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A B S T R A C T   

Human adipose-derived mesenchymal stromal cells (A-MSC) are promising tools for regenerative medicine, but 
their in vitro amplification before administration is still an issue. Microcarriers emerge as a novel approach for A- 
MSC expansion in bioreactors. Here, microcarriers with different shapes and functionalizations were compared 
according to their efficiency for A-MSC expansion. In particular, novel disc shape microcarriers were compared 
to the commonly used spherical microcarriers. This geometry increases their specific surface while presenting a 
flat surface, close to monolayer culture conditions. Several parameters were evaluated, such as cell amplification 
and harvesting yields, cell viability, and cell identity after culture. We observed that microcarriers shape and 
functionalization impact several A-MSC amplification process steps. However, GhaterDisc-3 microcarriers were 
the best alternative since harvesting is highly facilitated compared to other microcarriers with a yield of virtually 
100 %. Furthermore, A-MSC identity was maintained, since A-MSC keep their characteristic immunophenotype 
and tri-lineage differentiation ability. Moreover, as these microcarriers are free from any animal derived com-
ponents, they might be suitable for a use in a GMP compliant large-scale A-MSC production for biomedical 
applications.   

1. Introduction 

Human mesenchymal stromal cells (MSC) are self-renewal multi-
potent cells that can differentiate into a variety of tissues [1]. MSC can 
be isolated from different tissues sources such as bone marrow, adipose 
tissue, dental tissues, dermal tissues or umbilical cord [2–4]. Thanks to 
their facilitated sampling process, adipose tissue derived mesenchymal 
stromal cells (A-MSC) appear as a really promising source for cell 
therapy and have already been used in numerous clinical studies [5]. 
Moreover, it has been suggested that their proliferation capacity is not 
dependent of the age of the patient [6]. Finally, when compared to bone 
marrow-derived stem cells, A-MSC seems to be genetically and 
morphologically more stable, and present a higher proliferation capacity 
and lower senescence during in vitro expansion [7]. Since 2010, the 
number of clinical trials using A-MSC had steadily increased with some 
clinical trials in phase III [8]. A-MSC are tested for the treatment of 
different pathologies such as type 1 diabetes, osteoarthritis, Crohn’s 
disease or heart diseases [9–12]. Even if the immune privileged status of 

MSC is still under debate [13], several studies highlighted the immu-
nosuppressive properties of A-MSC [14–16], indicating that they could 
be used for allogeneic graft. This could be a great advantage, since it 
would allow to prepare stocks of A-MSC from a single donor that could 
be ready for use when needed. Indeed, according to the treated pa-
thology, as well as the patient, the needed cell dose may be quite 
consequent, up to hundred of millions per kg body weight of patient 
[17]. Even in the case of adipose tissue, a good source of A-MSC with a 
yield of 106 cells per 200 mL of fat, A-MSC still need to be amplified up to 
102 times to obtain a reliable amount of therapeutic cells [18]. Actually, 
2D amplification in culture flasks is not adapted, even when using 
multilayered systems. Indeed, it would be necessary to use approxi-
mately 21 flasks (75 cm2) or three 10-layer flasks to treat one patient (70 
kg) with a dose of 2 × 106 cells/kg (1.4 × 108 cells) [19]. Those technics 
appear cumbersome and cost-effective. Furthermore, they may induce 
heterogeneity in the final product since cells proliferate in different 
flasks and are subsequently pooled. Moreover, the important handling 
steps increase contamination risks. Several studies have shown that the 
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phenotype of MSC was dependent of cell expansion process and that 
continuous passaging could lead to cell transformation [20–22]. To 
overcome these issues, large scale amplification process in closed-system 
involving bioreactors have been developed [23–25]. For the culture of 
anchorage dependent cells such as MSC, especially in the commonly 
used helix bioreactors or wave bioreactors, microcarriers are needed 
[26]. Numerous types of microcarriers are commercially available and 
present different physical properties. They can be solid or porous and 
made of different materials (dextran, gelatin, polystyrene, cellulose). 
Microcarriers can also have different shapes (spherical, disc, lens-shape, 
cylindrical) and surface coatings (extracellular matrix proteins, growth 
factors, positive charges) [27]. Mechanical properties of the scaffolds on 
which MSC are amplified have also been widely studied and it was 
showed that substrate topography and stiffness impact cell fate and al-
ters characteristic MSC immunophenotype [28–34]. Finally, as MSC will 
be directly injected to patients, it is important to consider microcarriers 
that are free from any animal components. 

