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In vitro two-dimensional (2D) and three-dimensional (3D) cultivation of mammalian cells requires supplementation with serum. Mesenchymal stem cells (MSCs) are widely used in clinical trials for bioregenerative medicine and in most cases, in vitro expansion and differentiation of these cells are required before application. Optimized expansion and differentiation protocols play a key role in the treatment outcome. 3D cell cultivation systems are more comparable to in vivo conditions and can provide both, more physiological MSC expansion and a better understanding of intercellular and cell-matrix interactions. Xeno-free cultivation conditions minimize risks of immune response after implantation. Human platelet lysate (hPL) appears to be a valuable alternative to widely used fetal calf serum (FCS) since no ethical issues are associated with its harvest, it contains a high concentration of growth factors and cytokines and it can be produced from expired platelet concentrate. In this study, we analyzed and compared proliferation, as well as osteogenic and chondrogenic differentiation of human adipose tissue-derived MSCs (hAD-MSC) using three different supplements: FCS, human serum (HS), and hPL in 2D. Furthermore, online monitoring of osteogenic differentiation under the influence of different supplements was performed in 2D. hPL-cultivated MSCs exhibited a higher proliferation and differentiation rate compared to HS- or FCS-cultivated cells. We demonstrated a fast and successful chondrogenic differentiation in the 2D system with the addition of hPL. Additionally, FCS, HS, and hPL were used to formulate Gelatin-methacryloyl (GelMA) hydrogels in order to evaluate the influence of the different supplements on the cell spreading and proliferation of cells growing in 3D culture. In addition, the hydrogel constructs were cultivated in media supplemented with three different supplements. In comparison to FCS and HS, the addition of hPL to GelMA hydrogels during the encapsulation of hAD-MSCs resulted in enhanced cell spreading and proliferation. This effect was promoted even further by cultivating the hydrogel constructs in hPL-supplemented media.
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INTRODUCTION

More than half a century has passed since the first isolation and in vitro cultivation of mesenchymal stem cells (MSC) described by Friedenstein et al. (1966) and Friedenstein et al. (1970). From that point on, numerous studies about the handling of these cells have been performed. However, the development of an optimal protocol for cultivating MSCs is still in progress (Spees et al., 2016; Lavrentieva et al., 2020). The most common and most widely used cell culture medium supplement is fetal calf serum (FCS). It has been used for the cultivation of several cell types for more than 50 years (Gstraunthaler et al., 2013). To date, most cell isolation or expansion protocols for clinical studies use FCS for supplementation (Schrödel, 2007; Lindroos et al., 2009; Bieback, 2013; Hemeda et al., 2014; Burnouf et al., 2016; Monsanto et al., 2017; Motedayyen et al., 2017; Araújo et al., 2018; Lee et al., 2019; Cherian et al., 2020; Ghamari et al., 2020; Wagner et al., 2020). Even though there are various disadvantages related to FCS such as lot-to-lot variability, ethical concerns about collecting the serum from the heart of unborn calves and the risk of viral, mycoplasm or prion infections or immune responses of the recipients toward foreign factors, there are no widely accepted alternatives for FCS (Lindroos et al., 2009; Bieback, 2013; Jonsdottir-Buch et al., 2013; Hemeda et al., 2014; Burnouf et al., 2016; Monsanto et al., 2017; Motedayyen et al., 2017; Lee et al., 2019; Cherian et al., 2020; Wagner et al., 2020).

A sustained effect on the differentiation capacity and the immunophenotype of cells has been observed in different studies by using xeno-free autologous human serum (HS) as a medium supplement. Due to its promoting effect on cell expansion and its human origin, HS appears to be a potential alternative to FCS (Mannello and Tonti, 2007). However, because of high costs of its manufacture, the production of HS is actually decreasing (Müller et al., 2006; Mannello and Tonti, 2007; Aldahmash et al., 2011; Hemeda et al., 2014). Hence, the goal for the future is a completely chemically defined MSC medium. But to date, there is still no reliable, efficient, comprehensive and fully defined medium available for a broad MSCs cultivation. Moreover, most of the available defined media require additional coatings of the cell culture surface with proteins (Pijuan-Galitó et al., 2016; Salzig et al., 2016; Wu et al., 2016; Cherian et al., 2020). These, in turn are often derived from animal origin, so that in this case no truly xeno-free cultivation with these media is possible.

MSCs have a clinical potential for use in cell therapies and tissue engineering (TE) due to their immunomodulatory potential, stromal functions and their great proliferation as well as differentiation capacities in vitro (Dominici et al., 2006). MSCs can be differentiated in different cell types and the potential of controlled chondrogenic and osteogenic differentiation of these cells makes them promising candidates for cartilage and bone TE, as well as for in vitro 2D and 3D models for drug screening and disease modeling (Raic et al., 2019). Because of rising ethical, safety and scientific concerns, the World Health Organization and Good Manufacturing Practice (GMP) guidelines recommend the prohibition of the use of animal-derived supplements or supplements containing animal-sourced ingredients for stem cell cultivations or advanced therapy medicinal products (Schrödel, 2007; Lindroos et al., 2009; Bieback, 2013; Gstraunthaler et al., 2013; Hemeda et al., 2014). Hence, until a chemically defined medium is available for MSCs cultivation, it is essential to evaluate existing alternatives to FCS such as human platelet lysate (hPL).

The first attempts to use platelet-rich plasma and platelet lysates as cell culture medium supplement were already made 30 years ago (Gimbrone et al., 1969; Mavrina et al., 1986; Burnouf et al., 2016). Since that time it has been shown that hPL supports in vitro growth and osteogenic differentiation of MSCs (Doucet et al., 2005; Lange et al., 2007; Schallmoser et al., 2007; Bieback et al., 2009; Jonsdottir-Buch et al., 2013; Schallmoser and Strunk, 2013; Shih and Burnouf, 2015; Siciliano et al., 2015; Astori et al., 2016; Burnouf et al., 2016; Fernandez-Rebollo et al., 2017), as well as the proliferation of progenitor cells and endothelial colony forming progenitor cells (Schallmoser and Strunk, 2013). hPL appears to be a valuable alternative to FCS and shows several advantages, such as its easy production from human platelet concentrate in conformity with GMP guidelines (Burnouf et al., 2016). Moreover, the use of hPL combines modern social principles of ethics, sustainability, recycling and resources conservation. More than twenty percent of the platelets donated in global blood donation programs expire before they can be used for infusions. Since no difference was determined between using expired or fresh hPL as medium supplements, there is a possibility to recycle expired platelets obtained from blood banks (Jonsdottir-Buch et al., 2013). Furthermore, hPL contains many bioactive factors such as growth factors and cytokines, which act synergistically to support the cell growth, behavior and differentiation of MSCs. Moreover, hPL has demonstrated the ability to enhance the proliferation and differentiation of MSCs in 2D and 3D cultivations in various studies (Supplementary Table 1) (Bieback, 2013; Jonsdottir-Buch et al., 2013; Altaie et al., 2016; Burnouf et al., 2016; Kirsch et al., 2019, 2020). However, commercially available hPLs usually contain heparin in order to prevent hPL gelation. Heparin is a product, extracted from porcine small intestine mucosa. Thus, cell cultures grown in the presence of such hPL are no longer xeno-free (Mojica-Henshaw et al., 2013). Furthermore, Hemeda et al. showed that the heparin concentration is critical for 2D MSC cultures in hPL-supplemented medium. This group demonstrated a concentration-dependent influence of heparin on cell proliferation, the colony-forming unit frequency as well as the in vitro differentiation of MSCs (Hemeda et al., 2013). In our study, fibrinogen-depleted hPL was used without addition of heparin to the cell culture medium, in order to maintain true xeno-free cultivation conditions. Providing genuine xeno-free conditions and considering these promising aspects, the challenge is to evaluate and optimize protocols for the production and application of hPL.

