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Abstract: Mesenchymal stem/stromal cell-derived extracellular vesicles (MSC-EVs) are considered a 

promising therapeutic tool in cell therapy due to their immunomodulatory, regenerative and angiogenic 

capabilities. However, there is a lack of process knowledge, particularly for a large-scale production 

of MSC-EV using fully controlled stirred tank bioreactor (STR) systems. For the establishment of a 

STR-based process, we investigated dynamic process set-ups in spinner flasks, using three different 

microcarriers, as well as in shaking flasks, using microcarrier-free spheroids. An immortalized cell 

line (hMSC-TERT) and a particle-free chemically defined medium was used for all approaches. Cell 

characteristics (e.g., growth, metabolism, cell-specific particle production rates), MSC-EV epitope 

markers and MSC-EV potency in migration assays were analyzed. We showed that the transfer to a 

dynamic system (non-porous microcarrier, spinner flask) significantly increased the cell-specific 

particle production rate (6-fold) and the expression of EV-specific markers. Moreover, MSC 

proliferation and, most importantly, the therapeutic potency of MSC-derived particles including EVs 

was maintained. We demonstrated that high cell-specific particle production rates were associated with 

an increased glucose consumption rate rather than cell growth, which can be utilized for future process 

development. Furthermore, we showed that dynamic conditions of a controlled 1 L STR significantly 

increased the cell-specific particle production rate (24-fold) as well as the final concentration (3-fold) 

of potent MSC-derived particles including EVs. This indicates that fully controlled STRs are an 

efficient production system for MSC-derived particles including EVs that may open and facilitate the 

path for clinical applications. 
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1. Introduction 

Mesenchymal stem/stromal cells (MSCs) represent a powerful tool for therapeutic approaches in 

medicine, especially for cell therapy and tissue engineering. Numerous clinical trials have already 

demonstrated the potential of MSCs for the treatment of non-curable diseases such as the graft-versus-

host disease (GvHD), myocardial injuries, diabetes, ischemic stroke or liver diseases [1]. This is due 

to their multipotent, immunomodulatory, anti-inflammatory and regenerative properties [2]. For 

regenerative medicine, the properties related to tissue repair are of particular interest [3]. These include 

effects such as the migration to sites of injury, angiogenesis and anti-scarring effects. MSCs were 

originally thought to exert their therapeutic effect by migrating to the therapeutic site and subsequently 

differentiating into the desired cell type. However, therapeutic effects of MSCs can be observed a long 

time after transplantation, although several studies have revealed a low MSC engraftment rate after 

transplantation [4]. This increasingly suggests that therapeutic effects are not only caused by direct 

cell-cell contacts or the replacement of defective cells by newly differentiated MSCs, but rather 

by paracrine effects of MSCs. In addition to soluble growth factors and cytokines, extracellular 

vesicles (EVs) are of increasing importance for therapeutical applications [4]. As an important 

component of cell-cell communication, EVs are involved in cellular and pathophysiological processes 

such as angiogenesis, immune response, homeostasis maintenance, cancer progression, proliferation 

and differentiation. EVs perform their therapeutic functions by acting as intercellular shuttles, 

transferring biologically active molecules such as proteins, DNA, RNA (mRNA and miRNA) and 

lipids between cells [5]. Indeed, recent studies have already shown beneficial effects of MSC-EVs in 

various disease models, such as the GvHD, stroke, sepsis, kidney injury or skin wound healing [5]. 

For the clinical translation of MSC-EVs, a suitable, scalable and GMP-compliant production 

platform is required, since cell and EV properties are affected by biological, chemical, physical and 

mechanical process parameters [6]. Different static and dynamic, as well as 2D and 3D, systems for 

the EV production of anchorage dependent MSCs are already investigated on a laboratory scale. Often, 

MSC-EVs are produced under static conditions, using 2D plastic surfaces, such as T-flasks. 

Disadvantages of a static 2D culture are the formation of substrate and pH gradients, a lack of process 

scalability and a lack of suitable online monitoring techniques necessary to meet GMP requirements. 

Furthermore, 2D cultures poorly mimic the physiological environmental conditions of MSCs in vivo, 

which could decrease the quantity and quality of secreted EVs compared to 3D cultures [7,8]. The 

solution could be bioreactors that offer a dynamic environment with many options for process control 

and optimization, where process parameters such as temperature, pH, dissolved oxygen and biomass 

can be monitored and adjusted easily. Furthermore, a homogeneous microenvironment prevents the 

formation of substrate gradients or accumulation of toxic products, which can inhibit cell growth and 

EV productivity. 

Different bioreactor systems have been investigated for MSC-EV production. Cao et al. reported 

a 19.4-fold increase in a total exosome production in a hollow fiber bioreactor in which MSCs form 

high density cell clusters [9]. In the vertical-wheel reactor, a 5.7-fold increase of the EV concentration 

and a 3-fold increase in productivity in a serum/xeno-free microcarrier-based culture, compared to 
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static conditions, was reported [8]. A stirred-tank bioreactor (STR) offers a variety of process set-ups 

for the dynamic culture of MSCs and the production of MSC-EVs. MSCs can be grown as spheroids, 

or a growth surface can be provided as spheres with 100-300 µm in diameter, known as microcarriers. 

Cha et al. showed a 100-fold increased EV production in a dynamic 3D spheroid culture of MSCs 

using a microwell approach [10]. A microcarrier-based spinner flask culture also increased the 

exosome yield in the conditioned medium of umbilical cord MSCs [11]. Most recently, a study 

described a controlled microcarrier-based STR process in a fed-batch and perfusion mode that 

maximized MSC proliferation and isolated EV from conditioned medium with no significant 

differences in EV size and concentration [12]. However, there is no description of the effect of the 

hydrodynamic conditions or microcarrier properties on the EV production in dynamic culture 

conditions, especially in comparison to classical static production systems. In addition, the absence of 

correlations between cell- and EV-specific properties represents a significant challenge. This limitation 

is particularly challenging when EVs with specific attributes, such as size, surface markers or 

potency, are desired. The attainment of a rationally designed EV-product for personalized medicine 

can only be realized by acquiring more process knowledge in well characterized, scalable EV 

production systems [13]. Although some first studies showed the beneficial effect of a dynamic MSC-

EV production, fundamental process knowledge is currently lacking. Almeria et al. reviewed the 

impact of the culture conditions on MSC-EV production [6]. The authors concluded that 3D and 

dynamic MSC-EV production processes are superior to traditional 2D culture in terms of yield and 

angiogenic, anti-inflammatory and immunomodulatory properties of MSC-EVs. However, they 

underscored the importance of further process development in this area, as the influence of relevant 

process parameters on the production of MSC-EVs have been poorly investigated so far. 

