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Medicine, National Institute of Health). This is mainly due to the promising 6 application of MSC in cell therapies with actions as trophic mediators and 7 displaying bioactive factors secretion [START_REF] Arnold | Mesenchymal stem cells as trophic 604 mediators[END_REF]. Their immuno-modulatory prop-8 erties also present a great interest for this medical purpose, allowing either 9 autologous and allogenic treatments. They are notably involved into treate-10 ments for type I and II Diabetes, cancers and heart failures in some others 11 [START_REF] Mimeault | Stem cells: a revolution in therapeu-606 tics: recent advances in stem cell biology and their therapeutic appli-607 cations in regenerative medicine and cancer therapies[END_REF].

12 MSC were firstly isolated from bone marrow by Friedenstein et al. and 13 identified as a population of anchorage cells with a fibroblast behavior and 14 the capacity to regenerate bone cells [START_REF] Friedenstein | The development of 610 fibroblast colonies in monolayer cultures of guinea-pig bone marrow and 611 spleen cells[END_REF]. Since then, other parts of the 15 body were identified as MSC sources, such as adipose-tissues [START_REF] Bénédicte | Im-613 munomodulatory effect of human adipose tissue-derived adult stem cells: 614 comparison with bone marrow mesenchymal stem cells Brit[END_REF], synovium 16 [START_REF] De | Multipotent mesenchymal stem cells from adult human synovial 618 membrane[END_REF], lung [START_REF] Mark | Stem cells of the 620 alveolar epithelium The[END_REF], muscles [START_REF] Jackson | Mesenchymal progenitor 622 cells derived from traumatized human muscle[END_REF], umbilical-cord blood [8] or umbilical-cord matrix 17 (Wharton's jelly) [START_REF] Hwai-Shi | Mesenchymal 628 stem cells in the Wharton's jelly of the human umbilical cord[END_REF]. In order to establish robust criteria to define MSC, ity into osteoblasts, adipocytes and chondrocytes [START_REF] Dominici | Minimal criteria for defin-631 ing multipotent mesenchymal stromal cells. The International Society 632 for Cellular Therapy position statement[END_REF]. [START_REF] Matthew | 676 Hydrodynamic effects on animal cells grown in microcarrier cultures 677[END_REF] These cells are nevertheless present in limited quantities in the body, [START_REF] Timothy | Mechanical stimuli differentially control stem cell behavior: 680 morphology, proliferation, and differentiation[END_REF] which decrease with ageing [START_REF] Alexandra | Age-related 634 changes in human bone marrow-derived mesenchymal stem cells: conse-635 quences for cell therapies Mech[END_REF]. In vitro expansions are thus necessary to 26 reach the high cell dose requirements for the medical purposes, between 10 9 27 and 10 12 cells/lot [START_REF] Rowley | Meeting lot-size challenges of manufacturing adherent cells 638 for therapy[END_REF]. To improve their performance, expansion processes 28 have been investigated from static planar cultures to stirred tank bioreactors, 29 taking into account both the quantity and the quality of the harvested cells 30 [START_REF] Katharina | hMSC production in dis-641 posable bioreactors with regards to GMP and PAT[END_REF][START_REF] Krishna | Bioprocessing strategies for the large-scale production of human 645 mesenchymal stem cells: a review Stem[END_REF]15].

31

Concerning the quality, MSC have the particularity to be the drug itself, 32 directly injected into the patient, meaning that, in addition to the process 33 itself (robust control and monitoring), all components involved in the culture 34 medium must be suitable for clinical applications. This led to the use of 35 chemically defined culture media displaying much higher costs [16], or to 36 the serum replacement by human blood-derived alternatives like the human 37 platelet lysate (hPL) [17]. The use of hPL has notably been validated for 38 MSC cultures, with higher expansion rates than with fetal bovine serum, 39 making it a good substitute at an affordable cost [18]. It also presents the Heparin (Sigma-Aldrich) was added to this basal medium for planar static 126 cultures at a concentration of 2 IU / mL. Concerning dynamic cultures on 127 microcarriers, first cultures led to the formation of a jelly matrix precipi-128 tate, entrapping microcarriers, even with 2 IU / mL heparin in the culture 129 medium. This gel appeared during the first days and led to high variability 130 of cell adhesion and expansion. The heparin was thus found to be not enough 131 effective to avoid gel formation. Hence, it was chosen to use a mechanical 132 fibrinogen-depletion instead of the increase of heparin concentration, which 133 may have deleterious effects on cell expansion at higher concentrations [39].