In order to develop new microcarriers allowing reproducible ex-vivo 
expansion of clinically grade MSC, all aspects mentioned above and 
affecting MSC must be considered. Here, we propose a comparative 
study of different types of microcarriers according to the material used 
for their synthesis, their shapes and their functionalization. Cytodex-1 
and Enhanced attachment are two spherical microcarriers which have 
already been studied in numerous MSC expansion studies [35–39]. We 
also tested GhaterDisc-1, GhaterDisc-2 and Ghaterdisc-3 microcarriers 
developed by the Carroucell company and which were recently patented 
(Patent FR2000158). The main feature of those microcarriers is their 
disc flat shape. Indeed, it has been shown that the curvature of spherical 
microcarriers decreases MSC proliferation because cells are exposed 
directly to surrounding flows and exposed to high shear stress in stirred 
bioreactors [40]. Moreover, this disc shape allows a significant increase 
of the specific surface area of the microcarriers compared to spherical 
microcarriers without increasing the volume by adjusting the thickness 
of the disks [41]. This property could permit to increase the amount of 
cells per unit volume of culture medium. To our knowledge, Carroucell 
microcarriers are the only disc-shaped microcarriers adapted to stirred 
culture conditions and not exclusively dedicated for packed-bed bio-
reactors processes, as it is the case for Fibra-cel® disc microcarriers 
[42–45]. 

In this work, we also selected microcarriers according to their 
functionalization. Enhanced attachment and GhaterDisc-2 microcarriers 
present hydrophilic components (CellBIND®, an oxygen-containing 
component on Enhanced attachment microcarriers and Epoxide, a hy-
drophilic function containing an oxygen atom attached to two adjacent 
carbon atoms on GhaterDisc-2 microcarriers). Indeed, hydrophilic ma-
terials are known to improve cell adhesion due to the adsorption of 
proteins [46]. We also compared positively charged microcarriers 
(DEAE on Cytodex-1 and a charged primary amine on Ghaterdisc-3 
microcarriers) since positive charges are known to promote cell adhe-
sion due to the adsorption of proteins [46–48]. Finally, we studied the 
impact of type I Collagen functionalization (GhaterDisc-1 micro-
carriers), an extracellular matrix component which is widely used to 
improve cell adhesion and growth on microcarriers [27]. 

The ability of these five different microcarriers to support A-MSC 
amplification in static and in dynamic conditions using spinner flasks 
was compared to the growth of A-MSC in 2D monolayer conditions. We 
analyzed cell proliferation, cell viability and A-MSC phenotype 
(expression of A-MSC characteristic immunophenotype, multilineage 
differentiation potential) after cell expansion with microcarriers. 
Finally, we determined the yield of cell harvesting, a crucial step in 
anchorage dependent cells amplification processes. 

2. Material and methods 

2.1. Cell culture 

Adipose tissue derived mesenchymal stromal cells (A-MSC) were 
provided by the Etablissement Français du Sang (Saint-Ismier, France). 
Cells were isolated from healthy donors of fat tissue and prepared as 
previously described. [49] Briefly, human A-MSC were isolated after 
enzymatic digestion of adipose tissue obtained from subcutaneous 
abdominal fat of healthy donors during liposuction procedure. Cell 
expansion of the stromal vascular fraction was performed using the 
procedures implemented for clinical applications (EFS, France). In order 
to reduce as much as possible animal derived components within our 
culture processes, A-MSC (Passage 2–6) isolated from three different 
donors were cultured in Promocell Mesenchymal stem cell growth me-
dium 2 (Heidelberg, Germany) containing only 2% fetal bovine serum 
(FBS) at 37 ◦C and 5% CO2. For cell maintenance and 2D control con-
ditions, cells were seeded on a coating of 10 μg/mL of Human Plasma 
Fibronectin (FN) from EMD Millipore (Darmstadt, Germany). When cells 
reached confluence, they were harvested with TrypLE (ThermoFisher, 
Courtaboeuf, France) and replated into new flasks. 

2.2. Microcarriers 

Cytodex-1 microcarriers were purchased from GE Healthcare (Buc, 
France) and Enhanced attachment microcarriers from Corning (Avon, 
France). GhaterDisc-1, GhaterDisc-2 and Ghaterdisc-3 disc microcarriers 
were purchased from Carroucell company (Saint Ismier, France). All 
microcarriers were used according to manufacturer’s instructions. 