In addition, the cultivation medium affects MSCs and is therefore important for successful and 

efficient EV production. Serum is often added to the cultivation medium [3]. However, Kornilov et al. 

showed a high contaminating particle load of 2.5 × 1011 particles mL−1 in serum, which complicates 

the production, isolation and analysis of MSC-EVs [14,15]. Bovine-EVs can be removed elaborately 

by ultracentrifugation. However, this method is time-consuming and lacks scalability [15]. To 

circumvent the removal of exogenous EVs prior to usage, the so-called starving method is often used. 

For this, MSCs are cultured and expanded in a serum-containing medium. For the EV-production phase, 

the serum-containing medium is replaced with serum-free or chemically defined medium for EV 

production [16]. However, this method provides several disadvantages such as additional operation 

steps during cell culture, increasing the probability of contamination. Similarly, undefined serum 

residues may be present, reducing process stability and reproducibility. Most importantly, the method 

of starvation is limited in time, as excessive starvation time can cause MSCs to enter an apoptotic state, 

which ultimately affects EV properties. These issues give rise to the urgency for a GMP-compliant 

process in which MSC-EVs are produced in MSC-expansion processes in chemically defined 

conditions and on a large scale. 

Several studies investigated the expansion of MSCs in dynamic conditions [17–20] focusing 

exclusively on MSC growth and properties. As only little knowledge on the investigation of an MSC-

EV production process has been published so far, we focused mainly on the production of particles 

including EVs and on possible correlations with specific cell-based process parameters. As we used a 

chemically defined medium with a non-detectable particle background, we needed a minimal 

processing of supernatants to analyze the MSC-derived particles including EVs. We were aware that 

other particles besides EVs might be present in the supernatants. However, we examined the 
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therapeutic potency if the supernatants i) showed an expression of EV- and MSC-specific markers 

(CD81, CD63, CD9 and CD44, CD29, respectively), confirming the presence of MSC-EVs [21] and 

ii) contained particles within the MSC-EV typical size range. We investigated three different types of 

microcarriers, consisting of different materials and different porosities, in spinner flasks and compared 

them to a standard cell culture in T-flasks. Here, higher porosities were assumed to favor the migration 

of MSCs into the microcarrier interior, where minimal shear effects from the stirrer or microcarrier 

collisions should prevail, while providing the same nutrient supply as on the microcarrier surface. In 

addition, a microcarrier-free production was investigated in the form of a spheroid culture to mimic 

physiological in vivo conditions of a cell compartment. We compared cell- and EV-specific 

characteristics, including growth, metabolism, cell-specific EV production rates, EV epitope markers 

and potency in migration assays with HaCaT cells. Based on the screening experiment, in which the 

most suitable production platform was identified, a process transfer to a monitored and controlled 1 L 

stirred bioreactor was performed. 

2. Materials and methods 

2.1. Cell culture 

2.1.1. Routine cell expansion 

hMSC-TERT (kindly provided by Prof. M. Kassem [22]) were cultured in CellBIND tissue 

culture flasks (Corning, New York, USA) containing the chemically defined SteMaxOne (Cell 

Culture Technologies, Gravesano, Switzerland) and 0.2% (v/v) of an Insulin-Transferrin-Selenium 

mixture (100×, Gibco, Schwerte, Germany) which will further be referred to as MSC growth medium 

with a seeding density of 4,000 cells cm−2, cultured at 37 °C and 8% CO2 in a humidified atmosphere. 

Before passaging, the cells were observed by microscopy to ensure the absence of morphological 

defects and contamination. Passaging was performed at 80–90% confluence using 0.026 mL·cm−2 

TrypLE (Gibco, Schwerte, Germany) for 1 min at room temperature. 

HaCaT cells, a spontaneously immortalized human keratinocyte line (Cell Lines Services, 

Germany), were cultured in high glucose DMEM (Gibco, Schwerte, Germany) containing L-

glutamine supplemented with 10% (v/v) fetal calf serum (Sigma-Aldrich, Taufkirchen, Germany) 

at 37 °C and 5% CO2 in a humidified atmosphere. Cells were seeded at 4,000 cells cm−2. Before 

passaging, the cells were observed by microscopy to ensure the absence of morphological defects and 

contamination. When 80–90% confluence was reached, the cells were washed using phosphate 

buffered saline (PBS, Biochrom) and detached using 0.026 mL·cm−2 TrypLE for 10 min. 

2.1.2. Static growth 

For capturing static growth- and particle-production kinetics, hMSC-TERT were cultured 

in 6-well plates (Corning, New York, USA) containing MSC growth medium with a seeding 

density of 4,000 cells cm−2 for ten days (37 °C, 8% CO2, humidified atmosphere). The supernatant 

was sampled daily, centrifuged at 1,000 × g for 10 min and stored at −80 °C for later analysis. The 

cells were detached using TrypLE, followed by daily cell count using a Neubauer hemocytometer. For 

a migration assay, three T75 flasks were cultured for 168 h at similar conditions as in 6-well plates 
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(MSC growth medium, 37 °C, 8% CO2 in a humidified atmosphere) to produce supernatants, which 

were then centrifuged at 1,000 × g for 10 min and stored at −80 °C. 

2.1.3. Microcarrier screening in spinner flasks 

For expansion and MSC-derived particle production including EVs of hMSC-TERT, three 

microcarrier types with different porosities were investigated as triplicates in spinner flasks (magnetic 

pendulum, Integra Biosciences, Wallisellen, Switzerland) with a 100 ml working volume. Cytodex 1 

and Cytopore 2 microcarriers (Cytiva, formerly GE Healthcare, Solingen, Germany) were prepared 

as recommended by manufacturer instructions before sterilization. Enhanced attachment 

microcarriers (Corning, New York, USA) were sterile and ready to use. Table 1 summarizes the 

microcarrier specifications. After 1 h equilibration of MSC growth medium at 37 °C and 8% CO2 in 

a humidified atmosphere, all spinner flasks were inoculated at 4,000 cells cm−2. The initial stirrer 

speed was set to 20 rpm to facilitate cell attachment. The stirring speed was increased to a maximum 

of 40 rpm during culturing to avoid microcarrier agglomeration. 2 mL of the microcarrier-cell 

suspension were sampled daily, where the supernatant was centrifuged at 1,000 × g for 10 min and 

stored at −80 °C until analysis. The cells were detached from the microcarriers using TrypLE for 5 min 

and gentle pipetting. The detachment was confirmed by microscopical observation. The cell count was 

done by using a Neubauer hemocytometer. After 168 h, the total supernatant was centrifuged at 1,000 × g 

for 10 min and stored at −80 °C for the migration assay analysis. 