134 Similar fibrinogen-depletion methods have already been described by other 135 authors [START_REF] Sandra | Mechan-738 ical fibrinogen-depletion supports heparin-free mesenchymal stem cell 739 propagation in human platelet lysate[END_REF][START_REF] Pachler Karin | A Good Manufacturing 741 Practice-grade standard protocol for exclusively human mesenchymal 742 stromal cell-derived extracellular vesicles[END_REF]. For the present study, the culture medium was maintained ) concentration (g L -1
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F exp = < N cell/µC > t 0 +5d -< N cell/µC > t 0 +2d < N cell/µC > t 0 +2d (1) 
c v = σ < N cell/µC > • 100 (2) 
σ = 1 n -1 n i=1 (N cell/µC (i) -< N cell/µC >) 2
(3)

Y Glu = ∆ 2→5 C consumption Glucose ∆ 2→5 < N cell/µC > •C µC/L (4) 
Phenotypic analysis

283

After trypsinization, cells were frozen before the flow cytometry analyses.

284

They were then quickly thawed with fresh culture medium, pre-warmed at 387

Glucose consumption and lactate production kinetics showed that Cytodex-388 1, Star-Plus and Hillex II microcarriers led to higher cell expansions (Fig. 4).

389

These microcarriers presented better fractions of colonized particles, which Concerning Hillex II, cell adhesion was found to be very low with only 9

407

% of adhered cells. The percentage of colonized microcarriers x colo , repre-408 sented in Fig. 6, was found to be related to the number of cells, with higher 409

x colo obtained with cultures displaying more attached cells. Fig. 7 showed strate kinetics due to an early confluence.

432

The mean number of cells may also be related to the metabolite / substrate (Fig. 9 (E)), whereas the total number of cells was found to be the low- activity. It may be supposed that a fraction of viable cell remained in sus-450 pension, without attachment possibility on microcarriers. However, cells in 451 suspension would not be taken into account by the in situ counting method.

452

Cell distribution on microcarriers at t 0 + 2 days and t 0 + 5 days are presented 453 in Fig. 7. c v remained similar over time, except for Hillex II. In this case, 454 the deviation became significantly higher and may be related to the decrease 455 of the colonized microcarrier fraction (Fig. 6).

456

Interesting results were obtained with Lac/Glu ratios, presented in Table 4. different metabolic pathways, such as glutamine that may be a second source In addition to the low cell attachment observed on Hillex II, no cell ex- Cytodex-1 (Fig. 13), despite no significant difference was observed on the 488 mean number of cells per microcarriers on Cytodex-1, Star-Plus and Plastic-489 Plus at t 0 + 2 days and t 0 + 5 days. Hence, the metabolic activity, related to 490 viable cells, was higher for cultures carried out with these two microcarriers, 491 but with different metabolic pathways, involving different carbon sources for 492 cell expansion. As for cultures in Erlenmeyer flasks, Lac/Glu ratios, and 493 displaying values over 2, led to the hypothesis that glutamine was used by 494 cells and led to the production of more lactate (Table 5). Here, this assump- 

Microcarriers performances comparison 562

Microcarriers were finally compared according to the three criteria con-563 cerning cell attachment, expansion and ease of detachment. Each agitation 564 mode led to the results summarized in This study demonstrated that the detachment step is still a challenge for 592 the development of a robust process, especially when Cytodex-1 were used.

593

Star-Plus and Plastic-Plus were found to be better compromises, respectively 594 for the orbital and the mechanical agitation modes. 

Introduction 1 In

 1 recent years, Mesenchymal Stem / Stromal Cells (MSC) are increas-2 ingly used in regenerative medicine. According to the U.S. National In-3 stitute of Health, the number of completed or ongoing MSC-based studies 4 passed from around 500 in 2016 to 854 in July 2018 (US National Library of5

  for Cellular Therapy (ISCT) proposed three mini-19 malist conditions: (i) the capacity to adhere on plastic in standard culture 20 conditions, (ii) the expression or non-expression of specific surface antigens 21 (positive for CD105, CD73 and CD90; negative for CD45 CD34, CD14 or 22 CD11b, CD79a or CD19 and HLA-DR), and the in vitro differentiation abil-23