Many cell cultivation protocols are still predominantly designed for 2D cultivation. However, compared to 2D-cultured MSCs, 3D cell cultivation seems to be more advantageous, because 3D growing cells reflect the in vivo environment of MSCs to a higher extent. Thus, physiological cell-cell and cell-matrix contacts can be simulated and studied only in 3D cell cultures. Moreover, considering angiogenic and immunomodulatory factors, 3D-grown cells have a higher quality (Mark et al., 1977; Cukierman et al., 2001, 2002; Abbott, 2003; Bissell et al., 2003; Schmeichel and Bissell, 2003; Lee et al., 2009; Li and Cui, 2014). Various studies have already investigated the possibility of direct 3D isolation of MSCs from bone and adipogenic tissue to prevent 2D cultivation of the cells (Papadimitropoulos et al., 2014; Egger et al., 2019). Similar to 2D cell cultivation, xeno-free alternatives to FCS are needed for 3D cell cultivation and the influence of medium supplements must be systematically evaluated.

In addition to cellular aggregates and cells growing on scaffolds, hydrogels represent a very promising 3D cultivation system. Hydrogels provide a tunable versatile platform for in vitro 3D cultivation, TE and bioprinting (Ruedinger et al., 2015; Pepelanova et al., 2018). Regular semi-synthetic hydrogels are usually stored as lyophilized proteins and are reconstituted with PBS prior cell encapsulation. Thus, they do not normally contain any additional supplements. Regarding 3D hydrogels, the addition of supplements to both, hydrogels and the medium can influence cell behavior. Only a limited number of studies have investigated the influence of direct hPL addition to hydrogels on encapsulated MSCs (Moreira Teixeira et al., 2012; Santos et al., 2018; Jooybar et al., 2019). Most of these studies cultivated the hPL-containing hydrogels in media supplemented with FCS, thus effectively not under true xeno-free conditions (Moreira Teixeira et al., 2012; Santos et al., 2018). So far, no study has shown the influence of different medium supplements on the cell behavior of encapsulated MSCs in comparison. To the best of our knowledge, no study investigating the effect of supplementation of hydrogels and medium on the encapsulated cells has been conducted to date.

In the present study, the influence of hPL (2.5% hPL) on the proliferation, as well as the osteogenic and chondrogenic differentiation of human adipose-derived mesenchymal stem cells (hAD-MSCs) obtained from four different donors was systematically investigated in a 2D cultivation system.

The influence of hPL was compared to FCS (10%) and HS (10%). Online monitoring of osteogenic differentiation in 2D under the influence of different supplements was performed and evaluated.

Recently, we published a study about the influence of formulating GelMA hydrogels with different hPL concentrations (Kirsch et al., 2019). The addition of hPL directly to the hydrogel supported not only the cells but also had a positive impact on the mechanical properties of the GelMA hydrogels. It was demonstrated that the addition of hPL to the hydrogels improves cell growth and cell adhesion. However, this beneficial effect could have been caused by the direct formulation of the hydrogel with a supplement carrying multiple bioactive factors, and must not be directly related to the superior properties of a xeno-free protocol with hPL. In order to investigate this aspect more closely, we expanded the study by formulating GelMA hydrogel with three different media supplements (FCS, HS, and hPL) and studied their influence on cell growth and adhesion. Consequently, the influence of the three supplements as direct additions to the growth media of 3D cultivated cells was also investigated under the aspects of cell spreading, cell morphology, as well as cell viability.



MATERIALS AND METHODS


MSC Cultivation

Human AD-MSCs were isolated from adipose tissue of four donors after abdominoplasty surgery. The use of human tissue from patients (after their informed consent) has been approved by the Institutional Review Board (Hannover Medical School, Ref. Nr.: 3475-2017). As described earlier, we performed surface marker analysis and functional characterization of the isolated cell populations to characterize them as MSCs (Pepelanova et al., 2018). hAD-MSCs were expanded in alpha-MEM medium (Thermo Fisher Scientific, Waltham, MA, USA) and 10% human serum (CC-pro, Oberdorla, Germany) as well as 0.5% gentamicin (Merck Millipore, Darmstadt, Germany), harvested by accutase treatment (Sigma Aldrich, Taufkirchen, Germany), and cryopreserved at passage one or two until the start of the experiment. Experiments were performed with cells of passages two to nine. Following concentrations of cell culture supplements were used for all performed experiments: 10% FCS, 10% HS and 2.5% hPL. hPL concentration of 2.5% was chosen based on preliminary experiments. The tested concentrations in preliminary experiments were 0, 1, 2.5, 5, and 10% of hPL in medium. The highest differentiation capacity and a more even distribution of Alizarin Red staining were observed at a concentration of 2.5% (Supplementary Figure 1a). Furthermore, in order to test if lower concentrated FCS or HS could also result in higher osteogenic differentiation, 2.5% of all supplements were used in preliminary experiments. The cell viability and osteogenic differentiation was significantly lower for hAD-MSCs cultivated with 2.5% FCS and 2.5% HS compared to 2.5% hPL (Supplementary Figure 1b). Due to those results the standard concentration of 10% FCS and HS was used to supplement the medium in all experiments.



Platelet Lysate Preparation

Human platelet lysates were prepared and provided by the German Red Cross Blood Service NSTOB (Springe, Germany) by freeze-thaw treatments of pooled platelets from surplus buffy coats. To prevent gelation of hPL and avoid the use of heparin, fribrinogen depletion was performed by the calcium presipitation method, followed by filtration of the platelet lysate.



Cell Proliferation Analysis

For cell proliferation studies, the hAD-MSCs were harvested at 80% of confluency by accutase treatment, counted using a hemocytometer and seeded at a density of 3,000 cells/cm2 in 25 cm2 cell culture flasks containing 4 ml medium. Alpha-MEM medium was supplemented with 10% HS, 10% FCS or 2.5% hPL. hAD-MSCs from four different donors were sub-cultivated two times per week with a seeding density of 3,000 cells/cm2 over five passages; cell number and viability were evaluated by trypan blue exclusion and cumulative cell numbers were calculated.



