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Supplemenatry Materials 

1. Supplementary Information for the Materials & Methods Section 
Selected parameters (MC Core, MC Coating, Cell Source, Cell Cul-

ture Medium Type, Biodegradability) from several studies to cultivate 
human cells are summarized in this table. None of these studies, except 
our with MC BR44, concerns the combination of PLGA / gelatin MCs, 
human cells, and defined xeno- and serum-free medium. Corning's Dis-
solvable MC is made ofa natural biopolymer that can be dissolved at 
the end of the cell culture process, eliminating the mandatory cells/MCs 
separation step, leading to cell losses and reduced viability of the har-
vested population. Cytodex 1, Cytodex 3, and Cultisphere S were also 
used in some studies as dissolvable MCs for cell culture. 

Meaning of the abbreviations and the acronyms used in the table: 
PLGA: poly-lactic-co-glycolic acid; PCL: poly-ɛ-caprolactone; PGA: 
poly-glycolic acid; PDLLGA: Poly-dl-lactic-co-glycolic acid; hTERT: hu-
man telomerase reverse transcriptase immortalized cells; ASC: Adipose 
Stem Cells; BM-MSC: Bone Marrow-derived Mesenchymal Stem Cells; 
UC-MSC: Umbilical cord-derived Mesenchymal Stem Cells; WJ-MSC: 
Wharton's Jelly-derived Mesenchymal Stem Cells; iPS: Induced Plu-
ripotent Stem Cells; ESC: Embryonic Stem Cells; FBS: medium contain 
Fetal Bovine Serum 

Table S1. Published case studies for culture systems for human cells based on dissolvable or biode-
gradable microcarriers. 

MC Name/Code MC Core MC Coating Cell Source Medium Type Biodegradable 

BR44 PLGA Porcine Gelatine 
hTERT  

ASC Chemically Defined YES 

Fujifilm Cellnest™ 
Macroporous [1] 

Collagen I None BM-MSC FBS YES 

3D Table Trix [2] Gelatin None ASC  
UC-MSC 

FBS, Serum-Free, 
Chemically defined 

YES 

Corning Dissolvable [3] PGA 
Collagen/ 

Synthemax II iPS Serum-Free NO 

Cultisphere G-S [4–7] Gelatine None 
ASC  

BM-MSC FBS, Serum-Free YES 

PCL MC #1 [8,9] PCL Fibronectin /  
Poly-L-Lysine 

BM-MSC  
UC-MSCs 

FBS YES 

PCL MC2 #2 [10,11] PCL Fibronectin / 
Poly-L-Lysine 

ESC  
WJ-MSC FBS, Serum-Free YES 

PLGA/PEI MC [12] 
PLGA 
+PEI None BM-MSC FBS YES 

ProNectin-F [13] Polystyrene Recombinant 
RGD 

BM-MSC FBS,  
Chemically defined 

NO 

Cytodex3 [6,14] Dextran Type I Porcine 
Gelatine 

ASC  
BM-MSC  
UC-MSC 

Serum-Free NO 

PDLLGA MC [15]  PDLLGA 
Gelatine Methac-

rylate 
hTERT  

BM-MSC FBS YES 
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Table S2. Materials. 

Name # Catalog Company 
Phenol 327125000 Acros Organics 

Ammonium hydrogen carbonate A3689,0500 Applichem 
CD61-PE IM3605 Beckman & Coulter 

CytoFLEX Daily QC Fluorospheres B53230 Beckman & Coulter 
VersaComp Antibody Capture Bead Kit B22804 Beckman & Coulter 

VersaLyse Lysing Solution B59266AA Beckman & Coulter 
7-AAD 559925 Becton Dickinson 

CD15-FITC 332778 Becton Dickinson 
CD34-BV650 343624 BioLegend 

CD45-PC7 304016 BioLegend 
CD73-FITC 344016 BioLegend 
CD105-PE 323206 BioLegend 

Sso Advanced Universal SYBR Green Super-
mix 

1725271 Biorad 

Mix-n- Stain CF®633 Labelling kit 92237 Biotium 
Albumin CSL 20% 22918180119611 CLS Behring 