2.3. Cell adhesion assay 

96 well plates were covered by different microcarriers or with 10 μg/ 
mL FN. A-MSC were plated at 3 × 104 cells per well for 5, 30, 60, 120 and 
180 min. At the end of the kinetic, medium containing unbound cells 
was slightly removed and replaced by fresh medium containing 1X 
PrestoBlue reagent (ThermoFisher). Cells were incubated for 2 h at 37 
◦C, 5% CO2 and the medium was further transferred into 96 well plates 
for 590 nm fluorescence measurement. Relative adhered cell amount 
was determined by comparison between obtained fluorescence values to 
the one obtained after 180 min adhesion time, since no cells were 
observed in the removed medium at this time. 

For cell visualization on the different microcarriers, A-MSC were 
prestained with PKH26 red membrane stainer (Sigma-Aldrich) accord-
ing to the manufacturer instructions. Then, 2 × 104 cells were plated in 
non-treated 24 well plates, covered by 2 cm2 of different microcarriers 
and cultured for 72 h in 400 μL of culture medium. Image acquisition 
was performed using live microscopy (AxioObserver Z1, Carl Zeiss, 
Oberkochen, Germany). 

2.4. Static culture studies 

Static cultures of A-MSC were performed by plating 2 × 104 cells in 
400 μL of medium in non-treated 24 well plates, covered by 2 cm2 of 
different microcarriers. 

For growth kinetics, cells were maintained up to 7 days. Every 3 
days, 100 μL of fresh medium was added. At 24, 72, 120 and 168 h, 
culture medium was removed and 400 μL of fresh medium containing 1X 
PrestoBlue reagent was added. Fluorescence was then analyzed and 
compared to growth curves in order to determine cell amount. 

For cell death visualization and quantification, A-MSC cells were 
cultured for 7 days. On day 6, growth medium was removed, and fresh 
medium containing 1/1000 IncuCyte Cytotox Green reagent (Essen 
Biosciences, Welwyn Garden City, United Kingdom) was added. On day 
7, cells were observed by live imaging for dead cells visualization and 
death related fluorescence was quantified. 
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2.5. Cell harvesting evaluation 

A-MSC were cultured for 96 h. Medium was then removed and cells 
were rinsed once with Dulbecco’s Phosphate Buffer Saline without 
Ca2+/Mg2+ (ThermoFisher). Cells were then incubated with 300 μL of 
TrypLE dissociation reagent (ThermoFisher). During the cell detach-
ment step, microcarriers settled much faster than detached cells. So, 
after 10 min, 300 μL of medium was added and microcarrier-free cells 
were recovered and centrifugated at 1200 rpm for 5 min. The pellet was 
resuspended in 400 μL of 1X PrestoBlue reagent and the obtained fluo-
rescence amount was compared to the one obtained before cell 
detachment to determine harvesting yield. 

2.6. Dynamic cell culture in spinner flasks 

For dynamic cell culture, Techne 4 places Stirrer and Techne 125 mL 
Spinner Flasks (Techne, Stone, Staffordshire, United Kingdom) were 
used. A culture volume of 50 mL and a microcarrier surface of 200 cm2 

were selected and 1.5 million cells were seeded. During the first 2 h, 
stirring was stopped to permit cell attachment. Cells were then cultured 
for 5 days and the medium was manually refreshed at day 3. At the end 
of the culture, cells were detached using TryPLE dissociation reagent 
and separated from the microcarriers using a 100 μm cell strainers 
(Corning, Wiesbaden, Germany). 

2.7. Flow cytometry 

Harvested A-MSCs were assessed for surface immunophenotype via 

Table 1 
Characteristics of microcarriers used in this study.  

Microcarrier Characteristics Enhanced attachment Cytodex-1 GhaterDisc microcarriers 

Manufacturer Corninga GE Healthcarea Carroucella 

Material Polystyrene Dextran Silica and 5% Hydroxyapatite (HAP) 
Functionalization CellBIND DEAE Collagen (GhaterDisc-1) Epoxide (GhaterDisc-2) NH3 (GhaterDisc-3) 
Shape Spherical beads Spherical beads Discs 
Diameter (μm) 168.5 ± 43.5 197.5 ± 50.5 519.5 ± 48.5 
Specific surface (cm2 g− 1) 360 3400 (dry particles) 2500 
Animal components None None 2% Collagen (marine origin) None  

a Features are given based on manufacturer data. 