Osteogenic and Chondrogenic Differentiation

For differentiation experiments, cells were seeded in 24-well plates (growth area 2 cm2, Sarstedt, Germany) at a density of 10.000 to 15.000 cells/cm2 in 500 μl alpha-MEM containing 10% HS, 10% FCS or 2.5% hPL and 50 μg/ml gentamicin per well. After seeding, cells were cultivated for 24–48 h (until full confluence was achieved) in a humidified atmosphere containing 5% CO2 and 21% O2 at 37°C. Afterwards, the cell culture medium was changed to either the osteogenic or chondrogenic differentiation medium. Osteogenic differentiation medium contained 5 mM β-glycerophosphate, 0.1 μM dexamethasone, 0.2 mM L-ascorbate-2-phosphate, 0.5% gentamicin, as well as 2.5% hPL, 10% HS or 10% FCS. Serum-free chondrogenic differentiation medium was purchased from Gibco (StemPro Chondrogenic differentiation kit, Gibco, Germany) and also supplemented with 2.5% hPL, 10% HS or 10% FCS. The medium was exchanged every 3–4 days. Cells were cultured for the next 7, 14, or 21 days and then washed in PBS and fixed for 15 min at 4°C with 4% paraformaldehyde for staining. Before fixation, indirect cell viability was estimated by CellTiter-Blue® (CTB) assay according to the manufacturer's instructions (Promega, Mannheim, Germany). Briefly, CTB stock solution was diluted in alpha-MEM basal medium (1:10 v/v) and added to the cells. The fluorescence was measured after 2 h of incubation at an extinction wavelength of 544 nm and an emission wavelength of 590 nm with a microplate reader (Fluoroskan Ascent, Thermo Fisher Scientific Inc., Waltham, MA, USA).



Alizarin Red and Alcian Blue Staining

In order to determine the degree of osteogenic differentiation, Alizarin Red staining was used. The fixed cell layers were incubated in Alizarin Red solution, containing 1% Alizarin Red S (Merck KGaA, Darmstadt, Germany) in deionized H2O, for 15 min at room temperature. After washing with deionized H2O the red chelates were detected with a microscope. The accumulation of proteoglycans in the extracellular matrix during the chondrogenic differentiation was visualized by using Alcian Blue staining. Fixed cell layers were washed twice with PBS, incubated for 3 min in 3% acetic acid at room temperature, followed by 30 min incubation in Alcian Blue solution (1% Alcian Blue 8GX, Sigma Aldrich, in 3% acetic acid) at room temperature. After incubation, cell layers were washed several times with 3% acetic acid and the presence of bound Alcian Blue stain was detected using a microscope.



Alizarin Red Extraction

To quantify the degree of osteogenic differentiation, Alizarin Red was extracted with 10% hexadecylpyridinium chloride monohydrate (Sigma-Aldrich, St. Louis, WI, USA) in 1 × PBS for 20 min at 37°C. The concentration of extracted Alizarin Red was measured at 550 nm (Epoch, BioTek Instruments, Winooski, VT, USA) and calculated using a calibration curve with a regression of 0.997. If required, samples were diluted to bring Alizarin Red concentrations within the linear range of the photometer.



Online Monitoring and Evaluation of Osteogenic Differentiation by Image Analysis

During the differentiation, time-lapse microscopic pictures were taken using an IncuCyte® Live-Cell Imaging System (Sartorius, Göttingen, Germany) placed in the incubator. The osteogenic differentiation of the cells was determined and quantified by training a metric phase object confluence mask for the typical changes in the morphology of the cells toward osteocytes (Figure 5B). To add an enhanced coloring mask to the images, the software (IncuCyte® Analysis Software) provides a processing definition step to train the algorithm to highlight the correct markers on a limited representative set of images at different time points and stages of the osteogenic differentiation. This processing step can be visually inspected and adjusted to be valid for all the pictures in the limited training set. After the visual inspection, when the mask highlights the correct parts where the cells are slowly changing their morphology toward osteocytes and increasing the mineralization of the extracellular matrix, the software can automatically analyze the images of the total experiment. When the processing definition is valid for the training image set, this can be used for online monitoring of the experiment.



Alkaline Phosphatase (ALP) Assays

Next to the Alizarin Red staining and quantification, the ALP activity was also measured in the cells as well as in the supernatants (Anh et al., 1998). The fixated cells were incubated with 5-bromo-4-chloro-3-indolyl phosphate (BCIP)/nitro blue tetrazolium (NBT) (SIGMAFAST BCIP®/NBT, B5655, Merck, Darmstadt, Germany) for 30 min at room temperature, washed with PBS and microscopically analyzed with an Olympus IX50 (Olympus Corporation, Tokyo, Japan). For the quantification of the ALP activity in the supernatant 1 day before measurement, the medium was exchanged to proliferation or differentiation medium without supplements, in order to ensure a sensitive measurement of the activity in the medium. As a standard 4-nitrophenol solution (10 mM, Sigma-Aldrich, St. Louis, WI, USA) was used and diluted in ALP buffer (one Trizma® Buffer tablet of SIGMAFAST™ p-Nitrophenyl phosphate dissolved in 20 ml ddH2O, Merck, Darmstadt, Germany) for a standard series. The five-fold concentrated substrate solution was prepared by dissolving one pNPP tablet and one Trizma® Buffer tablet of the kit in 4 ml ddH2O. Each week, the supernatant was removed 5 min centrifuged at 4°C/14.000 rpm and 250 μl were stored at −20°C until further use. At the end of the experiment, all supernatants were thawed, vortexed and 40 μl/well of each sample, control (medium) and the standard series was added in a 96-wellplate. After adding 10 μl of the substrate solution, the plate was shaked for 5 min at 37°C/450 rpm and incubated for 7 h at 37°C. After 7 h, the plate was measured at 405 nm (Epoch, BioTek Instruments, Winooski, VT, USA) and the ALP activity was calculated by using a calibration curve of the standard series with a regression of 0.999.



Quantitative Glycosaminoglycan (GAG) Assay

After 7, 14, and 21 days of culture in chondrogenic differentiation medium, the cells were harvested and digested in 500 μl/well papain solution [500 μl 0.1 M NaH2PO4/0.005 mM EDTA (pH 6), 5 μl β-mercaptoethanol, and 2.5 μl papain (10 mg/ml, Sigma-Aldrich, St. Louis, WI, USA) at 60°C and 800 rpm overnight. The papain digest solution was then used to quantify the deoxyribonucleic acid (DNA) and GAGs. A DNA standard series was prepared with DNA from calf thymus (Sigma-Aldrich, St. Louis, WI, USA). In a 96 well plate, 100 μl preparation buffer and then 100 μl of the respective sample or standard series were added. After 100 μl of bisbenzimide (Sigma-Aldrich, St. Louis, WI, USA) was added to each well, the plate was measured at 360/460 nm with a spectrophotometer (F-7000 FL Spectrophotometer, Hitachi, Tokio, Japan). Chondroitin sulfate (Sigma-Aldrich, St. Louis, WI, USA) was used as a standard and 100 μl of the samples was added to 100 μl/well ddH2O in a 96 well plate. After adding 150 μl 1,9-dimethyl-methylene blue (DMMB, Sigma-Aldrich, St. Louis, WI, USA) the plate was measured at 530 nm (Epoch, BioTek Instruments, Winooski, VT, USA) and the DNA and GAG concentration was calculated with calibration curves.



GelMA Synthesis and Hydrogel Preparation

As already described in a previous study, GelMA was synthesized according to a previously described protocol (Pepelanova et al., 2018). The degree of functionalization (DoF) of GelMA used in the experiments was of 50%. GelMA solutions were prepared at a concentration of 5% (w/v). The GelMA was dissolved in 50% of PBS and either 50% (v/v) FCS, HS, or hPL (hPL pH value 7.3, manufactured by German Red Cross, Blood Service NSTOB, Springe, Germany) was added (Figure 1). After dissolving all GelMA solutions in a water bath at 37°C, they were sterile filtered with 0.45 μm polyethersulfone (PES) filters and 0.1% (w/v) photoinitiator 2-Hydroxy-4′-(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959) was added prior to the encapsulation of cells.