Poly(D,L-lactide-co-glycolide) PLGA 1840421 Corbion Purac 
Ultra-Low 24 well 3473 Corning 

Eppendorf Tubes® 5.0 ml 0030119380 Eppendorf 
85% Glycerol solution 07-3800-07 Hänseler AG 

µ-Dish 81156 Ibidi 
Syringe Filters FPE-204-030 Jet Biofil 

IRDye®800CW Streptavidin 926-32230 Li-Cor 
Nucleospin RNA kit 740955.250 Macherey-Nagel 

Polyvinyl alcohol 81381 Merck 
Methylene chloride 1.06044.2500 Merck 

CD34-PE 130-081-002 Miltenyi 
CD36-APC 130-095-475 Miltenyi 
CD90-FITC 130-095-403 Miltenyi 
CD146-PE 130-092-853 Miltenyi 

ProNectin-F Z37866-6 Pall SoloHill 
Microtube mesh 40 µm 43-10040-60 PluriSelect life science 

GoScript Reverse Transcription System A5001 Promega 
Proteome Profiler Human Adipokine Array 

Kit 
ARY024 R&D Systems 

Citric Acid Monohydrate C1909 Sigma-Aldrich 
DAPI D9542 Sigma-Aldrich 

Ethanol 51976 Sigma-Aldrich 
Formaldehyde 47608 Sigma-Aldrich 

Glutaraldehyde G6257 Sigma-Aldrich 
Guanidine Thiocyanate 50980 Sigma-Aldrich 

SDS 74255 Sigma-Aldrich 
Sodium Chloride S7653 Sigma-Aldrich 

Triton X-100 X100 Sigma-Aldrich 
Urea U5378 Sigma-Aldrich 

SYTOTM40 blue fluorescent nucleic acid stain S11351 Thermo Fisher 
Trypan Blue 15250-061 Thermo Fisher 

TrypLE Select 12563-029 Thermo Fisher 
T25 Flask 90026 TPP 

Collagenase Type B AOF LS004147 Worthington Biochemical Corp. 
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Table S3. Reverse transcription detailed procedure. 

Reagent Amount 
Mix 1: 

RNA Up to 2 µg 
Oligo dT 0.5 µg 

Random Primers 0.5 µg 
H2O Final volume: 5.0 µL 

Mix 2: 
Buffer 5x 2.0 µL 

MgCl2 1.0 µL [2.5 mM] 
dNTPs 0.5 µL [0.5 mM] 

Inhibitor RNase 0.25 µL [20 Units] 
RT Enzyme 0.5 µL 

H2O Final volume: 5.0 µL 
Procedure:  

Add Mix 1: incubate 5' at 70 °C, cool to 10 °C, and incubate 5' in ice 
Add Mix 2: incubate 5' at 25 °C, 42 °C for 1h, and 70 °C for 15'. 

Table S4. Primer sequences. 

Gene Name Forward Primer (5’-3') Reverse Primer (5’-3') 

ACTB CTG GAA CGG TGA AGG TGA CA 
AAG GGA CTT CCT GTA ACA ATG 

CA 
SOX9 * AGC GAA CGC ACA TCA AGA C CTG TAG GCG ATC TGT TGG GG 

RUNX2 * TCA ACG ATC TGA GAT TTG TGG G GGG GAG GAT TTG TGA AGA CGG 

PPARG [16] 
TGA CAG CGA CTT GGC AAT ATT 

TAT T 
TTG TAG CAG GTT GTC TTG AAT 

GTC T 
PREF1 * TGA CCA GTG CGT GAC CTC T GGC AGT CCT TTC CCG AGT A 

ZFP423 [16] GAT CAC TGT CAG CAG GAC TT TGC CTC TTC AAG TAG CTC A 
ZFP521 [16] GGC TGT TCA AAC ACA AGC G GCA CAT TTA TAT GGC TTG TTG 

WISP2 * GCG ACC AAC TCC ACG TCT G TCC CCT TCC CGA TAC AGG C 

DKK1 * ATA GCA CCT TGG ATG GGT ATT 
CC CTG ATG ACC GGA GAC AAA CAG 

* Primer from PrimerBank (https://pga.mgh.harvard.edu/primerbank/). 

