSC-EVs at a clinical scale. 
While UC is commonly used, it has limitations such as 
incomplete contaminant separation, lengthy processing 
times, and poor scalability [19, 33, 34]. More efficient 
alternatives for EV isolation include filtration- and chro-
matography-based techniques. Tangential flow filtration 
(TFF) allows for the efficient and reproducible processing 
of large volumes, yielding high EV quantities, and can be 
combined with chromatographic methods for enhanced 
purity [30, 35]. Anion exchange chromatography (AEC), 
for instance, exploits the interactions between negatively 
charged EVs and an anion exchanger with positively 
charged functional groups or cations [35]. This technique 
has already been used to isolate EVs from cell cultures, 
demonstrating increased EV recoveries compared to 
other methods, such as UC and ultrafiltration coupled 
with size-exclusion chromatography (SEC) [36, 37].

In this study, we implemented a scalable microcar-
rier-based STR platform to continuously harvest EVs 
and consequently enhance MSC-EV production yields. 
Human MSC(WJ) were used for the robust production of 
EVs, combining a STR with an S/XF EV-depleted human 
platelet lysate (hPL) supplemented medium. After effi-
cient MSC expansion, this system allowed a continuous 
3-day EV collection stage under stirred conditions with-
out compromising cell viability. By integrating a fully 

scalable downstream system composed of TFF followed 
by AEC, we established an MSC-EV manufacturing pro-
cess that can comply with GMP standards and meet the 
clinical dose requirements. Our platform allowed repro-
ducible, high-yield manufacturing of MSC-EVs with con-
sistent and generally accepted characteristics concerning 
size, surface charge, purity, morphology and cellular 
internalization.

Materials and methods
MSC(WJ) isolation and expansion under static conditions
MSC were isolated from the Wharton’s Jelly (MSC(WJ)) 
of human umbilical cord samples in hPL-supplemented 
medium according to the protocol described by Soure 
et al. [38]. Samples were obtained from healthy donors 
after written informed consent according to Direc-
tive 2004/23/EC of the European Parliament and of the 
Council of 31 March 2004 on setting standards of qual-
ity and safety for the donation, procurement, testing, 
processing, preservation, storage and distribution of 
human tissues and cells (Portuguese Law 22/2007, June 
29), with the approval of the Ethics Committee of the 
respective clinical institution (Protocol iBB/SGO-CHLO 
nº. 1277, May 2012). Cryopreserved MSC(WJ) were 
thawed and plated on T-flasks at a cell density of 3,000 
cells/cm2 and cultured in low glucose Dulbecco’s Modi-
fied Eagle’s Medium (DMEM) (Gibco, Life Technologies), 
supplemented with 5% (v/v) of hPL UltraGROTM-PURE 
gamma-irradiated (GI) (AventaCell BioMedical) and 1% 
(v/v) Antibiotic-Antimycotic (A/A) (Gibco, Life Technol-
ogies) (DMEM-hPL). Cells were maintained at 37oC and 
5% CO2 in a humidified atmosphere. At 80% confluency, 
MSC(WJ) were detached with TrypLE™ Select Enzyme, 
1x (Gibco, Life Technologies) for 7  min at 37oC. Cell 
number and viability were estimated using the Trypan 
Blue Solution, 0.4% (Gibco, Life Technologies) exclusion 
method.

MSC-EV containing conditioned medium (CM) production 
under static conditions
MSC(WJ) were seeded onto 6-well plates at 3,000 cells/
cm2 and cultured for 4–5 days (> 90% confluency) in 
DMEM-hPL. Afterwards, culture medium was removed, 
and cells were washed twice with 1x phosphate-buff-
ered saline (PBS), before subsequently being cultured in 
DMEM supplemented with 5% (v/v) of Exosome depleted 
hPL UltraGROTM-PURE GI (AventaCell BioMedical) and 
1% (v/v) A/A (DMEM-hPL-EVd) for CM production. 
CM was collected at 24  h, 48  h and 72  h timepoints in 
two different modes; (i) without any medium renewal 
throughout 3 days; and (ii) with medium renewal every 
24 h. MSC-EV containing CM was centrifuged at 2,000xg 
for 15  min, filtered using Millex-HV Syringe Filter Unit 
with Durapore® PVDF membrane, 0.45  μm (Millipore), 
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and stored at -80oC until total particle number quantifi-
cation using Nanoparticle Tracking Analysis (NTA), as 
described below.

MSC(WJ) expansion and CM production in stirred-tank 
reactors
MSC(WJ) from three independent donors (passages 4–5) 
were cultured for 10 days in a 250 mL glass DASbox Mini 
Bioreactor System (Eppendorf ) equipped with an 8-blade 
60°-pitch impeller and sensors for monitoring tem-
perature, pH and dissolved oxygen. The glass vessel was 
treated with the siliconizing reagent Sigmacote® (Sigma-
Aldrich) before use. DASware® control software (Eppen-
dorf™) was employed to control the process parameters 
within the chosen set points (T = 37 oC and pH = 7.2). 
Oxygen was supplied to the stirred tank reactor (STR) 
by the introduction of 100% air, corresponding to 21% 

pure O2, through the headspace. A schematic workflow 
of the culture parameters used in the MSC(WJ) expan-
sion and MSC-EV production stages in a fully controlled 
STR system is depicted in Fig. 1. Essentially, two million 
cells were seeded onto 1,080 cm2 of Synthemax II–coated 
Dissolvable Microcarriers (Corning®), corresponding to 
a seeding density of approximately 1,850 cells/cm2, and 
inoculated into the STR with an initial working volume of 
80 mL. During the 7-day cell expansion stage, MSC(WJ) 
were cultured in DMEM-hPL with an intermittent agita-
tion regime of 5 min at 50 rpm and 30 min at 0 rpm [26]. 
From day 1 to day 4, continuous fed-batch was performed 
at a constant rate of 1.92 mL/h until reaching a volume of 
160 mL. From day 5 to day 7, medium perfusion at a con-
stant rate of 3.33 mL/h was carried out until completely 
replacing the medium. A micro sparger with a pore size 
of 10 μm was employed as a filter to ensure the retention 

Fig. 1  Schematic of the culture parameters used for microcarrier-based MSC(WJ) expansion and continuous EV production in a STR. (A) Schematic 
representation of cell inoculation conditions, culture medium and agitation regimens implemented throughout the MSC(WJ) expansion and EV produc-
tion stages. (B) STR working volume during MSC(WJ) expansion and EV production. (C) Culture medium flow rate in and out of the STR during MSC(WJ) 
expansion and EV production. Stages are separated by the dashed line. MSC(WJ), Wharton’s jelly-derived mesenchymal stromal cells; EVs, extracellular 
vesicles; STR, stirred tank reactor
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of microcarriers during perfusion. Before the subsequent 
MSC-EV production stage, cell-containing microcarriers 
were washed with 200 mL of PBS and resuspended in 100 
mL DMEM-hPL-EVd. During the 3-day MSC-EV pro-
duction stage, the agitation was set to 60  rpm and CM 
was collected through perfusion at a rate of 8.33 mL/h, 
which corresponds to a production of 200 mL of CM per 
day. Each day, MSC-EV-containing CM was precleared 
from cell debris by centrifugation at 2,000xg for 15 min, 
followed by filtration using a Stericup® Quick Release 
Durapore® PVDF membrane 0.45 μm (Millipore) bottle-
top filter and stored at -80 oC until total particle number 
quantification using NTA and EV isolation, as described 
below.