[image: Figure 1]
FIGURE 1. Schematic representation of 3D hydrogel-based cultivation: first GelMA hydrogels were formulated with 50% FCS, 50% HS, or 50% hPL followed by cultivation in medium supplemented with 10% FCS, 10% HS, or 2.5% hPL.




Encapsulation and Cultivation of hAD-MSCs in Hydrogels

The cells were resuspended in the GelMA solutions at a concentration of 1.0 × 106 cells/mL and filled in 50-μL disks (6-mm diameter) in silicon molds. With an UV intensity of 1.2 J/cm2 (polymerization time of ~5 min) the hAD-MSCs were encapsulated in the hydrogels with the help of a cross linker (BLX-365 Bio-Link, 365 nm, Vilber Lourmat, Germany). The cells encapsulated in GelMA hydrogels formulated with PBS, FCS, HS, and hPL were further cultivated in medium supplemented with 10% FCS, 10% HS, or 2.5% hPL (Figure 1).

The preparation of the well-plates and the handling of the hydrogels is described earlier (Kirsch et al., 2019). As described in more detail in our previous study, the indirect cell viability was determined by the CellTiter-Blue® (CTB) (Promega, Mannheim, Germany) assay according to the manufacturer's specifications (Kirsch et al., 2019). For morphological analysis, encapsulated cells were cultivated for one, three or seven days, incubated in basal alpha-MEM with the addition of 4 μM calcein-acetoxymethyl (AM) (Merck, Darmstadt, Germany) for 40 min at 37°C. The hAD-MSCs were analyzed with a Cytation 5-Cell Imaging Multi-Mode Reader (Biotek Instruments, Winooski, VT, USA).



Statistical Analysis

The data are presented as mean value ± standard deviation of the multiple measurements/counts of each sample. A one-way ANOVA (OriginLab) was performed to determine the statistical significance of the measured values, defined as p-value of *p < 0.05, **p < 0.01, or ***p < 0.001.




RESULTS


hAD-MSCs Proliferation in 2D

To evaluate the influence of hPL on hAD-MSCs proliferation, cells isolated from four different donors were cultivated over five passages in alpha-MEM supplemented with 2.5% hPL and compared to the cell growth in conventional cell culture conditions: medium with 10% FCS and 10% HS. Differences in the cell growth of the various donors are caused by biological variations. Figures 2A–D, that three of the four donor cells cultivated in medium supplemented with hPL show the highest total cell number compared to FCS and HS as supplements. Especially during the first passages, the increase of cell number was highest for cells cultivated in hPL-containing medium. Cells cultivated in medium supplemented with FCS exhibited the lowest cell number and cell division for all donors.


[image: Figure 2]
FIGURE 2. The influence of cell culture supplements on the long-term cultivation of hAD-MSCs. Cells from four donors [(A) Donor 1, (B) Donor 2, (C) Donor 3 and (D) Donor 4] were cultivated over five passages in 2.5% hPL (black line), 10% HS (light gray dotted line) or 10% FCS (gray dashed line) and cumulative cell numbers were calculated. *p < 0.05, **p < 0.01, ***p < 0.001 (*, **, *** indicates significant difference to FCS); ¤p < 0.05, ¤¤p < 0.01 (¤, ¤¤ indicates significant difference to HS).


To ensure that hAD-MSCs had not changed their typical immunophenotype during the cultivation with different supplements, a flow cytometry analysis for characteristic MSC- markers was performed and revealed no changes in specific marker expression (Supplementary Table 2).

The obtained results demonstrate that medium supplemented with hPL provide a significant higher cell proliferation of hAD-MSCs for three of four donors compared to HS and in all four donors compared to FCS as a supplement. The cumulative cell number after cultivation with hPL was twice to more than five times higher than the cell number after cultivation with FCS. In a short period of time the cell number can be increased significantly, which underlines the potential of hPL-containing medium for rapid MSCs expansion.



Osteogenic Differentiation

The cells were cultivated in differentiation medium supplemented with FCS, HS, or hPL over three weeks. Despite the higher amount of supplements (10% of volume), cells cultivated in medium with conventional supplements (FCS and HS) only showed an irregular Alizarin red staining after three weeks. As illustrated in Figure 3, only MSCs differentiated in medium supplemented with hPL showed an accumulation of calcium already after 1 week of cultivation visualized by Alizarin red staining. The staining was even more intense and homogenously distributed after 3 weeks of cultivation. hAD-MSCs from all donors exhibited an osteogenic differentiation in all used supplements after 3 weeks of stimulation. These results were also confirmed by the quantification of Alizarin red staining during the whole period of differentiation (Figure 3B). Only hPL as a supplement was able to induce osteogenic differentiation during the first week of cultivation. As illustrated in Figure 3C, the indirectly measured viability of cells remained high and did not change significantly over 3 weeks with all three medium supplements. In addition to the staining and quantification of Alizarin red, the ALP activity was measured in the supernatant and in the cells (Figure 4). Only cells differentiated with hPL containing medium showed ALP -positive cells already after 1 week (Figure 4A). In comparison, fewer ALP-positive cells were observed in FCS and HS differentiated cells. The quantitative determination of ALP activity in the supernatant showed the lowest activity each week in cells differentiated in FCS (Figure 4B). In HS differentiated cells, low ALP activity could be measured after seven days of differentiation. The highest ALP activity was detectable in the supernatant of cells differentiated in hPL-supplemented medium.


[image: Figure 3]
FIGURE 3. (A) Alizarin red staining of the hAD-MSCs from four donors differentiated in the presence of 2.5% hPL, 10% HS, or 10% FCS. The influence of cell culture supplements on the calcium deposition evaluated by Alizarin red extraction, 10× objective, scale bar 100 μm. (B) and on the cell viability during the differentiation (C). Data represent the mean ± SD of a threefold determination for four donors.



[image: Figure 4]
FIGURE 4. (A) Alkaline phosphatase staining of differentiated hAD-MSCs cultivated for 7, 14, and 21 days and differentiated in medium supplemented with FCS, HS and hPL, 10× objective, scale bar 100 μm. (B) Measured ALP activity in the supernatant of hAD-MSCs cultivated with FCS, HS and hPL for 7, 14, and 21 days. Data represent the mean ± SD of a threefold determination for two donors.


Online monitoring and the evaluation of osteogenic differentiation dynamics with the help of a trained metric phase object confluence mask also revealed the superiority of hPL in terms of the onset of calcium deposition (Figure 5). However, in comparison to the Alizarin red staining in the unstained live MSCs culture, the software first recognized the deposition after day seven.


[image: Figure 5]
FIGURE 5. (A) The influence of cell culture supplements on the calcium deposition evaluated by using a trained metric phase object confluence mask for microscopic pictures analyzed by the IncuCyte Live-Cell Imaging System and Software (Essen BioScience, Ann Arbor, MI). Data represent the mean ± SD for a fourfold determination. (B) Microscopic pictures taken by an IncuCyte Live-Cell Imaging System and blended with a trained metric phase object confluence mask, which indicates typical osteogenic changes of the cells, scale bar 400 μm.