Fig. 1. A) A-MSC adhesion in static conditions 
according to the microcarriers. At each time, 
adhesion efficiency was expressed as a fraction 
of adhered cells compared to maximum number 
of adhered cells at the end of the kinetic (** 
indicates p ≤ 0.0016; n = 3). B) Distribution of 
A-MSC on microcarriers. A-MSC were PKH-26 
labeled (red), incubated with microcarriers on 
static conditions and representative images 
were taken after 72 h. Images from GhaterDisc- 
1 and GatherDisc-3 microcarriers could not be 
acquired because of high autofluorescence giv-
ing background signal. C) Phase contrast images 
of A-MSC attached to the different microcarriers 
in static conditions after 72 h of expansion.   
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flow cytometry. Labeling was done with the BD Stemflow Human MSC 
Analysis Kit (BD Biosciences, Le Pont de Claix, France) according to the 
manufacturer instructions. Positive markers CD90, CD105 and CD73 
where marked with specific antibodies, coupled to FITC, PerCP-Cy5.5 
tandem and APC respectively. Negative markers CD45, CD34, CD11b, 
CD19, HLA-DR were marked with a cocktail of antibodies all coupled to 
PE. For each sample, 1 × 104 cells were acquired on an Accuri C6 cy-
tometer (BD Biosciences) and data were analyzed with the FCS Express 6 
software (De Novo Software, Glendale, USA). 

2.8. Tri-lineage differentiation of A-MSC 

For adipogenic and osteogenic differentiation, 5 × 104 cells were 
seeded on 2 wells LAB-TEK II chambers (ThermoFisher). Once 80–90 % 
confluence was observed, growth media was replaced by AdipoMAX 
differenciation medium (Sigma-Aldrich) or by Stempro Osteogenesis 
Differentiation medium (ThermoFisher). For adipogenic differentiation, 
cells were cultured for 14 days, which corresponds to the optimal time 
for adipogenic differentiation [50]. The medium was replaced every 4 
days. At the end of the culture, cells were washed by PBS and fixed with 
4% paraformaldehyde (PFA) for 30 min at room temperature. Cells were 
rinsed twice with PBS and then stained by Oil Red O (Sigma-Aldrich), 
during 50 min at room temperature. Slides were washed three times 
with PBS and mounted for microscope observation. For osteogenic dif-
ferentiation experiments, cells were cultured for 21 days in differenti-
ation medium that was replaced every 4 days according to published 
protocols [51]. At the end of the culture, cells were washed twice by PBS 
and fixed for 20 min with 4% PFA. Cells were washed with distilled 
water and stained with 2% Alizarin Red, pH 4.2 for 20 min at room 
temperature. Unspecific staining was removed with distilled water and 
slide was mounted for microscope observation. To determine the 
chondrogenesis potential of A-MSC, 1 × 105 cells were seeded on 
96-well Spheroid Microplates (Corning). After 1 or 2 days, when the 
spheroids formed, growth medium was replaced by Stempro Chondro-
genesis Differentiation medium (ThermoFisher). Cells were cultured for 
21 days, a sufficient time to observe chondrogenesis differentiation 
[51]. The medium was changed every 4 days. At the end of the culture, 
spheroids were pooled, washed once with PBS and fixed with 4% PFA 
overnight at 4 ◦C. They were washed twice with PBS and embedded in 
Tissue-Tek O.C.T compound (Gentaur, Paris, France) for cryosection. 10 
μm sections were then cut and transferred on Superfrost slides. Cry-
osections were then stained with 1% Alcian Blue (Sigma-Aldrich) for 30 
min, protected from light. Unspecific staining was removed by three 
washes with HCL 0.1 N and slides were mounted for microscope 
observation. 

2.9. Cell senescence study 

A-MSC were plated on 2 wells LAB-TEK II chambers (1 × 104 cells per 
well). After 3–4 days, cells were stained with the Senescence β-Galac-
tosidase Staining Kit (Cell Signaling, Leiden, The Netherlands), accord-
ing to the manufacturer instructions. Slides were mounted for 
microscope observation and 10 pictures were randomly taken for each 
condition. β-Galactosidase positive cells were then counted and 
normalized to the total number of cells in each field. 

2.10. Statistical analysis 

Data were expressed as the mean value ± the standard deviation 
(mean ± SD) and analyzed by a two-tailed unpaired t-test. The degree of 
statistical significance was set at P < 0.05. 

3. Results 

3.1. A-MSC adhesion and proliferation on microcarriers in static 
conditions 

In a recent study, Rafiq et al. highlighted the reliability of a static 
systematic screening to predict the efficiency of microcarriers for MSC 
amplification in stirred environment [52]. Therefore, the first part of our 
study was realized in static conditions. The impact of microcarriers 
properties (Table 1) on cell adhesion, proliferation, mortality, and har-
vesting was evaluated. 