40 advantage 42 For

 4042 to be rich in proteins and growth factors, avoiding the need of 41 bFGF addition. the large-scale production of MSC, the technology of microcarriers, Wezel et al. in 1967, is today widely used to allow adherent-44 dependent cell cultures. They consist in micro-spheres from 90 to 400 µm 45 diameter with a density slightly higher than water [19]. Cells adhere on used was α-MEM Eagle solution (Lonza), supple-120 mented with 5 % human platelet lysate (MultiPL'30, Macopharma), 4 mM 121 glutamine (Sigma) and 1 % antibiotic-antimicotic (Gibco). According to the 122 manufacturer instructions, the hPL derived from screened normal human 123 donor platelets, was pooled in large batch sizes of 10 L and was sterilized by 124 filtration of 0.2 µm before filling in closed systems.
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136 between 4

 4 and 6 hours at room temperature to allow clot formation. It was 137 then stored at 4 • C at least 18 hours. Before fibrin gel removing, the medium 138 was brought to 37 • C and submitted to mechanical shocks by agitation. The 139 biogel was then physically collapsed and the precipitated fibrin was pelleted 140 by centrifugation (670 × g, 10 min, Jouan G 4.11). Finally, the medium was 141 passed through a 0.22 µm filter.

Five

  microcarriers were compared, including Cytodex-1 (GE Healthcare), 144 widely used for adherent dependent cell cultures, and the Pall Starter Kit 145 composed of Plastic, Plastic-Plus, Hillex II and Star-Plus microcarriers (Pall, 146 SoloHill). Microcarriers properties and culture concentrations are presented 147 in Table 1. The different concentrations of microcarriers were calculated in 148 order to display the same available surface for cell expansion, both in static 149 (A = 30 cm 2 ) and dynamic (A = 250 cm 2 ) modes . Preliminary cultures 150 showed that a coating with hPL enhanced cell attachment on microcarriers 151 (data not shown). Only Cytodex-1 presented similar cell attachment with 152 and without hPL coating. In the present work, all microcarriers were thus 153 coated with hPL by incubating them in pure hPL at 37 • C, 80 % humidity 154 and 5 % CO 2 during two hours. Then, microcarriers were washed with fresh 155 culture medium before cell seeding. 156 Cell culture under static conditions 157 After quick thawing, cells were seeded at 2000 cells / cm 2 in T175 flasks 158 filled with 25 mL culture medium. The medium was changed every 2 or 3 159 days by complete medium removing and addition of the same volume of fresh 160 medium. Once 60-70 % of the confluence was reached, the culture medium 161 was removed and cells were washed with DPBS before the cell detachment, 162 using 5 mL TrypLE (Gibco) per flask. TrypLE is composed of recombinant 163 cell-dissociation enzymes that replace trypsin. Incubation did not exceed 164 5 min and the enzymatic digestion was stopped by adding 20 mL of fresh 165 medium. The suspension was then centrifuged at 130 × g during 5 min, 166 the supernatant was removed and the pellet was dispersed in fresh culture 167 filtration step was performed with 40 µm filters, in order to elim-168 inate potential cell aggregates. 1 mL of the suspension was finally collected 169 to determine the cell number and cell viability. 170 Cell culture on microcarriers in static mode 171 Six well plates with ultra-low attachment surface (Corning) were used to 172 perform static cultures on microcarriers. After addition of the microcarriers 173 at the bottom of the well, cells were seeded at a concentration of 3 10 5 cells 174 / well in a working volume of 5 mL. After 5 days, the supernatant was 175 removed and microcarriers were washed with DPBS. Cell detachments were 176 finally performed by using 1 mL of TrypLE. A complementary agitation can 177 be applied to promote cell detachment and to reduce the incubation time, 178 as proposed by Nienow et al. [42]. An orbital agitation of 75 rpm (orbital 179 diameter d o = 10 mm) was applied during 5 min, and 5 mL of fresh medium 180 was then added to stop the enzymatic digestion. Cells were finally separated 181 from microcarriers with a 70 µm filtration step. 182 Cell culture on microcarriers in agitated mode 183 The following protocol was established from preliminary cultures per-184 formed using both Cytodex-1 and Star-Plus microcarriers, in order to deter-185 mine the suitable operating conditions for cell growth comparison on different 186 microcarriers. Two stirred culture systems were used: (i) Erlenmeyer flasks 187 and (ii) Spinner flasks. Properties of the two systems are presented in Table
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 29 Cells were recovered from planar cultures at around 70 % of the confluence 189 and were passed through a 40 µm filter to trap potential aggregates before 190 seeding. 70 % of the confluence was found to be a good compromise to recover 191