Table 1. Microcarrier properties used in spinner and STR experiments. 

Microcarrier Manufacturer Porosity and 

material 

Concentratio

n in culture 

[g·L−1] 

Specific 

surface 

[cm2·g−1] 

Diameter 

[µm] 

Enhanced 

Attachment 

(EA) 

Corning Non-porous, 

polystyrene 

15 360 125–212 

Cytodex 1 

(CD) 

Cytiva, formerly 

GE Healthcare 

Micro-porous, 

dextran beads 

3 4400 190 

Cytopore 2 

(CP) 

Cytiva, formerly 

GE Healthcare 

Macro-porous, 

cross-linked 

cotton cellulose 

3 11000 230 

2.1.4. Spheroid formation in shaking flasks 

Spheroid formation was recently published [23] and is therefore only described shortly. Dynamic 

spheroid formation was carried out in MSC growth medium in shaking flasks at 37 °C in a 5% CO2 

in a humidified atmosphere for five days. We used a 100 mL baffled shaking flask with a working 

volume of 20 mL on a shaking plate (Infors HT, Bottmingen, Switzerland) at 100 rpm with an 

eccentricity of 2.5 cm. All flasks were inoculated at a seeding density of 2.5 × 105 cells mL−1. Daily 

samples were stained with calcein/ethidium to test vitality, and an image-based analysis of the spheroid 
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size distribution was carried out according to Petry et al. [23] and supernatants frozen at −80 °C for 

later analysis. After 120 h, the total supernatant was centrifuged at 1,000 × g for 10 min and stored 

at −80 °C for migration assay analysis. 

2.1.5. Process transfer into a fully controlled stirred tank bioreactor 

For a large-scale production of MSC-derived particles including EVs, we used the Labfors 5 

bioreactor system (Infors HT, Bottmingen, Switzerland). The inner tank diameter was 0.115 m with a 

dished bottom. The working volume was 1 L, resulting in a ratio of liquid height to tank diameter of 1. 

We used a 45 three-segmented pitched-blade stirrer at a stirring speed of 57 rpm, ensuring a 

complete suspension of all microcarriers, according to Zwietering et al. [24]. The STR was 

equipped with process analytical technology, including a pH probe, a temperature probe, a 

dissolved oxygen probe and a dielectric spectroscopy probe (all from Hamilton, Bonaduz, 

Switzerland). The pH was set to 7.3 ± 0.1 and down-regulated by adding CO2 over headspace and 

up-regulated by adding 1 M sodium hydroxide. The temperature was kept constant at 37 °C. The 

dissolved oxygen (DO) value was kept over 40% by discontinuous aeration over headspace. The four 

installed probes, the shaft guide, the sparger and pipes for sampling and harvesting were used as baffles 

and lead to a completely baffled system [25]. After sterilization, the STR was filled with 0.9 L MSC growth 

medium containing 15 g·L−1 enhanced attachment microcarriers and was then equilibrated for 1 h at 37 °C, 

pH 7.3 ± 0.1 and at a stirring speed of 57 rpm to allow pH and temperature to adjust. A continuous 

headspace aeration at 50 mL·min−1 with air (oxygen partial pressure of 21%) was also applied to 

allow a DO calibration of 100%. hMSC-TERT were detached from two T175 flasks (MSC growth 

medium, 37 °C, 8% CO2 in a humidified atmosphere) and resuspended in 100 mL pre-equilibrated 

MSC growth medium for an inoculation density of 4,000 cell cm−2. Daily sampling was done as 

described in section 2.1.3. At the end of culture (STR 1: 192 h, STR 2: 144 h, STR 3: 168 h), the total 

supernatant was centrifuged at 1,000 × g for 10 min and stored at −80 °C for the migration assay 

analysis. 

2.1.6. Sample preparation 

All supernatants were centrifuged at 1,000 × g for 10 min and stored at −80 °C for later analysis. 

For the migration assay, a suitable control for each sample was needed. 15 mL of each sample were 

purified using an Amicon ultra 100 kDa centrifugal filter device (Darmstadt, Merck; 1,000 × g for 5 

min) to generate a respective control without particles in the permeate (EV-depleted fraction), but with 

the same metabolic concentrations as in the untreated supernatant. 

2.2. Analytical methods and calculations 

2.2.1. Determination of growth rate and expansion factor 

The growth rate µ was determined during the exponential growth phase using the following 

equation: 

Growth rate µ [h-1]=
ln(xi)-ln(xi-1)

ti-ti-1
,        (1) 
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where x represents the cell count at the corresponding time point t. The expansion factor represents the 

ratio of the maximum cell count to the starting cell count: 

Expansion factor =
xmax

xstart
        (2) 

2.2.2. MSC surface marker analysis 

The Stemflow™ human MSC analysis kit from (BD Biosciences, Heidelberg, Germany) includes 

four positive markers labeled with different fluorochromes (CD90-FITC, CD105-PerCPCy5.5, CD73-

APC, CD44-PE) and five negative markers (CD45, CD34, CD11b, CD19, HLA-DR), all of which are 

labeled with PE. The kit also comes with corresponding isotype controls. To conduct the analysis, 

microcarriers were rinsed with PBS and hMSC-TERT were detached using TrypLE. hMSC-TERT 

were immediately stained according to the protocol provided by BD Biosciences. The analysis was 

performed on a flow cytometer (Guava easycyte 6HT-2L, Darmstadt, Merck). 

2.2.3. Spheroid characterization 

Data of our spheroid characterization was recently published by our group [23]. Here, we used 

the same protocol for the assessment of spheroid vitality and spheroid size. 

2.2.4. Glucose/Lactate measurement 

Glucose and lactate concentrations were determined daily, using a Biosen C-line analyzer (EKF 

Diagnostic, Barleben, Germany). The following equation was used for the calculation of cell specific 

conversion rates: 

Metabolic conversion rate [g cell−1 h−1] =
(ci−ci−1)∗V

x̅∗(ti−ti−1)
     (3) 

with 

Logarithmical average cell count x̅ =
xi−xi−1

ln (xi)−ln (xi−1)
 ,     (4) 

where c represents the metabolite concentration and V represents the working volume at the 

corresponding time point t. 

2.2.5. Particle quantification 

For a particle size and concentration determination, a nanoparticle tracking analysis (NTA) was 

performed with a Nanosight LM10 instrument (Malvern Panalytic, Kassel, Germany) equipped with 

the NTA 3.0 analytical software, detecting particles from 100–1,000 nm in size. All samples were 

diluted with pure medium for a final concentration of 108–109 particles mL−1 and measured for 30 s. 