The efficiency of cell adhesion at the beginning of culture would 
influence cell expansion, since a latency would occur if a too low number 
of cells adhered on microcarriers. A-MSC attachment on microcarriers 
was compared to that observed on Tissue Culture Polystyrene plates 
(TCPS), used as control surfaces. After 30 min on static conditions, about 
80 % of cells adhered on all microcarriers (Fig. 1A). For shorter times, 
we could observe that GhaterDisc-2, Ghaterdisc-3 as well as Cytodex-1 
microcarriers promoted a significant increase of A-MSC adhesion. 
More than 75 % of cells were attached to these microcarriers after 5 min. 
This was much faster than adhesion on Enhanced-attachment or 
GhaterDisc-1 microcarriers and on TCPS plates. 

One crucial aspect in microcarriers dependent cell culture in bio-
reactors is to allow a uniform cell distribution during the attachment 
phase at the beginning of the process [53]. Classically, a static attach-
ment phase is used and we assumed that microcarriers properties might 
play a key role in the cell distribution on them. Cell distribution on 
microcarriers was observed after 72 h of incubation without agitation. 
A-MSC are heterogeneously distributed on Enhanced-attachment and 
Cytodex-1 microcarriers, with some microcarriers without cells and 

Fig. 2. A-MSC expansion on different types of microcarriers in static conditions. A) Cell growth was monitored over 7 days by using Prestoblue labeling (*** in-
dicates p ≤ 0.0001; ** indicates p ≤ 0.0032; n = 3). B) Dead cells were evaluated on day 7 of culture by using Cytotox Green reagent. Cell death was relative to the 
green fluorescence (** indicates p ≤ 0.0045; n = 3). 
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others with a high cell density (Fig. 1B). This leads to cell aggregates that 
may not be desirable, since high cell–cell contact may negatively affect 
the proliferation and differentiation potential of A-MSC. [54] 
Conversely, A-MSC appeared more homogeneous distributed on Gath-
erDisc microcarriers since all microcarriers seemed to be colonized. 
Concerning cells morphology, A-MSC were notably more spread with a 
fibroblastic shape on GatherDisc microcarriers than on 
Enhanced-attachment or Cytodex-1 microcarriers (Fig. 1C), indicating 
that disc flat form allowed to keep A-MSC phenotype during expansion 
microcarriers. 

As shown on Fig. 2A, A-MSC proliferated on all microcarriers, but 
with slight differences. After one day, Ghaterdisc-3 and GhaterDisc-2 
microcarriers showed the best ability to promote cell growth (p ≤
0.0001). However, after 5 days, we could obtain the same number of 
cells with all microcarriers. It should be noted that for all tested 
microcarriers, the total number of A-MSC remained approximately 1.5 
times less than that obtained on TCPS plates after 7 days. Finally, at the 
end of the culture, the proliferation seemed to decline except with 
GhaterDisc-1 microcarriers. This could reflect cell death or a lack of free 
surface on microcarriers. Indeed, after 7 days on microcarriers, the cell 
death on Enhanced-attachment and Cytodex-1 microcarriers was 
significantly increased by 1.5 and 1.2 times respectively compared to 
that observed on TCPS plates (Fig. 2B). On the contrary, cell death was 
reduced by a factor of 1.1, 1.25 and 1.7 with GhaterDisc-1, GhaterDisc-2 
and Ghaterdisc-3 microcarriers respectively. The elevated cell death 
observed with Enhanced-attachment and Cytodex-1 microcarriers could 
reflect the high number of aggregates observed with these class of 
microcarriers (Fig. 1B, Fig. S1). 

So, in static conditions, GatherDisc microcarriers appeared particu-
larly adapted for the amplification of A-MSC, since for a same micro-
carriers available surface (2 cm2), they promoted A-MSC adhesion and 
proliferation with the same rate as other available microcarriers 
currently used, while allowing a better cell survival, which is a crucial 
criterion for the amplification of therapeutic cells. 

3.2. A-MSC harvesting from microcarriers in static conditions 

The ease of detachment of cells from microcarriers is a major chal-
lenge in microcarriers-based cell culture. Based on an analysis of the 
literature, we decided to test TrypLE, a xenofree recombinant trypsin. 
[55] In the same conditions of enzyme concentration and time of incu-
bation, we could observe that virtually 100 % of the cells have been 

recovered from GatherDisc microcarriers, whatever the functionaliza-
tion (Fig. 3). On the contrary, half of the cells remained attached to 
Enhanced-attachment or Cytodex-1 microcarriers. Therefore, 
GhaterDisc-1, GhaterDisc-2 and Ghaterdisc-3 microcarriers offer a 
valuable benefit compared to other microcarriers concerning the har-
vesting step. 