Monitoring of culture parameters and cell imaging on 
microcarriers
Cell number quantification
Throughout the 10-day STR cultures, cell number assess-
ment was performed as described in Bandarra-Tavares 
et al. [26] by collecting two independent 1 mL samples 
of MSC(WJ) culture from the STR at 60  rpm. For cell 
detachment, microcarriers were washed twice with 
PBS and enzymatically digested, for 7 min at 37 ºC and 
600 rpm in Thermomixer® comfort (Eppendorf AG), with 
0.5 mL of a solution composed of 2.6% Pectinase (Sigma-
Aldrich), 2% EDTA (Sigma-Aldrich) and 95.4% TrypLE™ 
1x. The reaction was stopped by adding 1 mL of DMEM-
hPL and the total number of viable cells was estimated 
using the Trypan Blue exclusion method. The specific 
growth rate (µmax) and doubling time (td) of MSC(WJ) 
during the exponential growth phase were calculated as 
described in Fernandes-Platzgummer et al. [28].

Glucose and lactate concentrations analysis
For glucose and lactate monitoring, the supernatant of 
daily samples retrieved from the STR was centrifuged 
at 360xg for 10 min. Glucose and lactate concentrations 
were determined through membrane-bound immobi-
lized enzyme quantification using the YSI 2500 Biochem-
istry Analyser (Yellow Springs Instrument).

Cell viability and distribution on the microcarriers
Additional 0.5 mL samples of MSC(WJ) culture from 
the STR were collected for cell imaging on microcarri-
ers. Cell distribution on the microcarriers was evaluated 
by nuclei staining with 4′,6-diamidino‐2‐phenylindole 
(DAPI) (Sigma-Aldrich) at 1  µg/mL. Cell viability on 
microcarriers was assessed by staining viable cells with 
Calcein-AM (Sigma-Aldrich) at 1 µM. Additionally, 
on day 10 of STR culture, dead cells were stained using 
Ethidium Homodimer III at 1 µM. Images were acquired 
using a fluorescence microscope DMI 3000B (Leica).

MSC(WJ) harvesting and characterization after STR culture
At the end of the STR culture (day 10), MSC(WJ) were 
harvested from the microcarriers inside the STR vessel. 
After CM removal through the perfusion filter, cell-con-
taining microcarriers were washed with 200 mL of PBS 
and subsequently digested with 55 mL of microcarrier 
dissolution solution at 37oC and 100 rpm for 15–20 min, 
resulting in cell detachment. The reaction was stopped by 
adding 55 mL of DMEM-hPL and MSC(WJ) were centri-
fuged and collected for further characterization accord-
ing to the criteria defined by the International Society for 
Cell and Gene Therapy (ISCT) [39]. Immunophenotypic 
analysis of MSC(WJ) was performed by flow cytom-
etry with a panel of anti-human monoclonal antibodies: 
CD90-PE, CD44-PerCP-Cy5.5, CD73-FITC, CD105-PE, 
CD34-FITC, HLA-DR-FITC, CD80-PE, CD45-PerCP-
Cy5.5, CD19-FITC (Becton Dickinson, BD). LIVE/
DEAD™ Fixable Far Red Dead Cell Stain Kit (Invitro-
gen, Life Technologies) was used to assess cell viability. 
Samples were acquired with a minimum of 10,000 events 
using a BD FACSCalibur™ Flow Cytometer (BD) and data 
was analysed using FlowJo™ Software (BD).

MSC(WJ) multilineage differentiation capacity was 
also evaluated. For osteogenic and adipogenic differen-
tiation, MSC(WJ) were seeded onto 24-well plates at 
3,000 cells/cm2 and cultured for 4–5 days in DMEM-
hPL. Afterwards, the culture medium was replaced by 
the respective differentiation medium, StemPro™ Adi-
pogenesis Differentiation Kit or StemPro™ Osteogenesis 
Differentiation Kit (Gibco). For chondrogenic differentia-
tion, spheroids composed of 100,000 cells were generated 
by applying the hanging-drop technique. After 24 h, the 
spheroids were placed onto ultra-low attachment 24-well 
plates (Corning) with MesencultTM-ACF Chondrogenic 
Differentiation Kit (STEMCELL Technologies) medium. 
Differentiation medium was replaced twice a week for 
21 days. Following this, adipocyte-produced lipid drop-
lets were stained with Oil Red O, osteocyte progenitors 
were stained with alkaline phosphatase and chondrocyte-
secreted extracellular matrix proteins were stained as 
described in Santos et al. [40].

Isolation of MSC-EVs from conditioned media
The CM collected from the reactor (i.e. 3 day- condition-
ing phase) was thawed on ice and pooled for MSC-EV 
isolation. A schematic representation of the EV isola-
tion process is represented in Supplementary Fig. 1. The 
employed EV purification method was adapted from 
Silva et al. [36]. Firstly, by using a Minimate™ EVO Tan-
gential flow filtration (TFF) system, the 600 mL of CM 
was concentrated/diafiltrated using a Minimate™ 100 kDa 
MWCO Omega™ Membrane (Cytiva) to a volume of 50 
mL of nuclease buffer composed of 50 mM Tris-HCl 
(Thermo Scientific™), 20 mM NaCl (Thermo Scientific™), 
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pH 8. The diafiltrated sample was then supplemented 
with 5 mM of CaCl2 and digested with 5U (per mL of 
initial CM) of Micrococcal nuclease (MNase, Thermo 
Scientific™) for 75  min at 37oC with 600  rpm agitation 
in the Thermomixer® comfort (Eppendorf AG). After-
wards, the digested sample was concentrated/diafil-
trated to a volume of 20 mL of chromatography buffer 
A (50 mM HEPES, 20 mM NaCl, pH 7). Subsequently, 
anion exchange chromatography (AEC) was performed 
using a Tricorn 5/50 column (Cytiva) packed with 1 
mL of Capto™ Q ImpRes resin (Cytiva) connected to an 
ÄKTA Purifier 10 system (Cytiva). The column was pre-
equilibrated with a buffer composed of 50 mM HEPES, 
180.7 mM NaCl, pH 7, (10.5% buffer B (50 mM HEPES, 
2 M NaCl, pH 7), ≈ 23 mS/cm). The EV-containing sam-
ple was pre-conditioned with 10.5% buffer B and three 
chromatographic runs using a 10 mL volume sample 
were performed. Unbound material was washed with 15 
column volumes (CV) of 10.5% B, and stepwise elution 
was completed with 10 CV of 60% B (≈ 95 mS/cm) and 
7 CV of 100% B (≈ 142 mS/cm). Finally, the EV-contain-
ing fractions were concentrated/diafiltrated to a volume 
of approximately 0.5 mL in PBS using an ultrafilter with 
a molecular weight cut-off of 30  kDa (Amicon® Ultra-4, 
Merck Millipore) previously passivated overnight with a 
solution 5% (v/v) Tween-20 in distilled water.