Table S5. RT-qPCR cycle conditions. 

Phase T (°C) Time (min) Repetition 
Denaturation 95 °C 2:00  
Denaturation 95 °C 0:05 

×40 Annealing + Extension 60 °C 0:20 
Denaturation 95 °C 0:05  

Melting Curve 65-95 °C 18:00  
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Evaluation of Cell Proliferation 
It is often challenging to detach cells from the MCs on which they 

grew quantitatively. For this reason, we developed a protocol based on 
nuclei count: A cell lysis buffer solution frees the nuclei that can thus 
be enumerated by flow cytometry. This method also allows assessing 
the cell cycle status of the collected nuclei. So, it is possible to determine 
the proliferative status of the cells grown on the MCs. 

Protocol: Nuclei count after cell lysis 
• Collect the MCs + cells from each well and transfer them in 1.5 mL 

Eppendorf tubes. Rinse each well twice with PBS to recover all the 
MCs + cells. 

• Centrifuge at 400 g for 5 min at RT. 
• Discard the supernatant and resuspend the pellet (microcarriers + 

cells) in 1 mL of “Lysis & Nuclei Extraction Buffer” (LNEB; 0,2 M 
Citric acid + 2% Triton X-100). 

• Incubate 5-10 min at RT and pipette up and down until the cells 
are completely lysed. 

• Add the lysate to a pluriStrainer Mini 40 µm inserted into a 5 ml 
Eppendorf tube (pluriSelect, cat. no. 43-10040-60, see figure S1). 
The strainer separates microcarriers from cell lysate/nuclei. Wash 
filters twice with LNEB to recover all the nuclei. 

• Centrifuge at 800 g for 5 min at RT (5 mL Eppendorf + filter) to 
collect the nuclei. 

• Resuspend the pellet (nuclei) in 100 µL of CLNEB. 
• Stain with 7-AAD for 5 min at RT and analyze by flow cytometry. 

Nuclei analysis: discrimination between G1, G2, and S phases. 
 

 
Figure S1. A pluriStrainer Mini 40 µm is used to separates MCs from the 
nuclei. The centrifugal force helps to collect the nuclei quantitatively on the 
bottom of a 5 mL Eppendorf tube. 
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2. Supplementary Information for the Results Section 
2.1. The Shape of Commercial MCs 

 
Figure S2. SEM microphotographs to show the morphology of some commercial dry MCs. (A1), (A2): 
Cultiphere G (Sigma, #M9418-10G); (B1), (B2): Corning dissolvable Synthemax II (Corning, #4988); 
(C1), (C2): Fujifilm, Injectable macroporous cell carrier (www.fujifilmcellmatrix.com). Magnification: 
(A1), (B1), (C1): 100X, scale bar 1 mm; (A2), (B2), (C2): 250X, scale bar 300 µm. Corning dissolvable 
Synthemax II MCs have a particular morphology that resembles a shell of a marine mollusk. 
However, after hydration, they are perfectly spherical and transparent (not shown). 

 
Figure S3. SEM images to show the morphology of ProNectin-F MCs. We used this carrier as a 
positive control for our tests. It consists of a synthetic core bead with a thin layer of recombinant, non-
animal source polymer that incorporates multiple copies of the RGD attachment ligand of human 
fibronectin. The microphotographs show that the peptide-coating is not evenly distributed on the 
surface of the carriers. Magnification: (A): 100X, scale bar 1 mm; (B): 500X scale bar 200 µm. 
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Figure S4. SEM microphotographs to show the morphology of the MC were used as a negative 
control. This carrier, named BR13, consists of only a mixture of poly lactic-co-glycolic acid (PLGA, no 
gelatin). This MC interact neither with the CF633 fluorescent dye nor with the ASC52telo cells. 
Magnifications: (A): 100X, scale bar 1 mm; (B): 250X, scale bar 300 µm. 