3.3. A-MSC expansion under stirring conditions in spinner flasks 

To further characterize the different tested microcarriers, we studied 
their performance in spinner flasks. For each assay, 1.5 × 106 A-MSC 
were inoculated in low serum medium containing an identical total 
microcarriers surface of 200 cm2. After 5 days, we observed that each 
microcarrier type could promote A-MSC proliferation in stirred condi-
tions (Fig. 4A). However, GhaterDisc-2 microcarriers seemed to be the 
less suitable for A-MSC amplification in these conditions. On the con-
trary, Enhanced-attachment, Cytodex 1, GhaterDisc-1 and GatherDisc-3 
microcarriers were able to generate significantly higher cell expansion 
ability (6.3–8 fold expansion) of A-MSC compared to GatherDisc-2 
microcarriers. In contrast, we observed an important difference in cell 
viability among the more efficient microcarriers. For example, cells 
harvested from Ghaterdisc-3 and Cytodex 1 microcarriers presented a 
significantly higher cell viability of 95.3 ± 1.15 % and 96 ± 1.4 % 
respectively compared to 90 ± 2% with Enhanced-attachment micro-
carriers (Fig. 4B). This difference was previously observed in static 
conditions (Fig. 2). It is of particular importance since it is necessary to 
develop process minimizing adverse effects on the cells to obtain healthy 
A-MSC for a clinical use. 

Finally, senescence was quantified, since it indicates a progressive 
loss of proliferative potential that is associated with a reduction of A- 
MSC therapeutic properties [56]. Regarding senescence rate, it appeared 
significantly less important with Enhanced-attachment and 
GhaterDisc-1 microcarriers (Fig. 4C). Senescent cells represent about 14 
% of total cells, which is of the same order as what we could observed 
with A-MSC growing on TCPS plates (data not shown). On the contrary, 
about one fifth of the cells appeared senescent with Cytodex-1 and 
GhaterDisc-2 microcarriers. Finally, senescence rate is at an intermedi-
ate level of 16.2 ± 4.2 % with GatherDisc-3 microcarriers. Interestingly, 
same tendencies in term of cell yields, cell viability and cell senescence 
were obtained after the growth of A-MSC originated from three different 
donors on Enhanced attachment, Cytodex 1 and GatherDisc-1 micro-
carriers (Table S1, Supplemental Information). These results emphasize 
the robustness of the culture conditions that we applied in our study. 

3.4. A-MSC identity validation after amplification on microcarriers 

Finally, it was important to determine whether the A-MSC harvested 
after amplification on microcarriers retained their phenotype and dif-
ferentiation capacity. Cells were detached from microcarriers after 5 
days of growth in spinner flasks and analyzed by flow cytometry for 
three positive markers (CD73, CD90 and CD105) and five negative 
markers (CD11b, CD19, CD34, CD45, HLA-DR). For almost all tested 
microcarriers, the cell expression was >95 % for the positive markers 
(Fig. 5A) and <2% for the negative markers (Table S3, Supporting In-
formation). Notably, a significant decrease of CD90 and CD105 
expression level was observed on A-MSC grown on GatherDisc-1 
(Fig. 5A, Table S2). The ability of harvested cells to differentiate into 
adipocytes, osteocytes and chondrocytes was also analyzed by Oil Red, 
Alizarin red and Alcian Blue staining respectively (Fig. 5B). Our results 
demonstrated that the amplification of A-MSC on microcarriers pre-
served their tri-lineage differentiation potential. All these results 
confirmed that after expansion in stirred conditions followed by their 
harvesting, A-MSC grown on Enhanced attachment, Cytodex 1, 
GatherDisc-2 and GatherDisc-3 microcarriers, and to a lesser extent on 
GatherDisc-1 microcarriers, kept their mesenchymal stromal cells 
phenotype according to the ISCT (International Society for Cell and 

Fig. 3. A-MSC harvesting from the different microcarriers studied. The fraction 
of detached cells is represented according to the total number of cells in each 
condition (** indicates p ≤ 0.0064 and *** indicates p ≤ 0.001; n = 3). 
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Gene Therapy) [57,58]. 