Characterization of isolated MSC-EVs
Nanoparticle tracking analysis (NTA)
Particle quantification and size distribution profiles of 
EV-containing CM and isolated MSC-EV samples were 
obtained by Nanoparticle tracking analysis (NTA) using 
a Nanosight LM14C instrument (Malvern). Samples were 
diluted in PBS to achieve a final particle concentration 
ranging between 108 and 109 particles/mL and measured 
using the standard operation procedure (SOP) as follows: 
camera level 13; screen gain 1; time of acquisition 30  s; 
number of captures 5 (each capture with fresh sample). 
Video recording was acquired and analysed using Nano-
Sight NTA version 3.4 (Malvern).

Protein quantification
Total protein of isolated MSC-EVs samples was deter-
mined using Micro BCA™ Protein Assay Kit (Thermo Sci-
entific™) according to manufacturer’s instructions for the 
microplate procedure. Samples were lysed in RIPA buffer 
(Merck Millipore) 1x at room temperature for 10 min and 
diluted 10 times in PBS. Sample concentration was deter-
mined by applying a second-order polynomial curve fit to 
the bovine serum albumin (BSA) standards prepared in 
0.1x RIPA in PBS solution. Absorbance was measured at 
562 nm using the plate reader (Infinite® 200 PRO, Nano-
Quant, Tecan Trading AG). Two replicates were quanti-
fied for each sample. To assess the purity of the MSC-EV 

samples, the particle-to-protein ratio (PPR), which con-
sists of the ratio between the total particle number and 
total protein of the sample [33], was determined.

Zeta potential
MSC-EV samples were diluted 10,000 times in distilled 
water. Samples were loaded into disposable capillary cells 
DTS1070 (Malvern Instruments) and analysed using the 
SOP set up for a sample refractive index of 1.45 (protein), 
dispersant refractive index of 1.33 (water), system tem-
perature of 25 °C, and sample equilibration time of 2 min. 
Each sample was measured in 3 runs, each resulting from 
subruns ranging from 10 to 100 in automatic mode. Mea-
surements were performed with a Zetasizer Nano ZS 
(Malvern), and Malvern Zetasizer software version 7.10 
was used to collect and analyse the data.

Western blot analysis of EV protein markers
The positive EV-protein markers CD9, CD63, Syntenin-1 
and the negative marker Calnexin were evaluated in iso-
lated MSC-EV samples using Western blot, with whole 
cell lysate (WCL) of MSC(WJ) harvested from the STR 
cultures used as control. For the WCL samples, cells were 
lysed in RIPA buffer 1x supplemented with cOmplete™ 
Protease Inhibitor Cocktail (Roche) and centrifuged at 
12,000xg for 15  min at 4 ºC, after which supernatants 
were recovered. EV and WCL samples (2 µg of total pro-
tein, corresponding to ~ 1 × 1010 EVs) were diluted in PBS, 
NuPAGE™ LDS Sample buffer and NuPAGE™ Sample 
Reducing Agent (Invitrogen, Life Technologies) (except 
for tetraspanin detection, where non-reducing conditions 
were used), denatured at 95 ºC for 10 min and loaded in 
4–12% Bis–Tris polyacrylamide precast gels (Invitrogen, 
Life Technologies). Electrophoresis was run at 130  V in 
MES SDS Running Buffer for 1 h and the proteins were 
subsequently transferred into nitrocellulose membranes 
using a Power Blotter System (Invitrogen, Life Tech-
nologies). Membranes were blocked with 5% BSA solu-
tion in 1x Tris Buffered Saline with Tween (TBST) for 
1  h at room temperature and incubated overnight at 4 
oC with primary antibodies anti-CD9 (CBL162, Merck), 
anti-CD63 (556019, BD), anti-Calnexin (610523, BD) and 
anti-Syntenin-1 (ab133267, Abcam) at 1:1000 concen-
tration. After extensive washing with TBST, membranes 
were incubated with HRP-conjugated secondary antibod-
ies anti-Mouse (G-21040, Invitrogen) and anti-Rabbit 
(HAF008, R&D Systems) at 1:20,000 concentration for 
1 h at RT. Finally, after secondary antibody washing with 
TBST, SuperSignal™ West Pico PLUS Chemiluminescent 
Substrate (Thermo Scientific™) was applied for mem-
brane revelation according to manufacturer’s instruc-
tions. Images were acquired using an iBright™ CL1500 
Imaging System (Invitrogen, Life Technologies).
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Transmission electron microscopy (TEM)
Transmission electron microscopy (TEM) imaging of 
negatively stained MSC-EV samples was conducted as 
described in Fernandes-Platzgummer et al. [28], using 
a Tecnai G2 Spirit BioTWIN Transmission Electron 
Microscope (FEI Company™) with an Olympus-SIS Veleta 
CCD Camera.

EV uptake by target cells
Human umbilical vein endothelial cells (HUVECs), 
and human breast cancer cell lines MDA-MB-231 and 
MCF-7 were used as target cells for the EV uptake assays. 
HUVECs were obtained from Lonza and cultured in 
EGM-2 Endothelial Cell Growth Medium-2 (Lonza). 
MDA-MB-231 (HTB-26™) and MCF-7 (HTB-22™) cell 
lines were obtained from American Type Culture Col-
lection (ATCC) and cultured in high-glucose DMEM 
(Gibco) supplemented with 10% (v/v) FBS (Gibco) and 
1% (v/v) A/A.

Isolated MSC-EVs were labelled with the fluorescent 
dye AlexaFluor 647 NHS ester (Invitrogen, Thermo Sci-
entific™). EVs (3-4 × 1010 EVs) were mixed with sodium 
bicarbonate (pH 8.3, 100 mM final concentration) and 
0.625% v/v AlexaFluor 647 NHS ester (10  mg/mL in 
DMSO) and incubated for 1  h at 37  °C and 450  rpm. 
EVs were then diluted in PBS and quenched in 100 mM 
Tris-HCl in a final volume of 100 µL, for 20 min at RT. 
Mock dye treatments were prepared by replacing the EVs 
with PBS. Labelled-EVs were immediately purified from 
unbound dye using Exosome Spin Columns MW3000 
(Invitrogen) according to manufacturer instructions.