The video was captured at a camera level of 16, a camera gain of 1, a temperature of 25 °C, a viscosity 

of 0.9 mPa s and analyzed at an automated detection threshold and blur. For particle sizes, the mean 
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values and their standard deviations of at least three independent experiments are shown. The particle 

production rate per cell and time is only valid for the exponential growth phase of each experiment 

and was calculated using the following equation: 

Particle production rate [particles cell−1 h−1] = Yp 𝑥⁄ ∗ µ,    (5) 

where 𝑌𝑝 𝑥⁄   represents the particle yield of produced particles per cell. The particle yield was 

determined by the linear regression of the total particle count over the cell count and is represented by 

its slope. For the particle production rate in spheroid cultivations, we used Eq 3, where ci represents 

the particle concentration at corresponding time points. The mean particle sizes reflect the mean 

particle sizes over the entire course of cultivation and not just that of a specific point in time. 

2.2.6. Surface marker characterization of EVs by MACSPlex Exosome Kit 

For sample preparation, the manufacturer’s protocol “Overnight protocol for the assay using 1.5 

mL tubes” (Miltenyi Biotec, Germany) was followed. Briefly, pre-cleared cell culture supernatant 

(centrifugation at 1,000 × g, 10 min) containing 3.7 × 108 particles and equal volumes of the blank 

(medium) were diluted with MACSPlex buffer to a final volume of 120 µL and then mixed with 15 µL 

of MACSPlex exosome capture beads in 1.5 mL tubes. The mixture was incubated overnight at room 

temperature and in the absence of light, using an orbital shaker (450 rpm). After washing the beads 

with 500 µL MACSPlex buffer, 15 µL of MACSPlex exosome detection reagent containing APC-

conjugated antibodies (anti-CD9, anti-CD63 and anti-CD81), were added to the mixture. This was 

followed by a 1 h incubation using an orbital shaker (450 rpm). Beads were washed twice with 500 µL 

MACSPlex buffer prior to the analysis in the flow cytometer (Guava easycyte 6HT-2L, Darmstadt, 

Merck). The marker expression of EV-specific markers CD81, CD63, CD9 and MSC-specific markers 

CD44, CD29, is displayed as the background corrected mean fluorescence intensity (MFI). 

2.2.7. Potency in a migration/scratch assay 

Potency was assessed in a migration/scratch assay using HaCaT cells. For this, the HaCaT cells 

were seeded at 7 × 104 cells cm−2 in 6 well plates (Sarstedt, Nümbrecht, Germany). After 48 h, two 

scratches with a length of 1.5 cm were made per well in the cell monolayer using a 1,000 μL pipette 

tip. Care was taken to ensure that the surface of the well was not damaged. The medium was aspirated 

and the cells were washed twice with PBS. Each sample was diluted with its corresponding control 

(see 3.1.6) to a total particle concentration of 2 × 109 particles mL−1. 2 mL of the sample or the 

corresponding control were transferred into the well. The initial conditions of both 1.5 cm scratches 

were recorded by microscopy at 200× magnification. After 22 h, both scratches were recorded again 

by microscopy. By subtraction of the cell confluence at 22 h and 0 h, the total migration of the sample 

and its control was calculated. The particle-mediated migration was then calculated as the difference 

of the total migration of the sample and its control in %. Each sample was measured as biological 

triplicate and technical triplicate (one technical replicate equals two 1.5 cm scratches). For the 

confluence image analysis, the open-source software Phantast by Jaccard [26] was used. 
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2.2.8. Statistical analysis 

If not stated otherwise, all experiments were performed as three independent runs and presented 

as mean value ± standard deviations (SD). For a statistical analysis, the following tests were applied: 

(1) two groups: Student’s t-test, (2) for more than two groups: one or two-way ANOVA followed by a 

post-hoc analysis, using Tukey’s test. Intervals of significance were indicated as follows: * p < 0.05, 

** p < 0.01, and *** p < 0.001. 

3. Results and discussion 

3.1. Small-scale screening of a suitable MSC expansion platform for an EV production 

3.1.1. MSC growth under dynamic conditions 

Currently, limited process knowledge is available for the production of MSC-derived particles 

including EVs, wherefore this work investigated both cell-related and particle/EV-related properties in 

the manufacturing of MSCs-EVs. The basis for an efficient large-scale MSC-EV production is the use 

of a scalable culture system, in which cells proliferate to produce sufficient cell numbers starting from 

a small inoculum. Therefore, a bioreactor system using microcarriers or a spheroid culture are viable 

options. In our study, MSCs grew in dynamic conditions on non-porous enhanced attachment (EA) 

and micro-porous Cytodex 1 (CD) microcarriers, but not on macro-porous Cytopore 2 (CP) 

microcarriers or as spheroids (Figure 1A and Table 2). We determined a decreased cell growth with 

increasing microcarrier porosity. In comparison of non-porous EA and micro-porous CD microcarriers, 

MSCs on CD microcarriers had a 45% lower growth rate and a 15.5-fold lowered expansion factor. 

Although macro-porous CP microcarriers provide a large surface area, MSCs were more likely 

captured in the periphery of CP microcarriers without cellular spreading or any cell migration inside 

the microcarrier. Similar observations were published by Yang et al., who determined that MSCs did 

not grow on CP microcarriers [27]. Compared to the static control (ST), MSCs on non-porous EA 

microcarriers had a 16.5% higher growth rate, but no significant differences in the expansion factor. 

The growth rate and the expansion factor of MSCs on micro-porous CD microcarriers were 35.5% 

and 11.8-fold lower, respectively, compared to ST. Our observations were consistent with Yang et al., 

who observed a reduced MSC growth on micro-porous CD microcarriers compared to non-porous 

microcarriers [27] and previously published MSC growth rates [17,28,29]. Thus, based on MSC 

growth, non-porous EA microcarriers provided the most suitable growth surface while MSC-specific 

surface markers were not affected (Supplementary Figure 1). 

Microcarrier-free dynamic conditions led to MSC aggregation and finally to spheroid formation. 