Chondrogenic Differentiation

Traditionally MSCs are only able to differentiate into chondrocytes when cultivated in pellet 3D cultures. In this study, hPL supported chondrogenic differentiation of hAD-MSCs also in 2D cultivations system (Figure 6). If media were supplemented with FCS or HS, hAD-MSCs of all tested donors did not show accumulation of proteoglycans after the chondrogenic stimulation (Figure 6A). Under FCS and HS cultivation conditions, cells started to detach from the cell culture surface and to agglomerate already after 2 weeks of differentiation. In the presence of hPL, cells from all tested donors started to accumulate proteoglycans already after 2 weeks of stimulation, as demonstrated by the positive Alcian Blue staining. After 2 weeks of stimulation, an increased GAG production was measured in the presence of hPL (Figure 6B). hAD-MSCs cultivated with hPL-supplemented differentiation medium showed the highest GAG/DNA ratios during the entire period of differentiation. These data demonstrate that the sole presence of hPL in chondrogenic medium can induce chondrogenic differentiation and accumulation of glycosaminoglycans by hAD-MSCs.
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FIGURE 6. (A) Alcian Blue staining of the hAD-MSCs from four donors differentiated in the presence in 2.5% hPL, 10% HS, or 10% FCS. 10× objective, scale bar 100 μm. (B) Determination of the GAG deposition in cells (in μg GAG/μg DNA) differentiated for 7, 14, and 21 days under influence of FCS, HS, and hPL. Data represent the mean ± SD of two independent experiments in threefold determination for two donors.




Comparative Analysis of the Influence of Different Medium Supplements in 3D Cultivation

To compare the influence of different supplements on hAD-MSCs cultivated in hydrogels, both addition of supplements directly into hydrogels and addition of supplements to the media were investigated (Figure 1). To evaluate the cell growth and behavior, the morphology as well as the metabolic activity of the cells was measured (CTB).

In almost all GelMA hydrogels, increased cell spreading was visible from day three to day seven (Figure 7). The lowest amount of spreading after seven days was observed when hAD-MSCs were encapsulated in GelMA prepared in PBS with the addition of 50% FCS. When additionally cultivated with FCS-supplemented medium, spreading cells were rarely seen 7 days (Figure 7A) and only a few elongated cells were visible after 7 days in the HS or hPL-supplemented medium (Figures 7B,C). In contrast, the addition of HS to the hydrogel had a positive influence on the cell spreading in FCS, HS and hPL-supplemented medium (Figures 7A–C). Encapsulating the cells in GelMA with the addition of 50% hPL led to a more distinct cell spreading in all tested culture media. A few elongated cells could be observed already on day one with most cells showing extensive spreading after 7 days. In hPL-supplemented medium, cells were elongated and formed a three dimensional homogenous cell network.


[image: Figure 7]
FIGURE 7. Morphological examination (A–C) and cell viability (D) of hAD-MSCs encapsulated with a UV dose of 1.2 J/cm2 in 5% GelMA with 50% degree of functionalization (DoF) formulated with 50% PBS and 50% FCS, 50% HS, or 50% hPL. The hydrogels were cultivated in (A) FCS, (B) HS, or (C) hPL supplemented medium. After cultivating the cells for 1, 3, and 7 days, they were stained with calcein-AM; 4× objective, scale bar 500 μm. (D) The CellTiter-Blue (CTB) assay was performed on day 1, day 3, and day 7 of cultivation. Data represent the mean ± SD for a threefold determination. *p < 0.05, **p < 0.01, ***p < 0.001.


The metabolic activity in all hydrogels increased over the cultivation time (Figure 7D). Cells encapsulated in GelMA hydrogels formulated with 50% FCS showed the lowest viability in all media, cells encapsulated in GelMA hydrogels formulated with 50% hPL demonstrated the highest viability. Formulating the hydrogels with 50% hPL instead of FCS led to an almost doubled cell viability when cultivated in FCS-supplemented medium. Regarding the media supplementation, supplementation with HS led to the lowest cell viability compared to the supplementation of FCS and hPL. However, in comparison to FCS-supplemented medium, hAD-MSCs cultivated in hPL-supplemented medium did not show a cell viability increase from day three to day seven. Overall, the cultivation of cells in GelMA hydrogels formulated with 50% FCS, in combination with HS-supplemented medium, represents the worst combination. The best combination, with the highest cell viability, was shown by GelMA hydrogels dissolved in 50% hPL, when cultivated in FCS- or hPL-containing medium.




DISCUSSION

Cultivation of human cells, including MSCs, in FCS-supplemented media raises concerns since cells cultivated with animal supplements can cause xenogenic immune reactions and transmit prions or other zoonotic infections after transplantation (Bottio et al., 2003; Capelli et al., 2007; Astori et al., 2016). Moreover, the large-scale manufacturing of these cells requires large amounts of clinical grade FCS, which is in limited supply. The use of serum-free media would be the best choice, however, at the moment only few chemically defined, serum-free media are available on the market (e.g., MSCGM-CD™ media from Lonza). The term “serum-free,” however, does not always mean that the media does not contain supplements of animal or human origin. Moreover, not every chemically defined medium supports cell growth of all kind of MSCs (MSCs of different origin). For example, it has been demonstrated that Mesencult-XF supports growth of hAD-MSCs, but not of bone marrow-derived mesenchymal stem cells (Al-Saqi et al., 2014). Until efficient “real” serum-free media are developed, it is essential to establish xeno-free systems for in vitro expansion of primary human cells, including MSCs. At the moment, more than 1,100 clinical trials are listed where MSCs from different sources are involved (clinicaltrials.gov). Treatment with MSCs often requires an in vitro cell expansion step to reach clinically relevant cell numbers. For each treatment, the individual cell dosage is estimated to be 105-109 cells (Simaria et al., 2014). In addition, the expanded MSCs should retain their biological activity (e.g., immunomodulating properties, differentiation capacity and stromal/rescue function). Thus, it is indispensable to have an efficient xeno-free in vitro media to expand these cells for clinical trials and later for therapies.

An additional factor which affects the cell quality is the applied cultivation system. As shown in various studies, the chosen cultivation system influences cell behavior and cell functionality, such as the expression of specific factors (Mark et al., 1977; Cukierman et al., 2001, 2002; Abbott, 2003; Bissell et al., 2003; Schmeichel and Bissell, 2003; Lee et al., 2009; Li and Cui, 2014; Papadimitropoulos et al., 2014; Sart et al., 2014; Egger et al., 2019). Therefore, the application of xeno-free in vitro media should be combined with cell cultivation in a 3D cultivation system, in order to obtain the best possible replication of the physiological cell state.