2.2. Proof of Homogeneous Gelatin Distribution on MC Surface 

 



Appl. Sci. 2021, 11, 925 7 of 16 
 

Figure S5. Fluorescent microphotographs of the MCs after reaction with the CF633 dye. Exposure 
time: 400 ms, except for (C1), (C2), and (C3) (80 ms). We chose as a negative control for this test the 
MC prototype BR13, which does not contain proteins and is made of pure PLGA. As a positive control, 
we used some commercial microcarriers with a reactive surface (primary amines, peptides) for the 
CF633 dye or a protein coating (Collagen I, Fibronectin, Gelatin) on their outer shell. (A.) BR13 
(negative control). (B.) Corning Collagen I, #3786 (positive control). (C.) Corning Positive Charged 
Surface, #3787 (positive control). Exposure time: 80 ms. (D.) ProNectin-F (positive control). (E.) MC 
prototype BR44 (test MC). (1.) Bright-Field (2.) Fluorescence, red channels (3.) Merged. 
Magnifications: 100X, scale bar 150 µm. 

It is interesting to note that the fluorescence shown by the carrier 
ProNectin-F is spotted. This observation agrees with the one made at 
the SEM, where it was noticed that the MC surface coating is not 
homogeneous (Figure S3). By contrast, the MC "Corning Positive 
Charge Surface" fluorescence is powerful and homogeneous. This 
suggests that the density for primary amines on its surface must be very 
high. 

2.3. BR44 Stability under Stirred Conditions 

 
Figure S6. SEM microphotographs of the carrier BR44 after four days in culture without cells. The 
morphology changes, it seems to have been smoothed, and its pores shrink. This is a sign of its 
biodegradability. Magnifications: (A): 250X, scale bar 300 µm; (B): 1000X, scale bar 100 µm. 
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2.4. Attachment and Growth of the ASC52telo on MC BR44 and MC 
ProNectin-F under Static Conditions 

 
Figure S7. DAPI stained samples of ASCs52Telo cultured on the prototype MC BR44 and the 
commercial MC ProNectin-F in static condition for two days. (A) BR44, magnification 100X, scale bar 
150 µm. (B) ProNectin-F, magnification 100X, scale bar 150 µm. (1) Merged (2) Bright-field (3) DAPI 
staining. The MC BR44 has the tendency, as the other MCs manufactured with biological polymers, 
to form larger aggregates than those generated by synthetic MCs like the MC ProNectin-F. 

 
Figure S8. Analysis of nuclei released from the microcarrier-based culture of 
ASC52telo cells using 7-AAD and volumetric flow cytometry. Gating strategy 
for counting the nuclei: Debris was first excluded using forward side scatter 
(FSC) Width versus 7-AAD fluorescence intensity. The nuclei population was 
selected by defining the gate "Nuclei" (red rectangle in plot (A)). These 
selected events were further analyzed using 7-AAD fluorescence intensity 
versus side scatter (SSC, plot (B)). A monoparametric plot (C) of the 7-AAD-
stained nuclei resolved those with a DNA content of 2N (first peak, G0 and G1 
phases) and those with 4N (second peak, G2 and M phases). Nuclei with an 
intermediate DNA content represent those in the S phase. 
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Figure S9. L-Mimosine stops proliferating ASC52telo cells before the onset of 
DNA replication. We used L-Mimosine to demonstrate that 7-AAD stained 
nuclei can provide information about the cells' cell cycle status under 
investigation. L-Mimosine inhibits the DNA replication, and, as shown in plot 
(B), the intensities of the S and the G2 peak are strongly reduced compared to 
untreated cells (plot (A)). The three peaks shown in plot A reflect the three 
major cell cycle stages of a cell population. The numerical quantification of the 
progression into the three cell cycle stages is possible by counting the number 
of events in each peak (G1, S and, G2). 

 
Figure S10. Growth curve: Graphical representation of the nuclei counts by 
flow cytometry of ASCs52Telo grown on MC BR44. The data are displayed 
according to the four daily measurements (day 1, 3, 6, and 8). 