Thereby, spheroids showed a constant sauter diameter ds over time of 46.7–49.5 µm with a high vitality 

of 96%. As already described by Petry et al. [30], no cell/spheroid growth was observed and, 

consequently, no growth rate was determined. Petry et al. explained the absence of spheroid growth 

mainly by surface-erosive effects of prevailing hydrodynamic forces [30]. 
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Figure 1. Analysis of MSC growth and particle production in a static system (ST), on 

different microcarriers in spinner flasks (Enhanced Attachment (EA), Cytodex 1 (CD), 

Cytopore 2 (CP)) or as spheroids (SP). (A) MSC growth given by total cell count. (B) 

Particle concentration over time. (C) Particle production rate over the exponential growth 

phase (ST: 24–144 h, EA: 48–168 h, CD: 48–120 h). (D) Mean particle sizes in 

supernatants. Data are presented as means ± SD (n = 3). 

3.1.2. Particle production 

We analyzed the particle production directly from the cell-free supernatants of the culture. The 

particles in the supernatant were solely attributed to MSC-derived particles, since the chemically 

defined medium we used for all experiments were almost particle-free (particle load below detection 

limit of NTA, <108 particles mL−1), even after a cultivation for 72 h, using only microcarriers (without 

cells) to examine the microcarrier-derived particles. For MSCs expanded on EA, CD, and ST, the 

particle concentration in the supernatant increased exponentially in alliance with the exponential cell 

growth (Figure 1A, B). The assumption that the particle formation is growth-associated was confirmed 

by an almost constant particle concentration using CP microcarriers, where MSC did not grow. 

However, the MSC spheroids, which did not grow, also showed an exponential increase in particles. 

The particle concentrations (ranging from 4.4–5.4 × 109 particles mL−1) in the ST control and the 

dynamic EA and CD cultures were in accordance with literature data from hMSC-TERT-derived EVs 

ranging from 2.5 × 109 particles mL−1 [31] to 6.4 × 1011 particles mL−1 [32]. No differences in particle 

concentrations were observed between ST, EA and CD cultures. However, lower final cell 
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concentrations in EA cultures compared to the ST control indicated increased particle production per 

cell in dynamic cultures. The comparison of particle concentrations with results of other groups lack 

in important considerations such as working volume, cell count and time of production. We therefore 

used the particle production rate as a suitable basis for the comparability of the individual production 

platforms. The particle production rates (Figure 1C) were 6.6-fold and 4.0-fold higher for EA and CD 

and 44.2-fold higher for SP, compared to the ST control. Although there might be an impact of growth 

on the particle formation, we found no general correlation between the MSC growth rate and the 

particle production rate, e.g., the ST control showed a high growth rate, but only a low particle 

formation rate (Figure 1C, Table 2). 

Interestingly, dynamic conditions increased particle production rates and metabolite conversion 

rates in a similar manner. Here, the glucose consumption rates (Table 2) were 3.7-fold (EA) and 2.3-fold 

(CD) higher in dynamic microcarrier cultures than in ST. We determined a linear correlation (R2 = 0.998) 

between particle production rates and glucose consumption rates. Compared to the ST control, the 

lactate formation rates were 1.8-fold (EA) and 1.9-fold (CD) increased in dynamic microcarrier 

cultures. A similar observation was made by Wang et al., who attributed an improved exosome 

secretion to an improved metabolic activity, rather than to an increased cell number [33]. 

Table 2. Overview of relevant biological properties of MSCs and produced particles in a 

static system (ST), on different microcarriers in spinner flasks (Enhanced Attachment (EA), 

Cytodex 1 (CD), Cytopore 2 (CP)) or as spheroids (SP). Data are presented as means ± SD 

(n = 3). 

System Growth rate 

[h−1] 

Expansion 

factor [-] 

Particle yield 

[103 Particles 

cell−1] 

Glucose 

consumption rate 

[10−12 g·cell−1h−1] 

Lactate 

production rate 

[10−12 g·cell−1h−1] 

ST 0.0310 ± 

0.0007 

67.4 ± 8.5 1.6 ± 0.1 70 ± 5 81 ± 5 

EA 0.0361 ± 

0.0015 

88.6 ± 21.7 9.0 ± 2.6 261 ± 25 145 ± 13 

 

CD 0.020 ± 

0.004 

5.7 ± 4.0 9.7 ± 3.3 163 ± 23 150 ± 21 

CP* - - - 114 109 

SP - - - 46 ± 8 38 ± 6 

Another parameter for a process evaluation of different production platforms is the total particle 

yield. Strikingly, dynamic cultures with EA and CD microcarriers showed a significantly higher 

particle yield (5.5- and 6.0-fold, respectively) compared to the ST control, but did not differ from each 

other (Table 2). These findings are consistent with those of Haraszti et al., who observed a 20-fold 

increase in the exosome yield in a spinner flask using non-porous microcarriers compared to static 

cultures [11]. CD cultures were inoculated with a relatively high initial cell concentration of 53 × 103 

cells mL−1 (ST: 19 × 103 cells mL−1, EA: 22 × 103 cells mL−1) to achieve the same inoculation cell 

density (cells cm2) due to the large surface area of CD microcarriers. At the same time, the CD cultures 

reached a significantly lower final cell concentration of 28 × 104 cells mL−1 (ST: 112 × 104 cells mL−1, 

EA: 56 × 104 cells mL−1) due to a low expansion factor. Therefore, a very high initial cell number, 

rather than strong cell growth, could explain the similarly high particle yield compared to EA cultures. 
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The ST control as well as cultures with EA microcarriers had similar initial cell concentrations. 

Although the final cell concentration was twice as high in the ST control, the particle yield was lower. 

This indicated an increased particle production, especially on EA microcarriers. Another group 

suggested the calculation of a yield coefficient that is based on the total particle count, the initial cell 

count and the EV/particle production time for a better comparison [34]. Based on this yield coefficient, 

we reached 32 × 103 particles cell−1·day−1 for ST, 30 × 103 particles cell−1·day−1 for EA and 12 × 103 

particles cell−1·day−1 for CD cultures. In this case, the ST control and the non-porous EA microcarrier 

culture were more efficient in the EV production than CD cultures. Pinto et al. reached a yield 

coefficient of 36 × 103 particles cell−1·day−1, which is slightly higher than that we observed [34,35]. 

This might be due to a short-term high-shear EV production phase, used in their process. Since several 

studies mention shear stress, positively influencing and triggering MSC-EV production [8,11,13,36,37], 

we also expected and could finally confirm higher particle production rates in spinner flasks. The 

switching to a dynamic system triggers hMSC-TERT particle production rates independent of growth 

characteristics and microcarrier types due to hydrodynamic shear stress or shear stress induced by 

microcarrier collisions. This was also shown in other bioreactor types as Almeida Fuzeta et al. were 

able to increase the MSC-EV productivity by a factor of 3 and the particle production rate by a factor 

of 5, compared to static conditions when switching to an EA microcarrier-based culture in a vertical-

wheel bioreactor [8]. 