2 * 10 Page

 210 Cytodex-1 concentrations are given according to the particle dry weight. avoiding the formation of aggregates. After counting, cells 192 were inoculated at a concentration of 0.8 10 6 cells / mL, namely 2 10 6 cells 193 per flask. In Erlenmeyer flasks, a gentle agitation was applied to homoge-194 nize cell and microcarrier suspension, and cultures were let without agitation 195 during one hour to allow cell adhesion. Agitation rate was then fixed at the 196 minimal agitation rate ensuring all particle suspension N = N js = 75 rpm 197 (d o = 10 mm). In Spinner flasks, cultures performed at N = N js led to cell 198 lysis. It was thus decided to let cultures without agitation during one hour 199 with gentle agitations at the beginning and at the mid-point, before working 200 at a low agitation rate N = 40 rpm, at which a sufficient number of particles 201 were suspended without major hydromechanical stress [42]. Both cultures 202 performed in Erlenmeyer and spinner flasks were limited to 5 days, with 50 203 % medium exchange performed at t 0 + 3 d and t 0 + 4 d, in order to ensure a 204 sufficient glucose concentration for cell expansion and to reduce the lactate 205 concentration. At the end of the culture, the supernatant was removed and 206 particles were washed with DPBS. 10 mL of TrypLE were then added with a 207 complementary agitation during 5 min. Fresh medium was used to stop the 208 enzymatic digestion and cells were separated from microcarriers with a 70 209 µm filtration step. Cell number and viability were determined before being 210 frozen. Microcarriers were recovered from filters and microscopic analyses 211 were performed to determine the number of cells remaining attached. 212 Detached cells counting 213 After each detachment, cell number and cell viability were determined 214 from cell suspensions, using the Vi-Cell T M Cell Viability Analyzer Counter 215 (Beckman Counter), based on a Trypan Blue Dye Exclusion method.

232 3 261F 14 Page

 314 transparent and were found to allow blue light to pass through the material.233In this way, cells adhered in the whole bead surface were counted. On the 234 contrary, Plastic, Plastic-Plus and Star-Plus microcarriers were found opaque 235 and only cells present in half of the bead surface were counted. Furthermore, 236 a half-face found empty did not necessarily mean that there was no cell on 237 the other side. Consequently, in order to predict the number of cells on the 238 non-visible surface, a Poisson distribution was integrated in the routine. The 239 routine finally provided the following information: (i ) The mean number of 240 cell per microcarrier < N cell/µC >, (ii ) the distribution of the number of cell 241 per microcarrier, (iii ) the standard deviation of this distribution σ, and (iv ) 242 the percentage of colonized microcarriers x colo , namely the fraction of parti-243 cles containing at least one cell. This method based on image analysis was 244 preliminary validated by cell visual counting. 245 Cell morphology investigation 246 As for cell counting, samples of 200 µL were recovered from a homoge-247 neous particle suspension. After removing the supernatant, cells were stained 248 using a Live / Dead Cell double staining kit (Sigma) during 30 min at 37 • C. 249 It was composed of calcein-AM for living cell membrane staining, and ethid-250 ium homodimer for dead cell nuclei staining. Microscopic analyses were then 251 performed in order to qualitatively determine cell morphology. This oper-252 ation was performed at t 0 + 2 days in order to ensure cell attachment and 253 their final morphology, while no doubling population already occurred. The 254 objective was to distinguish round from spreaded cells. , lactate, glutamine, ammonia and lactate deshydro-257 genase (LDH) concentrations were measured from supernatant samples col-258 lected throughout the cultures, by using the Gallery multiparametric analyzer 259 (Thermo Fisher Scientific). Glucose (GOD-POD), L-Lactic Acid and LDH 260 (SCE) kits from Thermo Fisher Scientific and Glutamine V2 Bio and NH Bio kits from Roche were used. 262 Kinetic parameters calculation 263 Based on the previous experimental measurements, different parameters 264 were calculated to characterize cell culture kinetics. An expansion factor 265 exp , expressed in Eq. (1), used data from cell counting by image analysis 266 and compared the number of cell produced between t 0 + 2 days and t 0 + 5 267 days. Also based on image analysis results, the distribution of the number 268 of cell per microcarrier was determined and the corresponding coefficient of 269 variation c v was calculated according to Eq. (2), with σ the standard devia-270 tion presented in Eq. (3). In this last parameter, N cell/µC (i) corresponds to 271 the number of cell counted on the i th microcarrier and n represents the total 272 number of microcarriers treated by image analysis. Two parameters based 273 on metabolite concentrations were finally calculated. In one hand, Y Glu yield 274 was defined according to the Eq. (4), and described the concentration of 275 glucose consumed on the cell concentration production, from t 0 + 2 days to 276 t 0 +5 days, with ∆ 2→5 C consumption Glucose corresponding to the cumulative glucose con-277 sumption between t 0 + 2 days and t 0 + 5 days, ∆ 2→5 < N cell/µC > for the mean 278 number of cell produced between t 0 + 2 days and t 0 + 5 days, and C µC/L the 279 microcarrier concentration in the system. In the other hand, the Lac/Glu 280 as the cumulative lactate production on the cumulative 281 glucose consumption during the whole culture.