4. Discussion 

The effective transfer of human MSC into clinical practice will 
depend on the development of scalable and cost-effective processes for 
their amplification. Microcarriers offer a convenient method for growing 
adherent cells because of their high surface/volume ratio and the use of 
a stirred bioreactor allowing to monitor and to control environmental 
parameters (temperature, pH, pO2). A tremendous amount of different 
microcarriers are currently developed by manufacturers and commer-
cialized for anchorage-dependent cells amplifications processes. Sys-
tematic screening of several different microcarriers is therefore a key 
step to select the better microcarriers allowing MSC amplification pro-
cesses while maintaining their therapeutic properties [39,52,59]. One of 
the main differences among the tested microcarriers is their shape since 
both Enhanced attachment and Cytodex-1 microcarriers are spherical, 
whereas Carroucell microcarriers have an innovative disc shape. This 
allows to increase the surface without increasing the volume by 
adjusting the thickness, and then improves the surface/volume ratio, 
thereby explaining the specific surface of 2500 cm2 g− 1 obtained with 
those microcarriers (Table 1). 

Although no substantial differences were observed on A-MSC adhe-
sion kinetics between microcarriers, whatever the functionalization, a 
dramatic increase of culture homogeneity was observed on Carroucell 
microcarriers in comparison with spherical ones (Fig. 1). As shown by 
Hu et al. cells adhere to microcarriers following a Poisson distribution 
law in which the probability to have non-colonized microcarriers within 
the culture is inversely correlated with the number of cells inoculated 
per microcarriers [60]. Due to their high specific surface, and for a same 
seeding density (1 × 104 cells per cm2), the number of A-MSC inoculated 
per GatherDisc microcarrier (40 cells) is dramatically higher than the 
one on spherical Enhanced attachment and Cytodex-1 microcarriers (10 
cells per microcarrier), which may explain this difference of culture 
homogeneity. This is of particular importance for expansion of A-MSC 
since it is necessary to achieve confluence on all microcarriers at the 
same time to ensure a high-quality cell preparation. 

We observed that cell mortality is significantly higher on both 
Enhanced attachment microcarriers in comparison with microcarriers 
from Carroucell (Fig. 2). Our hypothesis is that the heterogeneity 
observed on spherical microcarriers cultures is amplified along the 
culture time, thereby forming high cell concentration areas and then 
microcarriers - cells aggregates, known to alter cell viability (Fig. S1, 
Supporting Information) [53,61]. 

Fig. 4. Cell yield (A), viability (B), and senescence (C) of A-MSC after amplification in spinner flask according to the type of microcarriers (* indicates p ≤ 0,0324; 
*** indicates p ≤ 0,0006; n = 3). 
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Cell harvesting from microcarriers at the end of the culture is a 
crucial step to obtain important yields of therapeutic MSC. Once again, 
we observed that the shape of microcarriers rather than functionaliza-
tion has a considerable impact on A-MSC harvesting efficiency (Fig. 3). 
Indeed, 60 % and 45 % of A-MSC could be detached from Enhanced 
attachment and Cytodex-1 spherical microcarriers respectively whereas 
100 % of cells could be harvested from the three Carroucell micro-
carriers, even if they presented different functionnalization. We assume 
that due to their planar surfaces, disc microcarriers promote dissociation 
enzyme action since A-MSC morphology is similar with the one observed 
on TCPS (Fig. 1C). 

The next step of our study was to evaluate microcarriers suitability 
for A-MSC dynamic culture in spinner-flasks. GatherDisc-3 microcarriers 
appear as the best alternative for the production of healthy A-MSC. 
Indeed, A-MSC yields were significantly higher than the ones obtained 
with GatherDisc-2 microcarriers and statistically similar than all the 
other microcarriers (Fig. 4A). Moreover, cells presented a significantly 
higher cell viability (Fig. 4B), as well as a moderate cell senescence rate 
(Fig. 4C). Finally, production of clinical-grade A-MSC should comply 
with GMP (Good Manufacturing Practice) and avoid the use of animal- 
derived substances [62]. In this context also, Ghaterdisc-3 micro-
carriers appeared as the best alternative since their matrix is only 
functionalized with positively charged chemical functions. Moreover, in 
comparison with spherical xeno-free microcarriers (Enhanced-attach-
ment and Cytodex 1 microcarriers), a higher harvesting ability is 

observed (Fig. 3) which might be of major impact for further large scale 
A-MSC amplification process. Finally, A-MSC kept their characteristic 
immunophenotype as well as their tri-lineage differentiation ability 
after the culture on those GatherDisc-3 microcarriers (Fig. 5). 

However, these results must be completed by checking out the 
functionality of A-MSC following their amplification on the different 
microcarriers. The tri-lineage differentiation ability of cells must be 
quantitatively evaluated by analyzing the expression of specific markers 
such as adiponectin for adipogenesis, Sox9 for chondrogenesis or RunX2 
for osteogenesis [58]. As bone marrow derived MSC, A-MSC are known 
for their immunomodulation properties [63]. Then, the functionality of 
the cells could be analyzed by quantifying the production of immuno-
modulative factors such as IL-6 or TGF-β1. 