We were aware that quantification of EVs using nanoparticle tracking analysis (NTA) has its 

limitations primarily stemming from the inability to decipher EVs from other particles of similar size 

such as protein precipitates, salt crystals and lipoprotein agglomerates. However, the lack of 

therapeutic potential of those particles without EV specificity has not yet been proven. We thus 

considered the totality of particles in the supernatant in the typical size range of MSC-EVs as MSC-

derived particles including EVs and determined the therapeutic potency. However, for the 

quantification of explicit MSC-EVs, single-EV analytical techniques including imaging flow 

cytometry (IFCM), novel generations of flow cytometers or plasmon resonance devices with 

fluorescence detection units should be used. They allow the distinction between two different 

fluorescent labels including an EV-specific lipid dyes (i.e. Exoria) and MSC-EV specific epitope 

markers (i.e. CD81, CD63, CD9), while the EV nature of particles can be confirmed by the dissolution 

of particles after addition of detergents such as a NP-40 solution [38]. 

The size distribution profiles of all cultivations did not show any substantial differences as shown 

by a representative size distribution profile at the point in time of particle harvest for migration assay 

(Supplementary Figure 2). Therefore, we determined the overall mean particle size in supernatants 

over the whole cultivation process (Figure 1D). While larger particles (up to 5 µm) tend to be 

attributed to apoptotic bodies without relevant therapeutic potentials, exosomes and microvesicles 

are between 50 and 200 nm in size and have been proposed to be major mediators of therapeutic 

potencies [39]. We observed no differences in size between particles from ST, EA or SP cultures. Only 

following the transition from static to dynamic conditions had no impact on the particle size. However, 

the particles from cultures with both porous microcarrier types (CD and CP) showed a significantly 

smaller mean particle size of 133.4 ± 6 nm. Therefore, microcarrier porosity and, consequently, altered 

growth and particle production properties affected mean particle size. Compared to the size of EVs 

derived from hMSC-TERTs reported to be 90–150 nm in the literature [31,32], the detected particle 

sizes were within or slightly above this range. 
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3.1.3. EV surface epitope marker expression 

To further characterize the particles and identify EVs, surface epitope markers were determined 

using the MACSPlex Exosome Kit in EA, CD, SP and ST supernatants. As we neither determined cell 

growth, nor an increase in particle production, we did not consider the CP samples for EV analysis. 

For normalization, the same particle count of 3.7 × 108 was analyzed in all set-ups. Since only particles 

above 100 nm were considered for the particle analysis used here, exosomes (<100 nm) could not be 

normalized in the surface epitope marker analysis. The observed altered mean fluorescence intensities 

(MFIs) could therefore also originate from non-quantified exosomes, which must be investigated in 

further experiments. We further focused on markers that are currently classified as EV specific markers, 

e.g., CD81, CD63 and CD9, or as MSC-specific markers, e.g., CD44 and CD29 [40]. Interestingly, the 

SP cultures, which had the highest particle production, showed no or only very low MFIs for all these 

markers (Figure 2A). We therefore concluded that these particles were not assigned EVs, so that we 

did not further investigate these samples. However, we must be aware that we carried out a 

normalization to a certain particle number for the EV marker analysis, regardless of the real EV number. 

If we consider that during the spheroid production process many particles in the same size range as 

EVs were formed due to surface-erosive processes, we can deduce that our samples likely had only 

few measurable EVs in them. To evaluate the real potential of the spheroid culture system, the EV 

fraction must be isolated and concentrated before analysis. With an EV isolation before analysis, other 

groups showed that MSCs as spheroids released increased amounts of potent EVs, compared to a 2D 

control [10,41,42]. 

The particles produced in ST, EA and CD cultures showed the presence of EV- and MSC-specific 

markers. CD81 and CD63, which belong to the group of tetraspanins, reached high MFIs in all set-ups 

(ST, CD and EA), confirming the release of EVs. In addition to CD63 and CD81, CD9 is also often 

mentioned as an EV-specific marker. However, this statement cannot be confirmed with the results of 

this work since, compared to CD63 and CD81, the CD9 expression was about 4 times lower. Interesting 

in this context are the results of Munshi et al., who also could not detect a CD9 expression on EVs 

derived from an immortalized (bm-MSC) cell line [43]. They found different levels of CD9 expression 

on EVs derived from five different bm-MSCs. These results indicate that a CD9 expression on EVs is 

dependent on cell types and cell origin and cannot necessarily be considered as an EV specific marker. 

We found that EA and CD culture samples had a significantly higher MFI of CD63 and CD44, 

compared to the ST control. Higher MFIs of CD63 could be an indicator for a larger EV fraction among 

the measured particles triggered by dynamic conditions, as discussed before. CD44 is an adhesion 

molecule and, together with CD29, known as a surface mediator for migration [44,45]. Both could 

enhance the homing of target cells to injured tissue sites and could show their therapeutic potency. The 

comparison of cultures with EA and CD microcarriers only showed a significant difference in CD29, 

which was increased by using micro-porous CD microcarriers. Since CD9 and CD29 MFIs are higher 

in CD cultures than in ST and EA cultures, we concluded that culture conditions and the microcarrier 

type not only affect particle production, but also surface epitope marker expression. 
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Figure 2. MSC-derived particle analysis produced in static (ST) and on different 

microcarriers in spinner flasks (Enhanced Attachment (EA), Cytodex 1 (CD)). (A) 

Background-subtracted mean fluorescence intensities (MFIs) (B) Potency of MSC-derived 

particles from different culture supernatants (ST, EA and CD) using a migration assay with 

HaCaT cells. (D) Representative images of gap after 0 h and 22 h. Data are presented as 

means ± SD (n = 3). 

3.1.4. Potency assay 

Probably the most important criterion for the evaluation of different MSC-derived particle 

production platforms is the therapeutic potency. We evaluated potency using a migration/scratch assay. 

For this, the migratory behavior of HaCaT cells was observed over 22 h after cell monolayer had been 

scratched by a pipette tip (Figure 2B, C). Our results were consistent with previous studies showing 

that applied MSC-derived particles including EVs improved cell proliferation and migration [46,47]. 

Interestingly, particles from ST control and dynamic culture conditions, regardless of the microcarrier 

type (EA and CD), promoted migration in the same manner. Hence, no direct correlation between 
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particle size or surface marker expression and therapeutic potency was observed. Since it is described 

in the literature that shear stress can modulate EV cargo resulting in an increase of EV potency [13,36], 

higher migration in dynamic EA and CD cultures was expected. Moreover, in different regeneration 

studies of different tissue types, EVs derived from cells cultured in 3D systems or treated with chemical 

or physical stimulation showed increased potency compared to EVs derived from 2D controls [34]. On 

the other hand, our results are consistent with those of Patel et al. who stated no significant gap closure 

difference of HDMECs treated with EVs from static flask, scaffold and bioreactor cultures [48]. 