The day before the EV uptake experiment, HUVEC, 
MDA-MB-231 and MCF-7 (50,000 cells) were plated 
onto flat-bottom 96-well plates. Labelled-EVs were then 
added to the target cells at a concentration of approxi-
mately 2 × 1010 particles/mL in culture medium sup-
plemented with Exosome-depleted FBS (Gibco) and 
incubated for 6  h at 37  °C. Afterwards, cells were har-
vested and analysed by flow cytometry using the FAC-
SCalibur™ or FACSCanto™ Flow Cytometer (BD). The 
percentage of EV-containing cells and the relative EV 
uptake based on median fluorescence intensity (MFI) 
values (ratio of labelled-EV MFI to mock dye MFI) were 
analysed using the FlowJo™ Software (BD).

Statistical analysis
Statistical analysis was carried out using GraphPad Prism 
9 software. Data were collected from three independent 
experiments and depicted as mean ± standard error of the 
mean (SEM). Statistical tests are detailed in each figure 
legend, and all significant differences are indicated in the 
graphs.

Results
Medium renewal enhances particle production by 
MSC(WJ) under static conditions
To evaluate cell fitness and particle accumulation in the 
CM throughout 72 h, MSC(WJ) were cultured for 24 h, 
48 h and 72 h periods under static conditions with/with-
out medium renewal, every 24 h, using EV-depleted hPL 
(hPL-EVd) as culture medium supplement (Fig. 1). After 
72  h, MSC(WJ) cultured in DMEM-hPL-EVd showed 
high cell survival with viability of 99.3 ± 0.543% and 
98.9 ± 0.158%, with and without 24  h-medium renewal, 
respectively, and presented typical cellular morphol-
ogy (Fig.  2A). Additionally, no significant alterations in 
cell number were observed throughout the 72 h and the 
number of MSC(WJ) cultured with/without medium 
renewal every 24  h was comparable (Fig.  2B). The total 
number of particles in CM was similar across differ-
ent conditioning periods with no medium replacement, 
indicating that there was no accumulation of particles 
over time (Fig. 2C). Moreover, the total number of par-
ticles secreted by MSC(WJ) was superior when cells were 
cultured with 24 h-medium renewal cycles compared to 
cells cultured without medium renewal (9.78 ± 2.34 × 1010 
vs. 6.26 ± 0.382 × 1010 at 48  h and 1.48 ± 0.249 × 1011 
vs. 5.14 ± 0.538 × 1010 at 72  h) (Fig.  2C). After 72  h, 
24 h-medium renewal allowed a significant fold increase 
of 2.84 ± 0.172 in the total number of particles pro-
duced by MSC(WJ), compared to when no medium was 
exchanged (Fig.  2C). This demonstrates that several EV 
collection cycles using the same parental cells can be per-
formed, potentially maximising EV production.

MSC(WJ) expansion and continuous EV collection were 
accomplished in a microcarrier-based STR culture system
Based on the previous work performed by our group [21, 
26, 28], a S/XF microcarrier-based STR culture system 
was implemented envisioning the continuous production 
of MSC-EVs. This system combines the use of Dissolv-
able microcarriers and hPL-supplemented medium for 
the expansion of MSC(WJ) followed by continuous pro-
duction of EVs aided by a novel EV-free hPL supplement 
particularly developed for EV manufacturing (Fig.  1A). 
Initial adhesion efficiency of MSC(WJ) to microcarri-
ers was 86.4 ± 4.14% on day 1 of STR culture and the 
cells were successfully expanded, with a maximum fold-
expansion of 30.1 ± 0.740 achieved after 7 days. As seen in 
the growth curves represented in Fig. 3A, the cells exhib-
ited exponential growth until reaching (6.03 ± 0.181) 
x 107 cells on day 7, corresponding to a cell density of 
(3.77 ± 0.113) x 105 cells/mL and (5.58 ± 0.168) x 104 cells/
cm2. The calculated growth rate (µmax) and duplication 
time (td) were 0.552 ± 0.0274 day− 1 and 1.27 ± 0.0667 days, 
respectively. During the EV production stage between 
days 7 and 10, using DMEM-hPL-EVd, no significant 
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alteration in cell number was observed and cell concen-
tration remained relatively constant at (5.58 ± 0.277) x 105 
cells/mL.

The level of occupancy of the microcarriers throughout 
MSC(WJ) expansion was evaluated by nuclei staining, 
through which a progressive increase in the number of 
cell-loaded microcarriers was observed from days 1 to 7, 
along with a gradual increase in microcarrier occupancy 
(Fig.  3B). This increase was accompanied by microcar-
rier aggregation as MSC(WJ) expansion reached higher 
cell densities, being most evident from day 6 onwards 
(Fig. 3B, C). Calcein-AM staining showed viable cells pre-
senting the characteristic elongated morphology of MSC 
on microcarrier surfaces throughout STR culture, includ-
ing during the EV production stage (Fig. 3C). Moreover, 
Live/Dead images of MSC(WJ) on microcarriers on day 
10 of STR culture showed a negligible number of dead 

cells after cell expansion and EV production (Supplemen-
tary Fig.  2). Glucose and lactate concentration analysis 
demonstrated that the adopted feeding scheme (Fig. 1C) 
successfully prevented glucose depletion and lactate 
accumulation above critical concentration [41] through-
out the 10-day culture (Fig.  3D). During the EV pro-
duction stage, glucose and lactate concentrations were 
maintained constant around 4mM and 2mM, respectively 
(Fig. 3D). NTA measurements of the CM corresponding 
to each collection period during the 3-day EV production 
stage showed no significant differences in the number of 
total accumulated particles and the particle secretion rate 
by MSC(WJ), demonstrating an average particle yield 
factor before EV isolation of (6.32 ± 0.266) x 104 particles/
cell/day (Fig. 3E). The collected CM had an average par-
ticle concentration of (1.79 ± 0.129) x 1010 particles/mL. 
Overall, medium supplementation with hPL-EVd allowed 

Fig. 2  Evaluation of particle accumulation in CM of MSC(WJ) cultured for 72 h under static conditions. (A) Representative images of MSC(WJ) morphol-
ogy at the end of the 72 h-conditioning period, with (right) or without (left) medium renewal every 24 h. Scale bar: 250 μm. (B) Total number of viable 
cells cultured without any medium renewal (green) and with medium renewal every 24 h (red). (C) Total number of particles produced up to the respec-
tive timepoint, without any medium renewal (green) and with medium renewal every 24 h (red), determined from NTA measurements. Graph values are 
presented as mean ± SEM of 3 independent donors (n = 3). Statistical analysis was performed using a one-way ANOVA followed by a post-hoc Tukey’s 
multiple comparisons test; *p < 0.05. CM, conditioned medium; MSC(WJ), Wharton’s jelly-derived mesenchymal stromal cells; NTA, nanoparticle tracking 
analysis
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the continuous production of EV-enriched CM under 
stirred conditions without causing significant alterations 
in the cell number, cell viability and particle secretion 
rate of MSC(WJ) (Fig. 3).