2.5. Calculation of Important Biochemical Engineering Parameters 
(I) Impeller tip speed utip (Equation (1)) 𝑢 𝜋 ∙ 𝑛 ∙ 𝑑 (1)

where utip is the impeller tip speed, n and d are the impeller speed and 
the impeller diameter, respectively.  

(II) Reynolds number Re (Equation (2)) 𝑅𝑒 𝑛 ∙ 𝑑𝜐  (2)

where Re is the dimensionless Reynolds number, n and d are the 
impeller speed and the impeller diameter, and ν is the kinematic 
viscosity of the fluid.  

(III) Specific power input P/V (Equation (3))  𝑃𝑉 𝑁𝑒 ∙ 𝜌 ∙ 𝑛 ∙ 𝑑𝑉  (3)
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where P/V is the specific (volumetric) power input, Ne is the 
dimensionless Newton number, 𝜌 , n and d are the density of the fluid, 
the impeller speed and the impeller diameter.  

(IV) Local shear stress τnt (Equation (4)) 

𝜏 𝜕𝑤𝜕𝑦 𝜕𝑤𝜕𝑥 𝜕𝑤𝜕�̃� 𝜕𝑤𝜕𝑥 ∙ 𝜂 (4)

where 𝜏  is the local shear stress. Here, 𝑤 are the velocities in the local 
coordinate systems defined by the coordinates 𝑥, 𝑦 and �̃� which are 
oriented along the fluid flow direction. 

2.6. Proof-of-concept: Spinner Cultivation with BR44 and ProNectin-F MCs 

  
(a) (b) 

Figure S11. Time-dependent profiles of cell densities in the Corning spinner flasks. (a) ProNectin-F 
MCs, (b) BR44 MC. Partial medium exchanges of 50% were performed on days 4 and 8. 

2.7. Cell Analytics: ASC52telo on BR44 MCs under Static Conditions 

 
Figure S12. Single-parameter histograms for FACS analysis of known surface markers on AC52telo 
cells cultured in serum-free conditions (UrSuppe) on standard 2D cell culture vessels or microcarriers 
BR44 (3D). 7-AAD negative cells were checked for the expression of the nine indicated surface 
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markers. The cells were cultured in serum-free conditions in the standard cell culture vessels (2D, T25 
flasks, upper panel) or on the microcarrier BR44 (lower panel). Each plot's vertical axis marks the 
threshold "negative/positive" found with a sample of cells stained with the isotype control antibody. 
Therefore, the percentage of the population positive for each marker was calculated based on isotype 
controls stained cells. 

 
Figure S13. FACS analysis of known surface markers on AC52Telo cells cultured in serum-free 
conditions (UrSuppe): Comparison between cells grown on classical cell culture vessels (2D) or 
microcarriers ProNectin-F (PNF). 7-AAD negative cells were checked for the expression of the nine 
indicated surface markers. The cells were cultured in serum-free conditions in the standard cell 
culture vessels (2D, T25 flasks, upper panel) or on the commercial microcarrier ProNectin-F (lower 
panel). Each plot's vertical axis marks the threshold "negative/positive" found with a sample of cells 
stained with the isotype control antibody. Therefore, the percentage of the population positive for 
each marker was calculated based on isotype controls stained cells. 

These FACS data suggest that, at least as far as concerning the 
markers examined, there are no major differences between cells grown 
in 2D from those grown in 3D on BR44 or the microcarriers ProNectin-
F. Maybe if one wants to be very meticulous, the percentage of CD146 
positive cells is higher in ASC52telo cells grown on the MC ProNectin-
F. The increased expression of this marker may be a negative indicator 
regarding the stemness. Indeed, CD146 is expressed by pre-adipocytes 
or other cells, such as pericytes [17,18]. CD34 is also usually expressed 
in more mature cells. [19–21]. The percentage of positive cells for this 
marker is also higher in ASC52telo grown on MC ProNectin-F. 