It should be noted that the performance of microcarrier-based cell 
expansion is largely dependent of the agitation system. This one should 
allow having a homogeneous suspension of microcarriers to guarantee 
sufficient mass transfer of nutrients and oxygen to the cells. On the other 
hand, hydrodynamic shear stress generated by the agitation must be 
reduced to limit damages to the cells [64,65]. In our study, we used the 
Techne Spinner Flask model characterized by a unique rod shape 
impeller. We observed that GatherDisc microcarriers tended to sediment 
after 4–5 days of dynamic culture (data not shown) suggesting that the 
agitation regimen was not optimized for disc-shape microcarriers. In 
order to obtain best cell amplification performances, one of our 
perspective will be to adapt the impeller system to each type of 

Fig. 5. Characterization of A-MSC (Donor 2) harvested from the different microcarriers after spinner flask amplification. A) Flow cytometry analysis of expression of 
positive cell surface markers (CD73, CD90, and CD105) (*** indicates p < 0.0001; * indicates p = 0.0437; n = 3). B) in vitro differentiation of A-MSC into adipocytes 
(Oil red staining, top panel), osteocytes (Alizarin red staining, middle panel) or chondrocytes (Alcian blue staining, bottom panel). Negative control (Undifferentiated 
cells) showed staining of A-MSC in basal medium, without differentiation factors. 
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microcarrier according to its properties. Furthermore, wave bioreactors, 
characterized by really different agitation systems, have already been 
used for MSC amplification on microcarriers [66–68]. Therefore, the 
next step of our study would be to highlight the best 
microcarrier-bioreactor association for A-MSC amplification efficiency. 

Herein, A-MSC culture was performed under low fetal bovine- 
containing medium (2% of FBS). Until now, very few studies have 
been performed on the amplification of A-MSC with microcarriers in 
total xeno-free conditions. A major limitation was to promote efficient 
adhesion of A-MSC on microcarriers in serum-free medium. [37,69] 
Indeed, serum serve to deliver Extracellular Matrix proteins that are 
required for the interaction of the cells with the microcarriers. Cunha 
et al. proposed a xeno-free process for A-MSC amplification using Syn-
themax microcarriers [70]. They successfully expanded A-MSC in a 2 L 
bioreactor, but during harvesting, they lost 25 % of the cells. Further-
more, less than 95 % of A-MSC expressed CD105 marker, indicating the 
impact of their amplification process on cell phenotype. Further studies 
would be conducted to test the performance of different xeno-free 
microcarriers in xeno-free media. Some synthetic media have already 
been developed and are commercially available for xeno-free cell 
amplification process. Human platelet lysate represent also an alterna-
tive to fetal bovine serum [71]. In order to develop a GMP compliant 
process, it may be interesting to combine xeno-free Ghaterdisc-3 
microcarriers, which appeared as the best alternative, with different 
serum-free media. 

Finally, it should be noted that large-scale expansion of stem cells is 
needed for every types of stem-cells-based therapies. In this context, 
Chen et al. realized a screening of different microcarriers for the 
amplification of non-differentiated embryonic stem cells (ES) [72]. 
Studying both spherical and cylindrical microcarriers, these researchers 
highlighted the impact of the size and shape of those microcarriers on 
cell growth and stemness. Similarly, some groups have developed 
microcarrier-based systems for the amplification of induced pluripotent 
stem cells (iPS). This is challenging as these cells grow in multilayer 
colonies on extracellular matrices and are more susceptible to shear 
stress. Even if there is no consensus regarding which microcarrier was 
the most suitable iPSC expansion, it appeared that microcarrier size and 
shape impact cell morphology [73]. Therefore, it could be interesting to 
compare spherical microcarriers to disc-shape microcarriers from Car-
roucell for the amplification of other therapeutic stem cells, such as ES, 
but also iPS. 

5. Conclusion 

Our study indicated that the shape of the microcarriers, more than 
the functionalization, had a major impact on A-MSC behavior during the 
expansion process. In this context, Ghaterdisc-3 disc microcarriers might 
be a real alternative for A-MSC amplification process, as highlighted in 
Table 2. Further studies should now be conducted to determine their 
efficiency for A-MSC amplification in xeno-free medium, as well as in 
more adapted agitation systems. We would then confirm if those 
microcarriers could be a new alternative for A-MSC production for a 
clinical use. 
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