285 37 •

 37 . After centrifugation, cells were re-suspended in DPBS and their viability 286 was validated using a Live / Dead kit assay. Cells were then incubated into 287 DPBS-BSA 0.5 % (Gibco, Sigma-Aldrich) during 15 minutes and double 288 marks were realized using antibodies targeting the specific antigen coupled 289 with Phycoerythrin (PE) or Fluorescein isothiocyanate (FITC) during 45 290 minutes, at room temperature and out of direct light.

Fig. 1 .Figure 1 :Figure 2 :

 112 Fig. 1. Cell detection and counting were validated with 5 % mean deviation 344

390

  seemed to globally impact the cell expansion. On the contrary, Plastic mi-391 crocarriers were notably unsuitable for MSC culture in comparison to other 392 microcarriers regarding the low cell expansion after 5 days of culture and the 393 LDH concentration. LDH concentration was indeed higher for the culture 394 using Platic microcarriers than with others, despite a lower number of cells 395 observed on particles. This confirmed a lower cell viability in comparison to 396 other microcarriers. Only Cytodex-1, Star-Plus, Plastic-Plus and Hillex II 397 microcarriers were thus selected for the dynamic cultures. 398 Cell attachment and expansion comparison with an orbital agitation 399 Cultures in Erlenmeyer flasks were performed without agitation during 400 the first two hours. Then, a continuous orbital agitation was applied to en-401 sure particle suspension, but gathering most of particles inward. They led 402 to different cell attachments depending on the type of microcarrier used. 403 As presented in Fig. 5, Cytodex-1 presented the best capability with 59 404 % of inoculated cells adhered on microcarriers surfaces, whereas Star-Plus 405 and Plastic-Plus presented lower values with 20 % and 37 % respectively.

Figure 3 : 23 Page

 323 Figure 3: Cell nuclei DAPI coloration at t 0 + 5 days in static mode: Cytodex-1 (A), Star-Plus (B), Plastic (C), Plastic-Plus (D) and Hillex II (E) microcarriers.

Figure 4 :

 4 Figure 4: Kinetics of metabolite concentrations over time in static mode and according to the type of microcarrier used: Glucose (A), lactate (B), glutamine (C), ammonia (D) and LDH (E) (n = 3).

24 Page

 24 

410 1 ,Figure 5 :

 15 Figure 5: Mean number of cells per microcarrier cultivated with an orbital agitation and according to the type of microcarrier at t 0 + 2 days (black bars) and t 0 + 5 days (white bars) (n = 2).

433 kinetics, presented in Fig. 9 .L - 1 , 26 FFigure 6 :

 91266 Figure 6: Fraction of microcarriers containing at least one cell in culture with an orbital agitation and according to the type of microcarrier at t 0 + 2 days (black bars) and t 0 + 5 days (white bars) (n = 2).

441est. 27 Page

 27 It may be thus assumed that cell viability declined during the first days 442 of the cultures. On the other hand, Cytodex-1 presented the highest Y Glu 443 yield of 2.2 10 -10 mol cell -1 in comparison to 1.4 10 -10 mol cell -1 calculated 444 with Star-Plus. Due to a higher number of cells, the LDH concentrations was 445 notably expected to be higher after 5 days of cultures (Fig.9 (E)). Star-Plus 446 presented a higher number of cells than on Plastic-Plus at t 0 +2 days and thus 447 led to a higher metabolic activity during the first days. However, at t 0 + 5 448 days, the mean number of cells on Plastic-Plus declined despite a metabolic 449

Figure 7 :

 7 Figure 7: Coefficient of variation of the distribution characterizing the number of cell per microcarrier with an orbital agitation and according the type of microcarrier at t 0 + 2 days (black bars) and t 0 + 5 days (white bars) (n = 2).

457Figure 8 :

 8 Figure 8: Cell morphology grown on microcarriers at t 0 + 2 days according the type of microcarrier and the agitation mode. Green staining for living cell membranes and red staining for dead cell nuclei.