2.8. Cell analytics: ASC52telo on BR44 MCs under Dynamic Conditions 
Tables S6 and S7 provide an overview and short description of 

genes measured in this study. 
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Table S6. Overview of measured stemness maintenance genes. 

Name Description Reference 

PREF1 (DLK1) 

Pre-adipocyte factor 1 (Delta-like 1 homolog) 
is a transmembrane protein that inhibits 
adipogenesis, and it belongs to the non-

canonical Notch ligands family. 

Hudak et al. [22]  
Hei et al. [23] 

SOX9 Sox9 is a member of the HMG-box class 
DNA-binding proteins and is a Pref1 target. 

Wang and Sul [24] 

ZFP521 Zinc Finger Protein 521 is a transcription 
factor, which inhibits adipogenesis. 

Chiarella et al. [25] 
Kang et al. [16] 

WISP2 

Wnt1-inducible signaling pathway protein 2 
is an endogenous and secreted 

auto/paracrine non-conventional WNT 
ligand. 

Grünberg et al. [26] 
Hammardtedt et al. [27] 

Grünberg et al. [28] 

Table S7. Overview of measured differentiation regulators/markers. 

Name Description Reference 

PPARG 

Peroxisome Proliferator-Activated Receptor 
Gamma is a ligand-dependent transcription 

factor that is a member of the nuclear hormone 
receptor superfamily. It plays a crucial role in 

adipose tissue development and differentiation. 

Ahmadian et al. [29] 
Barak et al. [30] 
Rosen et al. [31] 

Tontonoz et al. [32] 

ZFP423 

Zinc Finger Protein 423 is responsible for 
adipogenic commitment. It induces PPARG 

expression and terminal adipogenic 
differentiation. 

Gupta et al. [33] 
Gupta et al. [34] 

DKK1 
Dickkopf1 inhibits the Wnt signaling and 

promotes differentiation. 
Christodoulides et al. [35] 
Gustafson and Smith [36] 

RUNX2 
Runx2 is a transcription factor that is essential 
for osteoblast differentiation and chondrocyte 

maturation. 

Komori [37] 
Komori [38] 
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Figure S14. Comparing the adipokines secretion profile of ASC52telo cells. 
(A): Profile of ASC52telo cultured in the classical static 2D cell culture system. 
(B): Profile of ASC52telo cells grown on the microcarrier BR44 in a spinner 
flask. (C): Profile of ASC52telo cells grown on the microcarrier ProNectin-F in 
a spinner flask. Array procedure according to the manufacturer of the kit (bio-
techno, #ARY024). 

Table S8. Human adipokine array. 

Coordinate Analyte/Control  Coordinate Analyte/Control 

A1, A2 Reference Spots  C19, C20 IL-6 

A5, A6 Adiponectin/Acrp30  C21, C22 CXCL8/IL-8 

A7, A8 Angiopoietin-1  C23, C24 IL-10 

A9, A10 Angiopoietin-2  D1, D2 IL-11 

A11, A12 Angiopoietin-like 2  D3, D4 LAP (TGF-β1) 

A13, A14 Angiopoietin-like 3  D5, D6 Leptin 

A15, A16 BAFF/BLyS/TNFSF13B  D7, D8 LIF 

A17, A18 BMP-4  D9, D10 Lipocalin-2/NGAL 

A19, A20 Cathepsin D  D11, D12 CCL2/MCP-1 

A23, A24 Reference Spots  D13, D14 M-CSF 

B1, B2 Cathepsin L  D15, D16 MIF 

B3, B4 Cathepsin S  D17, D18 Myeloperoxidase 

B5, B6 Chemerin  D19, D20 Nidogen-1/Entactin 

B7, B8 Complement Factor D  D21, D22 Oncostatin M (OSM) 

B9, B10 C-Reactive Protein/CRP  D23, D24 Pappalysin-1/PAPP-A 



Appl. Sci. 2021, 11, 925 14 of 16 
 

Table/List on the left: Coordinates and explanations of the 58 different spots present on the human 
adipokine array membrane. 
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