Furthermore, the hypothesis that particles with increased CD29 and CD44 expression could lead to 

an increased potency was not confirmed. In addition to the surface epitope markers discussed in 

section 3.1.3, CD73 has been identified as a critical bioactive component in numerous studies. This 

molecule was investigated for its role in immunomodulatory effects, with evidence provided in the 

literature [49–51], as well as its involvement in wound healing processes [52]. Contrarily, another 

study has presented inconclusive results, revealing that CD73 activity did not correlate with 

performance in a multi-donor mixed lymphocyte reaction [53]. These findings indicate a complexity 

in the functional role of transmembrane enzymes such as CD73 that needs further investigation. The 

exploration of additional bioactive molecules may offer more comprehensive insights into the mode 

of action of MSC-derived particles including EVs. By rigorously defining their expression and activity, 

possible correlations with therapeutic potential may be established. This could lead to the identification 

of mediators that are possibly influenced by process transfers, thereby enhancing our understanding of 

the functional dynamics of MSC-derived particles including EVs. Moreover, it should be noted that 

for the migration assay, a corresponding control was created for each sample through ultrafiltration, 

which was then verified for the depletion of all particles using NTA. However, we have to admit that, 

although we created corresponding controls with identical microenvironments for each sample, there 

exists the possibility that the full therapeutic potential, perhaps even stronger, may have been masked 

by metabolic components. We recommend additional purification steps such as ultracentrifugation or 

tangential flow filtration (TFF) and rebuffering into standardized buffers to accurately assess the full 

therapeutic potentials of MSC-derived particles including EVs. It is important to note, however, that 

these purification methods may themselves affect EV preparations, which could again result in 

masking the true therapeutic potential [11]. 

The multifaceted and wide-ranging therapeutic efficacy of MSC-derived particles including EVs 

underscores their paramount significance in clinical applications. However, the diverse therapeutic 

potential is not a homogenous trait, rather, it stems from the distinct reactivity of various MSC types 

to external stimuli, which in turn shapes the production of MSC-derived particles and their properties, 

including therapeutic potential [2,6]. Thus, it is plausible that our alterations in culture conditions 

induced changes in the physicochemical characteristics of MSC-EVs, such as size and epitope markers, 

without effecting the potency of the particles on the migratory behavior of HaCaT cells. This 

underscores the pressing need for commercially available and standardized potency assays that can 

comprehensively evaluate the intricate therapeutic potential of MSC products [54]. There is no gold 

standard for EV analysis and due to heterogeneity of EVs, characterization by multiple, complementary 

techniques is important [21]. Different methods are currently being tested and regarding a standardized 

EV characterization the ISEV recommends the following method sequence: 1) quantitative 

measurement of the EV source (number of secreting cells) 2) total particle count 3) testing of 

components associated with EVs or EV-subtypes 4) testing for the presence of non-vesicular, co-

isolated components [21]. Additionally, rather than surface epitope markers or EV size, the 
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composition of EV cargo, e.g., RNA and miRNA, should be investigated and determined in future, 

as these functional molecules are often considered to play a significant role in EV potencies. For 

instance, Haraszti et al. showed that MSC-EVs derived from an microcarrier-based system and 

isolated using tangential flow filtration were seven times more potent in delivery of small interfering 

RNA (siRNA) to neurons compared to MSC-EVs derived from a static system and isolated using 

ultracentrifugation [11]. We further recommend the cargo analysis using omics (genomics, proteomics, 

metabolomics, metagenomics, phenomics and transcriptomics) for the collective characterization and 

quantification of pools of biological molecules. 

Our small-scale screening experiments demonstrated that MSCs were highly sensitive to culture 

conditions, even when MSC surface markers were not affected. However, the transition from static to 

dynamic conditions not only changed cellular growth characteristics (improvement on non-porous EA 

microcarriers), but also altered the production of MSC-derived particles. At the same time, only 

supernatants from proliferating cultures (EA, CD and ST) confirmed the presence of EVs and showed 

therapeutic potency in a migration/scratch assay. The particle load with EV- and MSC-specific markers 

were much higher in EA and CD cultures, although these particles were similar potent than those from 

ST controls. Therefore, the dynamic set-up is favorable as it gives more particles with a similar potency. 

3.2. Evaluation of MSC-EV production in a 1 L STR 

STRs offer several advantages over static and spinner flask cultures to produce MSCs or MSC-

derived products such as EVs. The improved control of culture conditions, increased productivity, 

scalability, a homogeneous microenvironment and high reproducibility due to process analytical 

technology (PAT) make STRs a preferred choice for large-scale manufacturing [2]. Depending on our 

data, we transferred the process into a 1 L STR using EA microcarriers and investigated growth and 

particle key parameters in three independent STR runs (Figure 3). The cells in the STR grew with a 

comparable growth rate (0.032 ± 0.009 h−1) to the ST control (0.031 ± 0.001 h−1) but slightly lower 

than in spinner flasks. In parallel, the expansion factor decreased by 27% and 45% compared to ST 

control and EA microcarrier spinner cultures, respectively (Table 2 and Table 3). 
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Figure 3. Analysis of MSC growth and particle production in static (ST) and dynamic 

cultures in three independent stirred tank bioreactors (STR) with EA microcarriers. (A) 

MSC count and (B) Particle concentration over time. (C) Particle production rate over the 

exponential growth phase (STR 1: 24–192 h, STR 2: 48–120 h, STR 3: 48–144 h). (D) 

Mean particle sizes. Data are presented as means ± SD (n = 3). 