MSC(WJ) preserve their cellular identity upon EV collection 
in a STR
On day 10 of STR culture, following a 3-day continu-
ous EV production, MSC(WJ) were harvested from the 
microcarriers using an enzymatic solution and charac-
terized for viability, immunophenotype, and trilineage 
differentiation potential (Fig.  4) according to criteria 

Fig. 3  Microcarrier-based expansion of MSC(WJ) and subsequent continuous EV production in a fully controlled STR system. (A) Growth curve of 
MSC(WJ) throughout the 10-day culture in STR depicted as total cell number (left) and cell concentration (right). The EV production stage started on 
day 7 and is highlighted by the dashed line. (B) Representative images of cell distribution on microcarriers throughout MSC(WJ) expansion in a STR, 
obtained through DAPI staining (blue). (C) Representative images of cell viability assessment throughout STR culture, obtained through Calcein-AM 
staining (green). MSC(WJ) expansion and EV production stages are separated by the dashed line. (D) Glucose and lactate concentration measurements 
throughout STR culture. (E) Total particle number (blue) and particle secretion rate of MSC(WJ) (red) throughout the 3-day EV production stage, deter-
mined from the NTA measurements of the CM of each day. Scale bar: 250 μm. Graph values are presented as mean ± SEM of 3 independent donors (n = 3). 
No statistically significant differences were found using a one-way ANOVA followed by a post-hoc Tukey’s multiple comparisons test. MSC(WJ), Wharton’s 
jelly-derived mesenchymal stromal cells; EV, extracellular vesicle; STR, stirred tank reactor; DAPI, 4′,6-diamidino‐2‐phenylindole; NTA, nanoparticle tracking 
analysis; CM, conditioned medium
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established by ISCT [39]. Harvested MSC(WJ) exhibited 
a high cell viability of 96.8 ± 2.22% (Fig.  4A), which was 
consistent with visual observations before the dissolu-
tion of microcarriers (Suppl Fig. 2), indicating that recov-
ery from the beads had no significant adverse effect on 
cell viability. Immunophenotypic analysis demonstrated 
that, after EV production, MSC(WJ) expressed high lev-
els (≥95%) of positive cell surface markers CD90, CD44 
and CD73 (Fig.  4B). The lower expression detected for 
positive marker CD105 (74.9 ± 13.1%) is not uncommon 
after cell expansion under stirred conditions [22, 28, 42, 
43]. Moreover, the expression of negative markers CD80, 
CD19, CD34, CD45, and HLA-DR was negligible (≤3%), 
further confirming MSC(WJ) immunophenotypic iden-
tity (Fig. 4B). After the conditioning stage, MSC(WJ) pre-
served their multilineage differentiation ability, further 

validating their identity (Fig. 4C). MSC(WJ) successfully 
differentiated into: (i) the adipogenic lineage, confirmed 
by the detection of lipid droplets stained in red (left 
panel, Fig.  4C); (ii) the osteogenic lineage, validated by 
the presence of osteoblast progenitors stained in red 
(middle panel, Fig.  4C), and (iii) the chondrogenic lin-
eage, corroborated by the blue staining of chondrocyte-
secreted acidic polysaccharides (right panel, Fig. 4C).

Continuously harvested MSC(WJ)-EVs showed robust 
quality attributes after processing
After the 3-day continuous harvesting, EVs were success-
fully isolated from the CM of MSC(WJ) cultures using 
a scalable process (Supplementary Fig. 1). After CM fil-
tration and concentration using TFF and nucleic acid 
digestion, AEC allowed further separation of soluble 

Fig. 4  Characterisation of MSC(WJ) after microcarrier-based cell expansion and continuous EV production in a STR system. (A) Cell viability after MSC(WJ) 
expansion and EV production in a STR, assessed by flow cytometry after Live/Dead staining. (B) Immunophenotypic analysis after MSC(WJ) expansion 
and EV production in a STR system through flow cytometry. (C) Trilineage differentiation potential of MSC(WJ) after expansion and EV production in a 
STR: Adipogenic lineage with adipocyte-produced lipid droplets stained using Oil Red O; Osteogenic lineage with osteocyte progenitors stained using 
Alkaline phosphatase; Chondrogenic lineage with staining of chondrocyte-secreted extracellular matrix proteins (Alcian Blue). Scale bar: 100 μm. Graph 
values are presented as mean ± SEM of 3 independent donors (n = 3). MSC(WJ), Wharton’s jelly-derived mesenchymal stromal cells; EV, extracellular 
vesicle; STR, stirred tank reactor
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proteins from EVs. The protein contaminants were eluted 
in the flowthrough, while the resin-adsorbed EVs were 
subsequently eluted by increasing the ionic strength 
(Supplementary Fig.  3). EV-containing fractions were 
concentrated and characterised following the criteria pro-
posed by the International Society for Extracellular Vesi-
cles (ISEV) [44]. A summary of the characteristics of the 
isolated MSC-EVs and yields is displayed in Table 1. NTA 
was used to determine the size distribution of isolated 
MSC-EVs, demonstrating an enrichment in particles 
below 200  nm (Fig.  5A) with a mean and mode diam-
eter of approximately 115 ± 4.88  nm and 99.0 ± 8.97  nm, 
respectively (Table  1). Particle quantification confirmed 
the total isolation of (2.13 ± 0.301) x 1012 EVs (Table  1) 
at a concentration of (4.04 ± 0.746) x 1012 EVs/mL, which 
corresponds to a specific EV productivity of (3.77 ± 0.557) 
x 104 isolated EVs per producing cell (Table  1). A par-
ticle yield factor of (1.26 ± 0.186) x 104 particles/cell/
day (Table 1) was calculated as a measure of EV yield, as 
suggested by Grangier and colleagues [45]. TEM images 
confirmed the presence of individual vesicles of different 
sizes that display the spherical and cup-shaped structure 
typical of EVs (Fig.  5B), which results from membrane 
dehydration during sample preparation [46]. The zeta 
potential measurements of isolated MSC-EVs indicated a 
net negative surface charge of -23.4 ± 6.23 mV (Table 1), 
as expected. To assess the purity of EV samples, pro-
tein quantification (425.3 ± 75.96  µg) was performed to 
determine the particle-to-protein ratio (PPR). The aver-
age PPR value obtained for the isolated EV samples was 
(5.53 ± 1.55) x 109 particles/µg (Table  1). The isolated 
MSC-EVs expressed three EV-positive protein markers, 
namely tetraspanins CD9 and CD63 and syntenin-1, as 
detected through western-blot (Fig.  5C). Detection was 
stronger in EV samples compared to whole cell lysate 
(WCL) controls, confirming the EV-enrichment of iso-
lated samples. Moreover, the negative marker calnexin 
was not detected in EV samples, in contrast to WCL con-
trols (Fig. 5C). Besides morphological characterisation of 