469

  except a gentle agitation at mid-time to promote cell homogenization on mi-470 crocarriers. Particles were then dispersed by a mechanical agitation. In this 471 system, cell attachment was similar for Cytodex-1, Star-Plus and Plastic-472 Plus microcarriers with 3.6 to 3.7 cells per microcarrier at t 0 + 2 days, as 473 presented in Fig. 10, and cell displayed similar fibroblast-like morphologies, 474 as shown in Fig. 8. On the contrary, only 1.8 cells per microcarrier were 475 counted on Hillex II microcarriers, with 30 % empty microcarriers as pre-476 sented in Fig. 11. As a consequence, cells on Hillex II presented a more 477 heterogeneous distribution than on Cytodex-1 and Plastic-Plus, with c v = 478 105 %, whereas 68 to 80 % were obtained with the other microcarriers (Fig.

  479
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Figure 9 :

 9 Figure 9: Kinetics of metabolite concentrations during cultures stirred with an orbital agitation and according to the type of microcarrier used: Glucose (A), lactate (B), glutamine (C), ammonia (D) and LDH (E). Vertical arrows correspond to an exchange of 50 % culture medium (n = 2).

31 PageFigure 10 :

 3110 Figure 10: Mean number of cells per microcarrier cultivated with a mechanical agitation and according to the type of microcarrier at t 0 + 2 days (black bars) and t 0 + 5 days (white bars) (n = 2).

481 pansion was noticed at t 0 + 5 32 PageFigure 11 :

 53211 Figure 11: Fraction of microcarriers containing at least one cell in culture with a mechanical agitation and according to the type of microcarrier at t 0 + 2 days (black bars) and t 0 + 5 days (white bars) (n = 2).

495 tion was notably supported by the results on glutamine consumption with 496 33 PageFigure 12 :

 3312 Figure 12: Coefficient of variation of the distribution characterizing the number of cell per microcarrier with a mechanical agitation and according to the type of microcarrier at t 0 + 2 days (black bars) and t 0 + 5 days (white bars) (n = 2).

Figure 13 :

 13 Figure 13: Kinetics of metabolite concentrations during cultures stirred with a mechanical agitation and according to the type of microcarrier used: Glucose (A), lactate (B), glutamine (C), ammonia (D) and LDH (E). Vertical arrows correpond to 50 % culture medium exchange (n = 2).

Figure 14 :

 14 Figure 14: DAPI cell nuclei staining after cell detachment and filtration: Cytodex-1 (A), Star-Plus (B), Plastic-Plus (C) and Hillex II (D).

Figure 15 :Figure 16 :

 1516 Figure 15: Characterization of GW-MSC immunophenotype, expanded under various dynamic conditions, by flow cytometry: Cells cultivated with an orbital agitation on Plastic-Plus (P+ orb.), Hillex II (H II orb.) and Cytodex-1 (Cyto orb.), and with a mechanical agitation on Cytodex-1 (Cyto mec.) and Star-Plus (S+ mec.).

  

  

  

  

Table 1 :

 1 Microcarrier physical properties (based on manufacturer data) and concentrations used in this study.

	Dynamic culture	
	Static culture	
	Diameter range Density	(µm) (g mL -1
	Manufacturer	
	Name	

Table 2 :

 2 Stirred systems and agitation conditions chosen for cultures in dynamic mode.

			Biotechnology Progress	Page 12 of 53
			Bioreactor
			Erlenmeyer flask	Spinner flask
		Manufacturer	Fisherbrand	DWK Life Sciences
			(Fisher Scientific)	Inc. (Wheaton)
		Mixing mode	Orbital	Mechanic
		Material	Plastic (single-use)	Siliconized glass
		Diameter (mm)	66	40
		V working (mL)	25	25
		N (rpm)	75	40
	217	In situ counting of cells adhered on microcarriers
	218	A dedicated post-treatment was developed to dispose of a robust and
	219	quantitative method to directly count MSC cells attached on microcarriers,
	220	without detachment step. To do that, samples of 200 µL were recovered from
	221	homogeneous particle suspensions. After supernatant removing for metabo-
	222	lite analysis, cells were stained using a DAPI-methanol solution of 1 µg / mL
	223	(DAPI from Sigma) during 15 min at room temperature. Cells were then
	224	washed with DPBS and microscopic analyses were performed. At least 5
	225	photos per operating condition were recorded and loaded in a Matlab script
	226	for post-treatment. First, microcarriers were identified by contour recog-
	227	nition and their coordinates were recorded. Secondly, based on the simple
	228	colour detection by the hue function of Matlab, a mask was applied in or-
	229	der to only keep the blue elements concerning cell nuclei after the DAPI
	230	staining. After contrast adjustments, a binarization was performed and cell
			12
			John Wiley & Sons