In the present work, the influence of hPL on proliferation and differentiation of hAD-MSCs in 2D cultivation systems was investigated and the obtained results were systematically compared with cells cultivated with HS and FCS. In this study, we revealed that the 2D supplementation of cell culture medium with 2.5% hPL accelerated cell proliferation during the first 2–3 passages. Cells isolated from all four tested donors expanded in 2D faster in the presence of 2.5% hPL than in the presence of 10% HS or 10% FCS. Although differences in proliferation capacities could be observed in each donor, the application of hPL will allow each donor to reach the fastest cell expansion. These results were demonstrated earlier for MSCs isolated from human bone-marrow, umbilical cord blood and adipose tissue (Blande et al., 2009; Shih et al., 2011; Bieback, 2013; Astori et al., 2016). It is important to note that not only supplements (serum) play an essential role in the expansion efficiency, but also the basal media composition. In addition, the right combination of basal media, supplements and seeding strategy is critical to obtain optimal conditions for in vitro cell growth (Kasper et al., 2018). In our work, αMEM was used, which is more physiological than the widely used high glucose DMEM or RPMI media.

Human platelets in vivo play a major role in homeostasis and represent a rich source of survival and growth factors, which are usually released during wound healing at the site of injury (Shih and Burnouf, 2015). Therefore, hPL could provide an efficient replacement for FCS and HS (Hemeda et al., 2014). Siciliano et al. performed the isolation and successful 2D expansion of human mediastinal hAD-MSCs in virally inactivated GMP-grade hPL (Siciliano et al., 2015). They demonstrated that mediastinal hAD-MSCs cultivated in 10–20% hPL had higher growth rates than the ones cultivated in FCS. In comparison to the above-mentioned study, we could reach the same effect by cultivating the cells with only 2.5% hPL in 2D.

In this work, we also demonstrated that hPL accelerates osteogenic and chondrogenic differentiation in 2D cultures of hAD-MSCs. Cells cultured with hPL remained viable during the entire period of differentiation. The CTB assay is regarded as an indirect measure of viability and proliferation. Since proliferation rate is significantly reduced after induction of differentiation, the low CTB values within hPL supplemented cultures indicate absence of further proliferation and initiation of osteogenic differentiation.

Furthermore, cells from all four donors accumulated calcium in the extracellular matrix already after 1 week of osteogenic stimulation. Concentrations of the extracted Alizarin red were 20 times higher than those measured after cell differentiation in HS and FCS. ALP activity could be detected after the first week, when cultured with hPL-supplemented differentiation medium. In this study, we could monitor the changes in extracellular matrix morphology during osteogenic differentiation online. By training an algorithm with the software of IncuCyte® Live-Cell Imaging and Analysis, the increase of mineralization over time was detected by adding a coloring mask to the images. Using the trained mask, the software first recognized calcium deposition after seven days and evenly distributed early mineralization could be detected after only 10 days. This finding of 2D differentiated cells is in line with the results of previous studies that used hPL for 3D cell culture (Kirsch et al., 2019, 2020; Re et al., 2019). Santo et al. demonstrated that scaffolds loaded with hPL supported accelerated differentiation of hAD-MSCs (Santo et al., 2012). Another group used platelet-functionalized polycaprolactone scaffolds to enhance osteogenic differentiation of MG-63 cells (Rampichová et al., 2017). Altaie et al. reported that osteoconductive scaffolds colonized with hPL-expanded MSCs show a good capability to cure bone deficiencies in vivo in pre-clinical studies (Altaie et al., 2016). Since CTB was used, it is not possible to differentiate between the proliferation and metabolic activity directly. In further experiments, the cell proliferation and direct cell viability during differentiation could be measured, in order to distinguish directly between cell number and the metabolic activity of cells differentiating under the influence of the three different medium supplements.

In the case of chondrogenic differentiation in the 2D cultivation system, only cells cultivated in hPL-containing medium were positively stained with Alcian blue. The production of GAG could be already measured in the second week, if cultivated in the presence of hPL. In addition, hPL cultivated cells demonstrated the highest GAG/DNA ratios during the entire period of differentiation. Moreover, the Alcian blue staining was already positive after 2 weeks of stimulation. It is well-known that for most of the protocols for chondrogenic differentiation, cell pellets or 3D constructs need to be created in order to achieve a successful differentiation. In this work, the addition of hPL was sufficient for chondrogenesis in a 2D system. Merceron et al. were unable to detect any GAG production by hAD-MSCs cultured in 2D (Merceron et al., 2011). Only chondrogenic differentiated cells in 3D pellet cultures showed GAG synthesis and accumulation. In our study, we could show a clear Alcian blue staining, as well as a GAG production of cells differentiated with hPL in 2D. Earlier, Feng et al. demonstrated that 10% hPL could improve chondrogenic differentiation of umbilical cord-derived MSCs in 3D pellets (Feng et al., 2011). It is known that platelets contain numerous growth factors involved in chondrogenesis such as transforming growth factor-β1, vascular endothelial growth factor (VEGF), platelet-derived growth factor (PDGF), insulin-like growth factor 1 (IGF-1), and insulin-like growth factor 2 (IGF-2) (Kabiri et al., 2014). Several groups also demonstrated a positive influence of platelet-rich plasma on chondrogenesis of various MSCs in terms of increased collagen II production as well as upregulation of SOX9 and Aggrecan (Mishra et al., 2009; Xie et al., 2012; Kabiri et al., 2014). Since chondrogenic differentiation of MSCs represents a promising strategy for cartilage regeneration or replacement, application of hPL can provide good conditions for effective in vitro induction of chondrogenesis (Boeuf and Richter, 2010). 2D culture applications of osteogenic and chondrogenic differentiated MSCs may be of special interest for high-throughput screening. For instance, they could be used for drug screening in bone and cartilage disease models. Furthermore different studies have shown that osteogenic or chondrogenic pre-differentiated MSCs in 2D can produce cartilage and bone tissue in vivo in the same degree as MSCs pre-differentiated in 3D (Merceron et al., 2011).

In addition to the need for xeno-free 2D cell culture protocols, the demand for xeno-free cultivation protocols for 3D cell cultures is also increasing. In the case of hydrogel-based 3D cultivation systems, supplements can be added not only to the medium, but also directly during hydrogel formulation. Although 3D cell cultures with hPL as medium supplement have been studied, there are still certain areas that require further investigation. There are only a limited number of studies which investigated and compared the effect of different supplements on MSCs in general 3D cell culture systems and there are no studies about supplement addition directly to hydrogels (Santos et al., 2018; Kirsch et al., 2019; Re et al., 2019). In a recent study, we have demonstrated that the supplementation of GelMA hydrogels with different hPL concentrations had a positive effect on cell spreading, proliferation and differentiation, as well as on the material properties such as viscosity, storage modulus and swelling ratio (Kirsch et al., 2019).

With this work we have shown that not only the addition of the supplement to hydrogels, but also the supplement origin plays an important role in cell spreading and growth. Due to the direct addition of supplements to the hydrogels, proteins do not have to diffuse into the hydrogels from the media, and growth factors, adhesion factors and other bioactive proteins are directly accessible to encapsulated cells. In this work we could show that especially the addition of hPL to the hydrogel led to better cultivation conditions for the cells.