MSC-EVs, an uptake assay was performed to validate cell 
internalization of the isolated MSC-EVs into target cells. 
MSC-EVs were stained with Alexa647 and incubated 
with breast cancer cell lines MDA-MB-231 and MCF-7, 
and HUVECs. After 6 h, the percentage of EV-containing 
cells was high (> 95%) for every target cell type (top panel, 
Fig.  5D). Although the difference did not reach statisti-
cal significance, the relative EV internalization appeared 
higher for HUVECs compared to the breast cancer cell 
lines (bottom panel, Fig.  5D), suggesting a potential 
increased affinity for MSC-EV uptake.

Discussion
MSC-EVs have shown great promise as natural therapeu-
tics and drug delivery vehicles in a wide range of pre-clin-
ical disease models [17, 47]. Despite their potential, most 
preclinical studies still rely on planar culture systems 
and FBS-supplemented culture medium formulations 
for MSC expansion, while using non-scalable low-purity 
grade methods for MSC-EV isolation. These practices 
hinder their translation into the clinic by failing to meet 
the necessary dose and safety requirements. In this con-
text, the implementation of a large-scale manufacturing 
workflow for MSC-EVs, incorporating scalable upstream 
and downstream processes, is needed to provide high-
purity EV yields [19, 30, 34]. Envisioning industrialisa-
tion, multiple large-scale systems have been investigated 
for EV production, among which are two-dimensional 
multilayer flasks [48] and different bioreactor configura-
tions, such as hollow-fiber bioreactors [49] and STR com-
bined with microcarriers [22, 28]. In particular, several 
groups have been exploring scalable microcarrier-based 
stirred platforms for MSC-EV production, including 
spinner flasks [23, 25, 26, 50] and vertical-wheel systems 
[20, 21, 27]. However, while numerous reports describe 
the successful large-scale expansion of MSC in microcar-
rier-based, fully controlled STR systems [42, 51–56], only 
a few have applied them to EV manufacturing [22, 24, 
28]. Still, STR systems offer relevant advantages, includ-
ing scalability potential, process automation, continuous 
perfusion-based operation, and reduced labor require-
ments. Nevertheless, MSC-EV production typically 
involves collecting the EV-enriched CM in a single batch 
for 24 to 72 h upon the cell expansion stage [20–22, 26–
28]. Our work builds on these advantages and introduces 
a novel approach that focuses on maximizing MSC-EV 
production yields by implementing a scalable microcar-
rier-based STR culture system designed to continuously 
harvest EVs over a 3-day period, rather than relying on 
traditional single-batch collections. To increase cell 
viability and consequently extend the cell conditioning 
period, we employed a novel S/XF EV-depleted supple-
ment, enabling MSC-EV manufacturing in a more physi-
ologically relevant environment. Others have explored 

Table 1  Characteristics and yields of EVs isolated from the CM of 
MSC(WJ) cultured in a STR
EV parameter Average value for 

3 MSC(WJ) donors
Total isolated EV number (2.13 ± 0.301) x1012

Average size (nm) 115 ± 4.88
Mode of size (nm) 99.0 ± 8.97
Zeta potential (mV) -23.4 ± 6.23
Particle-to-protein ratio (total particles/ µg 
protein)

(5.53 ± 1.55) x 109

Specific EV productivity (EV/cell) (3.77 ± 0.557) x 104

Particle yield factor (EV/cell/day) (1.26 ± 0.186) x 104

Table values are presented as mean ± SEM of 3 independent donors (n = 3). EVs, 
extracellular vesicles; MSC(WJ), Wharton’s jelly-derived mesenchymal stromal 
cells; STR, stirred tank reactor
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the use of S/XF chemically defined media as EV collec-
tion supplements [20, 22, 27]. While these formulations 
support cell viability, they are not completely free from 
particles, which can compromise EV manufacturing 
and the accurate characterization of their biochemical 
composition and function. Indeed, many EV collection 

protocols rely on the use of basal culture medium during 
the cell conditioning stage for EV collection [21, 26, 48, 
50, 57, 58], as it represents a more controlled and easier 
to implement option for minimizing external particle 
contamination. However, this approach may be too strin-
gent for maintaining MSC fitness over 72  h, as it lacks 

Fig. 5  Characterisation of EVs isolated from the MSC(WJ)-derived CM continuously produced in STR. (A) Size distribution profile of isolated MSC(WJ)-
derived EVs obtained by NTA. Graph values are presented as mean ± SEM of 3 independent donors (n = 3). (B) Representative transmission electron 
microscopy images of isolated EVs after negative staining, at different magnifications. Scale bar: 1 μm (top left), 100 nm (bottom left), 200 nm (right). 
(C) Representative Western-blot images of positive EV markers CD63, CD9 and syntenin-1 and negative EV marker calnexin detection using isolated EV 
samples and the respective WCL of MSC(WJ). Full-length membrane/blot composites are presented in Supplementary Fig. 4. (D) Analysis of EV uptake 
by target cells (breast cancer cells MDA-MB-231, MCF-7 and HUVECs) after treatment with Alexa647-(red) labelled EVs. The percentage of EV-containing 
cells (top panel) and the relative EV uptake based on MFI values (ratio MFI of labelled-EV to MFI of free dye) (bottom panel) were determined by flow 
cytometry. Graph values are presented as mean ± SEM of 3 independent donors (n = 3). No statistically significant differences were found using a one-
way ANOVA followed by a post-hoc Tukey’s multiple comparisons test. EVs, extracellular vesicles; MSC(WJ), Wharton’s jelly-derived mesenchymal stromal 
cells; CM, conditioned medium; NTA, nanoparticle tracking analysis; WCL, whole cell lysate; HUVECs, human umbilical vein endothelial cells; MFI, median 
fluorescence intensities
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critical survival and adhesion factors. Preliminary studies 
from our group have shown that human MSC cultured 
in DMEM supplemented with EV-depleted hPL exhib-
ited higher cell numbers and viability compared to basal 
DMEM, while yielding equivalent particle concentrations 
in the conditioned medium collected over three consecu-
tive 24-hour batches (data not shown). This observation 
is consistent with other studies in the literature that dem-
onstrate the beneficial role of EV-depleted hPL-based 
formulations and the stringency of basal media [59].