Table 3 summarizes

 3 

	293	
	294	Gallios (Beckman Coulter, Brea, CA, USA). The number of positive cells
	295	was obtained using the Kaluza software (Beckman Coulter, Brea, CA, USA).
		15

291

the antibodies used in this study. Cells were finally washed in DPBS and 292 suspended in 300 µL DPBS, before the analysis using the flow cytometer

Table 3 :

 3 List of antibodies used for the flow cytometry analyses.

			Biotechnology Progress			Page 16 of 53
	Antigen Fluorophore Manufacturer Reference Species Isotype	Control isotype FITC DAKO X0927 Mouse IgG1 κ	Control isotype PE DAKO X0928 Mouse IgG1 κ	CD 90 FITC Beckman Coulter IM1838U Mouse IgG2a	CD 34 PE BD Pharmingen 555882 Mouse IgG1 κ	HLA-DR FITC Beckman Coulter IM0463U Mouse IgG2b	CD 73 PE BD Pharmingen 550257 Mouse IgG1 κ	CD 45 FITC DakoCytomation F0861 Mouse IgG1 κ	CD 166 PE Beckman Coulter A22361 Mouse IgG1	CD 44 FITC Beckman Coulter IM1219U Mouse IgG1
					16					
				John Wiley & Sons			

301 medium was replaced with pre-warmed Complete Adipogenesis Differentia-302 tion Medium and re-feed every 3 days. After at least 40 days of culture, cells 303 were washed with DPBS and fixed in a 4 % formaldehyde solution during 304 30 min. Thereafter, cells were twice washed with distilled water and incu-305 bated with Oil Red-O solution (0.5 % in isopropanol) at room temperature 306 for 15 min. Cells were finally rinsed with distilled water before microscopic 307 visualization. 308 Osteogenesis differentiation 309 As recommended by the manufacturer, cells were seeded at 5,000 cells 310 / cm 2 on 24-well plates with 1 mL of culture medium. After 24 h, culture 311 medium was replaced with pre-warmed Complete Osteogenesis Differentia-312 tion Medium and re-feed every 3 days. After at least 40 days of culture, cells 313 were washed with DPBS and fixed in a 4 % formaldehyde solution during 314 30 min. Thereafter, cells were twice washed with distilled water and stained 315 with 2 % Alizirin Red S solution at room temperature for 2-3 min. Cells 316 were finally rinsed with distilled water before microscopic visualization.

317 17 324 solution prepared in 0.1 HCl at room temperature for 30 min. Cells were 325 finally rinsed three times with 0.1 HCl and distilled water before microscopic 326 visualization. 327 Data statistical analysis 328 A one-way analysis of variance (ANOVA) test was used with a Fisher's 329 Least Significant Difference (LSD) test admitting significance at p-value < 330 0.05 to determine if the different groups were significantly different. For 331 static cultures, standard deviations were calculated according to data from 332 cultures performed in parallel (n=3). Concerning dynamic cultures, standard 333 deviations were calculated according to data of different cultures ( n=2). 334 Higher variability may be thus expected than with cultures performed in the 335 same time, with the same inoculum.

Table 4 :

 4 Kinetic parameters calculated for cultures involving an orbital agitation and according to the type of microcarrier used (n = 2).

	Page 29 of 53	Biotechnology Progress
	459	
	460	of carbon and energy. In static cultures performed without glutamine, cells
	461	exhibited round morphologies and finally detached after a few days, without
	462	proliferation (data not shown). It was thus observed that glutamine was nec-
	463	essary for cell expansion. Hence, glutamine may be used by cells, even in low
		29
		John Wiley & Sons

467 468

Cell cultures in spinner flasks started with one hour without agitation,

Table 5 :

 5 Kinetic parameters calculated for cultures involving a mechanical agitation and according to the type of microcarrier used (n = 2).