In the STRs, we determined a 3-fold increased particle concentration compared to the ST control 

(Figure 3B). Additionally, the particle production rate of 1219 ± 334 particles cell−1·h−1 during the 

exponential growth phase was 24.1 times higher compared to the ST control and 3.8 times higher 

compared to the spinner cultures (Figure 1C and Figure 3C). Thus, the process transfer from the spinner 

flask to a 1 L STR further stimulated particle production. Accordingly, a high particle yield was 

observed (27.5-fold to the ST control, 5-fold to the spinner cultures, Table 2 and Table 3), despite a 

similar initial cell concentration and a simultaneously lower final cell concentration of 45 × 104 cells 

mL−1 (ST: 112 × 104 cells mL−11). We also calculated the alternative yield coefficient, which refers to 

the total number of EV/particles, the initial cell count and production time [34]. Here, this yield 

coefficient was significantly increased to 66 × 103 particles cell-1·day-1 (ST: 32 × 103 particles 

cell−1·day−1, Spinner: 30 × 103 particles cell−1·day−1). The mean size of the particles was not affected 

(197 ± 40 nm) by the transfer into the STRs (Figure 3D). The underlying mechanisms for an increased 

particle production in the STRs are not yet fully understood. One explanation might be the differences 

in the hydrodynamic flow regime. Whereas a turbulent medium flow profile is present in the STR, 

spinner flasks often form a rather laminar flow. Therefore, also the shear forces acting on the MSCs 

on microcarriers in the spinner flask are lower, compared to the STR. Since it is already known that 
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the MSC-EV production responds to external stimuli such as shear stress, this may confirm that higher 

shear stress levels will also result in an increased particle production. In fact, in the literature it is 

reported that by increasing the stirrer speed in a spinner culture, thus generating more turbulence and 

more shear stress, the EV production per cell was increased [34]. Another major difference between 

the ST control/spinner flask and the STR is that process parameters, such as pH and dissolved oxygen 

(DO) levels, are fully controlled and kept constant in the STR. Accordingly, besides the changed fluid 

flow profile in the STR, constant levels of pH and DO could favor the production of MSC-EVs. This 

highlights the need for a better process knowledge and the determination of critical process parameters 

for MSC-EV production processes. 

The metabolic conversion rates in the STRs (Table 3), e.g., the glucose consumption and lactate 

formation rates, did not differ significantly from those of the spinner flask system (Table 2). However, 

the linear correlation between the particle production rate and the glucose consumption rate, which 

were previously determined in spinner flask cultures, was not confirmed for the STRs. This correlation 

underestimated the actual particle production rate by a factor of 4 and was therefore not applicable. 

Therefore, further investigations are necessary to develop a deeper understanding and define 

limitations to identify possible correlations for further MSC-EV process development. To elaborate on 

the operational efficiency of the STR process, a yield coefficient of produced particles per unit glucose 

can be used. In comparison to the ST control, which yielded approximately 7 × 1011 particles per gram 

of glucose, the STR process exhibited a significant increase in the yield coefficient, amounting to a 7-

fold rise, resulting in 50 × 1011 particles per gram of glucose. 

Table 3. Overview of relevant biological properties of MSCs and produced particles in 

static and stirred tank bioreactor (STR) cultures, such as growth rate, expansion factor, 

particle yield and specific metabolic key parameters as the glucose consumption and lactate 

production rate. Data are presented as means ± SD (n = 3). 

System Growth 

rate 

[h−1] 

Expansion 

factor [-] 

Particle yield 

[103 Particles 

cell−1] 

Glucose 

consumption rate 

[10−12 

g·cell−1·h−1] 

Lactate production rate 

[10−12 g·cell−1·h−1] 

ST 0.031 ± 

0.001 

67.4 ± 8.5 1.6 ± 0.1 70 ± 5 81 ± 5 

STR 0.032 ± 

0.009 

49.0 ± 

11.8 

45 ± 22 241 ± 104 185 ± 28 

The EV surface epitope markers of MSC-derived particles in supernatants in the STR were 

analyzed using the MACSPlex exosome kit (Figure 4A). Significant differences were observed 

between the ST control and the STRs, while all EV- and MSC-specific markers were highly expressed 

in the supernatants of the STR. The EV-typical surface epitope markers (CD81 and CD63) were 

significantly higher, indicating a larger EV fraction in the STR than in the ST control. In addition, these 

MFIs of the samples from the STR cultures were higher, compared to the MFIs detected in spinner 

flasks with EA microcarriers (Figure 2A). 
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The therapeutic potency was again evaluated, using a migration assay with HaCaT cells (Figure 4B,C). 

Similar to the spinner flask culture, no significant difference (p = 0.13) in the migratory behavior of 

HaCaT cells, triggered by MSC-derived particles including EVs from STRs, was detected. However, 

a trend emerged that an increased expression of EV- and MSC-specific markers is also associated with 

an increased therapeutic potency. 

 

Figure 4. MSC-derived particle analysis produced in static and STR cultures. (A) 

Background-subtracted mean fluorescence intensities (MFIs). (B) Potency of MSC-

derived particles using a migration with HaCaT cells (p = 0.13). (C) Representative images 

of gap after 0 h and 22 h. Data are presented as means ± SD (n = 3). 

In total, the STRs yielded 1013 particles, which outperformed classical, static cultures. To be 

precise, for a comparable number of particles as in a 1 L STR, including its EV release-promoting 

effects, 200 T-75 or over 85 T-175 flasks would be required to maintain the surface to volume ratio 
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of 5.4 cm2·mL−1, entailing higher costs for materials and operators and showing the limitations of 

scaling out standard cell culture vessels. Thus, we have demonstrated that fully controlled stirred-tank 

bioreactors, using non-porous microcarriers, represent a potent production platform for MSC-derived 

particles including EVs, enabling a rigorous process control and thereby laying the groundwork for 

clinical applications. 

4. Conclusions 

In this study, we have demonstrated that the production of MSC-derived particles including EVs 

can be effectively increased in dynamic systems, such as spinner flasks or STR. Our results highlight 

the critical role of culture conditions on both cell growth and EV production. Specifically, we found 

that non-porous microcarriers exhibited superior cell growth and particle production compared to 

porous microcarriers. Conversely, the use of MSC spheroids as a culture strategy was not ideal for EV 

production. Although MSC spheroids outperformed all other systems in the number of EV-sized 

particles, most of these particles showed no EV- or MSC-specific markers. Interestingly, we observed 

that increased particle production rates in dynamic systems were not directly linked to enhanced 

growth properties, but to an enhanced cellular metabolism (glucose consumption). Although we did 

observe some differences in the EV epitope markers between static and dynamic culture methods, all 

platforms demonstrated comparable a therapeutic potency in a migration assay. We could successfully 

transfer the EV production process into a fully controlled 1 L STR using non-porous microcarriers. 

Notably, the growth characteristics of the cells remained unchanged, but the particle production rate 

substantially increased. Additionally, there was a trend towards an increased therapeutic potency. The 

absolute yield of MSC-derived particles including EVs from one 1 L STR was equivalent to that of 

over 200 T75 flasks, underscoring the scalability and reproducibility of our STR-based production 

process. In summary, our study provides valuable insights into relevant process parameters and the 

optimization of an MSC-derived particle production and highlights the potential of a scalable, 

monitored and controlled EV manufacturing in STRs. 
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