MSC(WJ) were expanded on Dissolvable microcar-
riers in a STR with intermittent agitation until maxi-
mum fold expansion using hPL-supplemented medium 
followed by EV production in stirred conditions using 
EV-depleted-hPL-supplemented medium. Both supple-
ments are gamma irradiated as a pathogen reduction 
technology (PRT) formulation, which is essential to pro-
duce a safe MSC product for clinical use [60]. Similarly 
to our previous study using an alternative S/XF formu-
lation [26], this new platform allowed MSC(WJ) adhe-
sion to the microcarriers with an efficiency of 86 ± 4.1%, 
which is notably higher than the typical ≤50% efficiency 
reported for MSC(WJ) adhesion when using hPL-stirred 
cultures employing various microcarriers and agitation 
regimens [21, 38, 43, 61]. Additionally, taking advan-
tage of the intermittent agitation and by increasing the 
total available microcarrier surface area by 50% in com-
parison to our previous protocol [26], a total number of 
(6.0 ± 0.18) x 107 cells was reached after 7 days, represent-
ing an approximate 30-fold cell expansion factor. This 
is higher than most values reported in the literature for 
MSC expansion in S/XF stirred culture conditions with 
similar or longer timeframes [20–22, 27, 28, 38, 43, 52, 
61, 62]. The initial cell seeding density (1,850 cell/cm2) 
in the STR culture was intentionally lower than what is 
typically employed for S/XF microcarrier-based MSC 
expansion (3,000–7,000 cells/cm2) [20, 22, 43, 52, 53]. 
This reduction delayed the aggregation of cell-contain-
ing microcarriers throughout culture, a phenomenon 
accelerated by higher initial cell density per microcarrier 
[63]. Moreover, the homogeneous and full occupancy of 
the microcarriers was facilitated by incorporating static 
periods that promote MSC migration to empty micro-
carriers throughout culture, without signs of early bead 
aggregation [26, 63, 64]. The selected feeding strategy 
(i.e. STR operated under continuous fed-batch until day 
4, followed by perfusion until day 7) facilitated efficient 
MSC(WJ) growth by maintaining optimal glucose and 
lactate levels, supporting previous findings that perfusion 
cultures achieve higher cell concentrations and superior 
fold expansion values compared to fed-batch strategies 
[28, 52]. Although a stationary growth phase was not 
observed, by day 7 the microcarriers were aggregated 
and nearly confluent, yielding a cell density of (5.6 ± 0.17) 

x 104 cells/cm2. To prevent cell detachment from micro-
carriers due to higher cell densities and aggregation [63], 
we started the EV production phase with MSC in a highly 
viable and proliferative state to minimize the impact of 
shear stress on cell viability during continuous stirred 
culture in EV-depleted hPL medium. For this stage, we 
selected a 3-day perfusion operation mode based on the 
initial observations of particle accumulation in the CM of 
MSC(WJ) cultured under static conditions for 72 h. Our 
results showed no particle accumulation over time, with 
total particle production being approximately 3 times 
higher when 24  h-medium renewal cycles were per-
formed. These findings align with the work of Patel and 
colleagues [65], where mid-period collection of the CM 
led to an approximately 2-fold increase in MSC-EV pro-
duction when compared to single collections at 6, 12 and 
24  h. Additionally, studies on macrophage-derived CM 
showed similar EV concentrations at 24, 48, and 72  h, 
indicating no particle accumulation [66]. These findings 
suggest that EV production may function as a balanced 
intercellular communication system, where particle 
removal stimulates additional secretion - a phenomenon 
that continuous culture systems can exploit to improve 
EV yields. Indeed, during the 3-day EV continuous pro-
duction stage in the STR, there were no significant differ-
ences in what concerns the total number of accumulated 
particles and the particle secretion rate by MSC(WJ) 
throughout time. Future experiments should compare EV 
collection on continuous versus batch-operation mode 
under identical culture conditions to directly assess the 
advantages of continuous harvesting in the STR system, 
as well as the bioequivalence of the EVs produced. More-
over, while a direct comparison with alternative bioreac-
tor configurations was beyond the scope of this study, 
future studies could systematically evaluate various cul-
ture systems (e.g. hollow-fiber bioreactors, planar cul-
ture systems as multilayered flasks) under standardized 
conditions to better elucidate their relative advantages in 
terms of EV yield, cost-effectiveness and scalability.

To the best of our knowledge, this study is the first to 
establish a scalable culture system for the continuous col-
lection of EVs produced from primary human MSC in a 
controlled STR. While alternative bioreactor platforms, 
such as hollow-fiber systems, have reported continu-
ous EV production using perfusion techniques [49, 67, 
68], these often rely on medium recirculation, contrast-
ing to our approach which continuously harvests the 
EV-enriched CM. Importantly, a potential advantage of 
hollow-fiber bioreactors over STR for EV manufactur-
ing could rely on their ability to mitigate the presence 
of exogenous EVs from medium supplements through 
the use of smaller membrane pore sizes [49, 68]. For 
instance, Garcia and colleagues used a 20 kDa pore size 
to guarantee EV retention and avoid the flowthrough of 
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serum-derived EVs to the isolated supernatants (i.e. cells 
cultured in the cartridge/extracapillary space) [68]. Our 
system tackles this contamination issue by using EV-
depleted hPL, ensuring that only MSC-derived EVs accu-
mulate in the conditioned medium.

Microcarrier-based stirred cultures of MSC have dem-
onstrated significant increases in EV productivity com-
pared to two-dimensional static cultures [20–24]. Besides 
causing significant intracellular pathways and expression 
alterations that regulate EV secretion, laminar or turbu-
lent flow-induced shear stress leads to cell membrane 
tension and elongation, resulting in fragmentation and 
spontaneous self-assembly of vesicles [69]. Therefore, to 
further stimulate EV production, in this work, EV pro-
duction was performed under continuous agitation at 
60 rpm, which visually complied with the NS1u criterion, 
that is the agitation speed that merely allows cell-laden 
microcarriers moving along the bottom of the micro-
carriers [70, 71]. Notably, during the 3-day continuous 
EV production stage, MSC(WJ) showed high viability 
and conventional cellular morphology while maintain-
ing the cell number and particle production rate. This 
demonstrates that the EV-depleted hPL-supplemented 
culture medium and stirred culture conditions did not 
significantly compromise MSC(WJ) integrity. Moreover, 
at the end of culture, harvested MSC(WJ) presented the 
standard immunophenotype and trilineage differentia-
tion potential, confirming that this EV production plat-
form preserves MSC(WJ) cellular identity. These findings 
align with recent work reported by Lorenzini and col-
leagues, where MSC cultured for 3 successive periods 
of 72 h in medium supplemented with EV-depleted hPL 
maintained cell survival and cumulative EV production, a 
phenomenon not observed under standard starving con-
ditions [59]. Future studies could further investigate the 
impact of various STR process parameters on EV secre-
tion, including agitation regime [20], and conditioning 
stage duration, as well as other physiological stimuli such 
as oxygen tension, pH and temperature, all of which have 
been shown to influence EV production [72, 73].