In situ formulation of hydrogels with hPL increased the cell spreading of hAD-MSCs compared to FCS- and HS-formulated hydrogels. Supporting our previous findings, hPL in hydrogels led to cell attachment and spreading after only 1 day of cultivation in 3D (Kirsch et al., 2019). In contrast, FCS and HS did not show a general positive influence on cell spreading and cell viability in hydrogels. Several studies have previously shown a hPL-dependent or hPL-supported increase of the proliferation rate and cell number of cells growing on the surface or encapsulated in hPL-containing gels (hPL gels/matrix) and hydrogels (Walenda et al., 2012; Babo et al., 2016; Fortunato et al., 2016; Egger et al., 2019; Re et al., 2019). In addition, the hPL enhanced cell spreading of cells encapsulated in hydrogels was previously observed (Fortunato et al., 2016; Santos et al., 2018; Jooybar et al., 2019). MSCs belong to the anchorage-dependent cells. Therefore, increased cell adhesion and enhanced cell spreading have a major impact on migration, proliferation and differentiation of MSCs (Lauffenburger and Horwitz, 1996; Trappmann et al., 2012; Wang et al., 2016; Yang et al., 2019). One reason for the positive effect of hPL on the cell attachment and spreading in the hydrogel could be the α-granules of platelets (Kirsch et al., 2019). The α-granules contain many different adhesion proteins, such as vitronectin, fibronectin, thrombospondin and von Willebrand factor, which are released during the platelet lysis (Sander et al., 1983; Wencel-Drake et al., 1985; Kore-Grodzicki et al., 1988; Heijnen and van der Sluijs, 2015; Burnouf et al., 2016). Another possible reason could be the different stiffness of the matrix material, which was shown to increase with higher hPL concentrations in the hydrogel (Kirsch et al., 2019). Indeed, several studies described the effect of the material stiffness from different matrices on the cell behavior of MSCs, embryonic stem cells and fibroblasts (Engler et al., 2004; Solon et al., 2007; Chowdhury et al., 2010; Park et al., 2011; Sun et al., 2018). For instance, Sun et al. demonstrated that a higher stiffness of fibronectin-coated polyacrylamide hydrogels led to greater spreading and adherence of BM-MSCs, as well as to an increased proliferation rate (Sun et al., 2018). However, the exact reason for the positive influence of hPL on cell adhesion and cell spreading in GelMA hydrogels needs to be investigated in more detail in further studies.

The most promising combinations for enhanced cell spreading and increased cell proliferation were observed by hAD-MSCs encapsulated in hydrogels formulated with 50% hPL cultivated in medium supplemented with 10% FCS or 2.5% hPL. For clinical studies and applications, however, the use of xeno-free cultivation methods is crucial. Therefore, the more suitable xeno-free 3D cultivation protocol would be the cultivation of MSCs in hydrogels formulated with 50% hPL in medium supplemented with 2.5% hPL. Since allogenic and autologous hPL can be added as a supplement to the hydrogel, but also to the medium, individualized xeno-free off-the-shelf TE constructs can be realized on the long-term using this optimized protocol. In this study, the focus of the 3D experiments was to study and compare cell behavior (morphology, cell spreading and metabolic activity) under all possible combinations of supplements added to the medium or during hydrogel formulation. In further experiments the influence of all possible supplement combinations on the differentiation of the encapsulated cells should be investigated.

The advantages of hPL compared to FCS and HS demonstrated in this work regarding the support of osteogenic and chondrogenic differentiation of MSCs in 2D in vitro cultivations must be investigated in further studies for 3D cultivation systems. For example, immunohistological staining of differentiation specific markers can be performed inside the hydrogel, as well as after the preparation of cryosections. Cryosections can be histochemically stained for osteogenic (e.g., calcium or alkaline phosphatase activity) and chondrogenic (e.g., collagen, proteoglycan, or glycosaminoglycan) specific markers. Moreover, the hydrogels can also be enzymatically digested in order to liberate encapsulated cells and allow the performance of cell analysis protocols like gene microarray analysis or flow cytometry.



CONCLUSION

Our work demonstrated that medium supplementation with 2.5% hPL is favorable for cultivation of hAD-MSCs in 2D systems and accelerates proliferation as well as osteogenic and chondrogenic differentiation of these cells. To our knowledge, the progress of osteogenic differentiation under the influence of three different supplements was monitored and evaluated in 2D for the first time. Both, osteogenic and chondrogenic differentiation was already detectable after 1 week of stimulation. In 3D systems, we could show that hAD-MSCs in hPL-supplemented hydrogels cultivated with hPL-supplemented medium adhere and spread faster and in higher numbers when compared to FCS and HS as supplement in hydrogels or medium. This indicates that hPL can be a possible xeno-free alternative to the widely used FCS not only in 2D, but also in hydrogel-based 3D cultivation protocols. Until efficient chemically defined serum-free media are established and approved for the large-scale MSCs production and differentiation, hPL can serve as a suitable supplement for xeno-free cell cultivation in 2D and 3D. Produced under optimal conditions of standardization and safety, hPL can become a key supplement for ex vivo production of MSCs and ex vivo tissue formation for applications in the field of regenerative medicine. As yet, the precise hPL composition and the reason for fast MSCs differentiation in hPL are unclear.

Further studies including hPL fractionation, protein separation and MS-analysis must be performed in order to elucidate the positive effects of individual components of hPL and for the creation of defined supplements. Taken together, the application of hPL in 2D and 3D in vitro cultivation of MSCs appears to be a promising approach for bioregenerative medicine.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

Human AD-MSCs were isolated from adipose tissue of four donors after abdominoplasty surgery. The use of human tissue from patients (after their informed consent) has been approved by the Institutional Review Board (Hannover Medical School, Ref. Nr.: 3475-2017).



AUTHOR CONTRIBUTIONS

MK performed and planned the experiments and wrote the manuscript. AL and TS planned the experiments and proofread the manuscript. AS, JR, and WH prepared the hPL, participated in the experimental design and in proofreading. IP provided the GelMA and proofread the manuscript. SS and PV provided adipose tissue and cell isolation protocols and proofread the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This research was financially supported by the German Research Foundation (DFG Project 398007461 488 3D Dual-Gradient Systems for Functional Cell Screening). The publication of this article was funded by the Open Access fund of Leibniz Universität Hannover.



ACKNOWLEDGMENTS

We would like to acknowledge Ethan Overfelt and Theresa Schulz for the language correction. Furthermore, we want to acknowledge Sandra Miehlke for her help in performing the GelMA experiments and Annabelle-Christin Herder as well as Annalea Brüggemann for their motivation and support.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fbioe.2020.598389/full#supplementary-material



REFERENCES

 Abbott, A. (2003). Cell culture: biology's new dimension. Nature 424, 870–872. doi: 10.1038/424870a

 Aldahmash, A., Haack-Sørensen, M., Al-Nbaheen, M., Harkness, L., Abdallah, B. M., and Kassem, M. (2011). Human serum is as efficient as fetal bovine serum in supporting proliferation and differentiation of human multipotent stromal (mesenchymal) stem cells in vitro and in vivo. Stem Cell Rev. 7, 860–868. doi: 10.1007/s12015-011-9274-2

 Al-Saqi, S. H., Saliem, M., Asikainen, S., Quezada, H. C., Ekblad, A., Hovatta, O., et al. (2014). Defined serum-free media for in vitro expansion of adipose-derived mesenchymal stem cells. Cytotherapy 16, 915–926. doi: 10.1016/j.jcyt.2014.02.006

 Altaie, A., Owston, H., and Jones, E. (2016). Use of platelet lysate for bone regeneration - are we ready for clinical translation? World J. Stem Cells 8, 47–55. doi: 10.4252/wjsc.v8.i2.47