			Biotechnology Progress	Page 36 of 53
		Microcarrier F exp	Y Glu	Lac/Glu
			(-) × 10 -10 (mol cell -1 ) (g gl -1 )
		Cytodex-1*	0.60	0.4	2.2
		Star-Plus	0.14	1.7	2.1
		Plastic-Plus 0.15	3.7	2.2
		Hillex II	-0.10	N/A	1.9
	506	on microcarrier performances. Static cultures of cells attached on micro-
	507	carriers were found not representative of what could occur during dynamic
	508	cultures, in particular concerning Hillex II microcarriers. In the case of the
	509	orbital agitation, cells presented the best adhesion capability on Cytodex-
	510	1, the highest expansion rate on Star-Plus, and Plastic-Plus and Hillex II
	511	were found unsuitable for MSC cultures in Erlenmeyer flasks. By using a
	512	mechanical agitation, similar number of cells were obtained with Cytodex-1,
	513	Star-Plus and Plastic-Plus, but cell expansion seemed to involve different
	514	carbon sources with a higher glutamine consumption for cells on Cytodex-1
	515	than with others. Hillex II was still found unsuitable with this agitation
	516	mode. As a result, microcarrier selection in static mode for applications in
	517	dynamic mode may be questionable, considering that performances in this
	518	condition could not be necessarily transposed to agitated cultures.
	519	Cell detachment from microcarriers	
	520	The last criterion to compare microcarriers adequacy for MSC cultures
	521	is the ease of detachment. Results of the microscopic analysis performed on
			36	
			John Wiley & Sons

534

Table 6 :

 6 Cell number counted after detachment according to the type of microcarrier (× 10 5 , n = 2).

	Page 37 of 53	Biotechnology Progress	
	Microcarrier	Static	Orbital agitation Mechanical agitation
	Cytodex-1	1.3 ± 0.2	3.4 ± 1.8	0.5 ± 0.1
	Star-Plus	1.9 ± 0.9	2.8 ± 0.6	1.2 ± 1.0
	Plastic	1.1 ± 0.3	N/A	N/A
	Plastic-Plus 1.3 ± 0.5	3.5 ± 0.9	2.0 ± 1.3
	Hillex II	1.7 ± 1.1	0.5 ± 0.3	0.6 ± 0.6
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Table 7 :

 7 Cell viability after detachment according to the type of microcarrier (n = 2).
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		Microcarrier	Static	Orbital agitation Mechanical agitation
		Cytodex-1	82 % ± 7	83 % ± 1	73 % ± 4
		Star-Plus	81 % ± 10	95 % ± 0	87 % ± 5
		Plastic	78 % ± 5	N/A	N/A
		Plastic-Plus 83 % ± 16	94 % ± 1	84 % ± 8
		Hillex II	82 % ± 7	61 % ± 17	62 % ± 13
	539	Plus, Star-Plus and Hillex II) and the two agitation modes (orbital and me-
	540	chanical) studied. Fig. 15 presented the percentage of expression obtained
	541	from MSC-specific cell surface markers. In all cases, less than 5 % expressed
		HLA-DR, CD45 and CD34. Concerning CD44, CD166, CD90 and CD73,
	544			
	545	agitation, where CD90 markers were respectively expressed by 78 % and 75
	546	% of the cell populations. Even that the role of CD90 in MSC remains un-
	547	known, its expression has been related to the maintain of the undifferentiated
	548	state [46] and the immunopressive properties of MSC [47]. Moreover, it has
	549	been reported a decrease on CD90 expression on MSC submitted to mechan-
	550	ical stimulation [48]. Consequently, the decrease on CD90 expression found
	551	in this study could indicate a shift in the stemness state of MSC towards a
	552	state more susceptible to differentiation. Nevertheless, the percent of CD90
	553	expression remains higher than 75 %. All these values allow to validate the
	554	cell immonuphenotype for stem cell characterization.
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542

more than 90 % cells expressed these markers, except in the cases of cultures 543 on Cytodex-1 with an orbital agitation and on Star-Plus with a mechanical

Table 8 .

 8 In the present study, the

	565	
	566	growth performance comparison was done relatively to the different micro-
	567	carriers used, for each agitation mode. In static mode, Cytodex-1, Star-Plus,
		41

574

In dynamic mode using mechanical agitation, Cytodex-1, and Plastic-Plus 575 presented similar attachment and expansion performances, but the detach-576 ment step was still difficult for Cytodex-1, making Plastic-Plus more reliable.

577

In both dynamic cases, Hillex II presented the lowest attachment and expan-578 sion performances, despite promising results in static mode. 579 Conclusion 580 Microcarriers were compared for three different agitation modes, namely 581 static mode, orbital and mechanical agitation. Three culture steps were 582 investigated, involving the attachment efficiency, the cell proliferation and 583

the ease of detachment. It was assumed that all these three criteria were 584 equally important for the cultivation process improvement. Results showed

Table 8 :

 8 Microcarriers performances summary according to the agitation mode.
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