After the upstream process, robust isolation meth-
ods are needed to efficiently process large volumes of 
CM. Many studies on MSC-EV production in scalable 
stirred systems still rely on polymer-based precipita-
tion kits [21, 25, 28] and UC [20, 27], despite their limi-
tations concerning scalability and low-purity grade EV 
samples [19, 33, 34, 74]. Tangential fluid filtration (TFF), 
alone or combined with chromatography, provides a 
scalable solution that efficiently processes large CM vol-
umes, yielding high EV numbers with improved purity 
[35]. Haraszti and colleagues demonstrated that TFF 
improves the yield of MSC-EVs from CM of 3D stirred 
cultures by 7-fold compared to UC [23]. In another case, 
TFF coupled with SEC yielded approximately a 5.2-fold 

increase in EV concentration when compared to density 
gradient UC after isolation of EVs from STR cultures of 
MSC(AT) [22]. The EV downstream platform presented 
herein builds upon previous work by our group, in which 
the combination of ultrafiltration, nuclease digestion and 
anion exchange chromatography (AEC) using the Capto™ 
Q ImpRes resin, successfully recovered 53% of MSC-EVs, 
while impurity levels complied with regulatory agency 
requirements [36]. Other groups have also reported the 
use of different AEC columns to isolate EVs from the CM 
of MSC [75–77] and other cell lines [78, 79]. By incorpo-
rating TFF for the concentration/diafiltration step in the 
present work, we successfully established a large-scale EV 
isolation protocol capable of processing substantial CM 
volumes (above 600 mL) and yielding high purity EVs in 
large numbers within 12 h.

The particle yield factor, which depends on both 
upstream and downstream processes, is an important 
metric for comparing EV manufacturing platforms [45]. 
Our integrated process yielded a factor of (1.21 ± 0.31) x 
104 particles/cell/day, surpassing those reported by oth-
ers. For instance, the use of a 0.1  L vertical-wheel sys-
tem and UC for EV isolation, resulted in a particle yield 
factor ranging around 0.5–2.5 × 103 particles/cell/day, 
depending on the agitation speed applied [20]. Addition-
ally, MSC(AT) cultures processed with TFF-SEC yielded 
approximately 2.25 × 103 particles/cell/day and 6.65 × 103 
particles/cell/day, when using static planar flasks and a 
0.2 L STR, respectively [22].

Notably, our platform generated a total of (1.92 ± 0.38) x 
1012 EVs, which is clinically relevant considering that the 
therapeutic doses of MSC-EVs range from 1010 to 1011 
per administration [18] (i.e. representing the production 
of 10 EV doses). Moreover, the established system is eas-
ily scalable and potentially capable of producing enough 
EV doses for an entire clinical trial from a single produc-
tion batch, which represents a key advantage in terms of 
standardization by facilitating quality control.

Importantly, the isolated particles exhibited charac-
teristics consistent with those typically associated to 
MSC-EVs. They presented a homogeneous small-size 
distribution with a mean diameter of around 116  nm 
and displayed a cup-shaped morphology in TEM images, 
consistent with previous studies [20, 22, 26, 28]. The 
slightly lower negative surface charge of the isolated 
MSC-EVs (-23.4 ± 6.23 mV) compared to other studies 
[43, 57] could be related to the selected isolation method, 
which separates EVs from the contaminants based on 
their negative charge. The isolation process yielded EV 
samples with a PPR of (5.53 ± 1.55) x 109 particles/µg, 
which is higher than other EV preparations obtained 
from CM using other isolation methods [20, 21, 23, 28, 
58], suggesting superior EV purity. For instance, EVs 
isolated from the CM of MSC cultured under stirred 
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conditions had a PPR of 0.9 × 109 and 1.23 × 109 particles/
µg when using UC and TFF, respectively [23]. Moreover, 
the detection of tetraspanins CD9 and CD63 and syn-
tenin-1 at higher levels in isolated EV samples compared 
to WCL controls further confirmed EV enrichment and 
purity of the preparation. Finally, HUVECs and breast 
cancer cell lines readily internalised the isolated MSC-
EVs, validating their potential application as natural ther-
apeutics or drug delivery vehicles.

Further studies are needed to better characterize and 
evaluate the therapeutic potential of MSC-EVs gener-
ated using our manufacturing platform. These should 
include transcriptomic and proteomic analyses of MSC-
EV molecular cargo [80, 81], as well as in vitro and in vivo 
functional studies to assess EV potency [82], including 
their hematopoietic support [83, 84], immunomodula-
tory [85, 86], and proangiogenic activities [22, 87]. Addi-
tionally, the potential use of MSC-EVs as drug delivery 
vehicles could be explored [17], leveraging their inherent 
tissue-targeting capabilities.

Ultimately, the significant capital investment and high 
cost of goods (COG) associated with MSC and MSC-EV 
manufacturing pose considerable obstacles to the wide-
spread adoption of MSC-based therapies. Overcoming 
these challenges requires a thorough assessment of their 
economic feasibility to ensure these therapies can be 
both successful and accessible to a larger patient popula-
tion [88].

Conclusion
In this work, we successfully developed a fully scalable 
platform for the clinical-scale manufacturing of MSC-
EVs, integrating GMP-compliant upstream and down-
stream processes. To the best of our knowledge, this is 
the first study to establish a robust S/XF system for the 
continuous collection of MSC(WJ)-derived EVs using a 
controlled STR. By optimizing critical parameters such 
as cell seeding density per microcarrier surface area 
and agitation regimen, our system achieved a remark-
able ~ 30-fold expansion of MSC(WJ) in 7 days - a signifi-
cant improvement over most reported values for similar 
systems and timeframes. MSC expansion was followed 
by a 3-day continuous EV production stage under stirred 
conditions using a novel EV-depleted hPL-supplement, 
which did not compromise cell viability and identity 
of MSC. For EV isolation, TFF was coupled with AEC, 
enabling the efficient processing of large CM volumes 
(over 600 mL) and yielding high-purity EVs in substan-
tial numbers. The MSC-EVs produced exhibited all the 
expected characteristics, including size, surface charge, 
morphology, protein markers and effective target cell 
internalisation. Our platform demonstrated a particle 
yield factor of approximately 1.2 × 10⁴ particles/cell/day, 
allowing for the reproducible, high-yield manufacturing 

of clinically relevant quantities of MSC-EVs. This repre-
sents a significant step towards making MSC-EV-based 
therapies both economically viable and widely avail-
able in routine clinical practice. Future research should 
prioritize functional assays to evaluate the therapeutic 
potential of MSC-EVs in different contexts, while also 
optimizing the platform to achieve higher yields and 
improved process efficiency.
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