 Anh, D. J., Dimai, H. P., Hall, S. L., and Farley, J. R. (1998). Skeletal alkaline phosphatase activity is primarily released from human osteoblasts in an insoluble form, and the net release is inhibited by calcium and skeletal growth factors. Calcif. Tissue Int. 62, 332–340. doi: 10.1007/s002239900441

 Araújo, A. B., Furlan, J. M., Salton, G. D., Schmalfuss, T., Röhsig, L. M., Silla, L. M. R., et al. (2018). Isolation of human mesenchymal stem cells from amnion, chorion, placental decidua and umbilical cord: comparison of four enzymatic protocols. Biotechnol. Lett. 40, 989–998. doi: 10.1007/s10529-018-2546-z

 Astori, G., Amati, E., Bambi, F., Bernardi, M., Chieregato, K., Schäfer, R., et al. (2016). Platelet lysate as a substitute for animal serum for the ex-vivo expansion of mesenchymal stem/stromal cells: present and future. Stem Cell Res. Ther. 7:93. doi: 10.1186/s13287-016-0352-x

 Babo, P. S., Pires, R. L., Santos, L., Franco, A., Rodrigues, F., Leonor, I., et al. (2016). Platelet lysate-loaded photocrosslinkable hyaluronic acid hydrogels for periodontal endogenous regenerative technology. ACS Biomater. Sci. Eng. 3, 1359–1369. doi: 10.1021/acsbiomaterials.6b00508

 Bieback, K. (2013). Platelet lysate as replacement for fetal bovine serum in mesenchymal stromal cell cultures. Transfus. Med. Hemother. 40, 326–335. doi: 10.1159/000354061

 Bieback, K., Hecker, A., Kocaömer, A., Lannert, H., Schallmoser, K., Strunk, D., et al. (2009). Human alternatives to fetal bovine serum for the expansion of mesenchymal stromal cells from bone marrow. Stem Cells 27, 2331–2341. doi: 10.1002/stem.139

 Bissell, M. J., Rizki, A., and Mian, I. S. (2003). Tissue architecture: the ultimate regulator of breast epithelial function. Curr. Opin. Cell Biol. 15, 753–762. doi: 10.1016/j.ceb.2003.10.016

 Blande, I. S., Bassaneze, V., Lavini-Ramos, C., Fae, K. C., Kalil, J., Miyakawa, A. A., et al. (2009). Adipose tissue mesenchymal stem cell expansion in animal serum-free medium supplemented with autologous human platelet lysate. Transfusion 49, 2680–2685. doi: 10.1111/j.1537-2995.2009.02346.x

 Boeuf, S., and Richter, W. (2010). Chondrogenesis of mesenchymal stem cells: role of tissue source and inducing factors. Stem Cell Res. Ther. 1:31. doi: 10.1186/scrt31

 Bottio, T., Pittarello, G., Bonato, R., Fagiolo, U., and Gerosa, G. (2003). Life-threatening anaphylactic shock caused by porcine heparin intravenous infusion during mitral valve repair. J. Thorac. Cardiovasc. Surg. 126, 1194–1195. doi: 10.1016/S0022-5223(03)00813-4

 Burnouf, T., Strunk, D., Koh, M. B. C., and Schallmoser, K. (2016). Human platelet lysate: replacing fetal bovine serum as a gold standard for human cell propagation? Biomaterials 76, 371–387. doi: 10.1016/j.biomaterials.2015.10.065

 Capelli, C., Domenghini, M., Borleri, G., Bellavita, P., Poma, R., Carobbio, A., et al. (2007). Human platelet lysate allows expansion and clinical grade production of mesenchymal stromal cells from small samples of bone marrow aspirates or marrow filter washouts. Bone Marrow Transplant 40, 785–791. doi: 10.1038/sj.bmt.1705798

 Cherian, D. S., Bhuvan, T., Meagher, L., and Heng, T. S. P. (2020). Biological considerations in scaling up therapeutic cell manufacturing. Front. Pharmacol. 11:654. doi: 10.3389/fphar.2020.00654

 Chowdhury, F., Na, S., Li, D., Poh, Y.-C., Tanaka, T. S., Wang, F., et al. (2010). Material properties of the cell dictate stress-induced spreading and differentiation in embryonic stem cells. Nat. Mater. 9, 82–88. doi: 10.1038/nmat2563

 Cukierman, E., Pankov, R., Stevens, D. R., and Yamada, K. M. (2001). Taking cell-matrix adhesions to the third dimension. Science 294, 1708–1712. doi: 10.1126/science.1064829

 Cukierman, E., Pankov, R., and Yamada, K. M. (2002). Cell interactions with three-dimensional matrices. Curr. Opin. Cell Biol. 14, 633–640. doi: 10.1016/S0955-0674(02)00364-2

 Dominici, M., Le Blanc, K., Mueller, I., Slaper-Cortenbach, I., Marini, F., Krause, D., et al. (2006). Minimal criteria for defining multipotent mesenchymal stromal cells. The international society for cellular therapy position statement. Cytotherapy 8, 315–317. doi: 10.1080/14653240600855905

 Doucet, C., Ernou, I., Zhang, Y., Llense, J.-R., Begot, L., Holy, X., et al. (2005). Platelet lysates promote mesenchymal stem cell expansion: a safety substitute for animal serum in cell-based therapy applications. J. Cell. Physiol. 205, 228–236. doi: 10.1002/jcp.20391

 Egger, D., Oliveira, A. C., Mallinger, B., Hemeda, H., Charwat, V., and Kasper, C. (2019). From 3D to 3D: isolation of mesenchymal stem/stromal cells into a three-dimensional human platelet lysate matrix. Stem Cell Res. Ther. 10:248. doi: 10.1186/s13287-019-1346-2

 Engler, A. J., Griffin, M. A., Sen, S., Bönnemann, C. G., Sweeney, H. L., and Discher, D. E. (2004). Myotubes differentiate optimally on substrates with tissue-like stiffness: pathological implications for soft or stiff microenvironments. J. Cell Biol. 166, 877–887. doi: 10.1083/jcb.200405004

 Feng, X., Tian, S., Sun, K., Zhang, J., Zhang, C., Liu, S., et al. (2011). Effect of platelet lysate on chondrogenic differentiation of human umbilical cord derived mesenchymal stem cells in vitro. Zhongguo Xiu Fu Chong Jian Wai Ke Za Zhi 25, 1250–1255.

 Fernandez-Rebollo, E., Mentrup, B., Ebert, R., Franzen, J., Abagnale, G., Sieben, T., et al. (2017). Human platelet lysate versus fetal calf serum: these supplements do not select for different mesenchymal stromal cells. Sci. Rep. 7:5132. doi: 10.1038/s41598-017-05207-1

 Fortunato, T. M., Beltrami, C., Emanueli, C., de Bank, P. A., and Pula, G. (2016). Platelet lysate gel and endothelial progenitors stimulate microvascular network formation in vitro: tissue engineering implications. Sci. Rep. 6:25326. doi: 10.1038/srep25326

 Friedenstein, A. J., Chailakhjan, R. K., and Lalykina, K. S. (1970). The development of fibroblast colonies in monolayer cultures of guinea-pig bone marrow and spleen cells. Cell Tissue Kinet 3, 393–403.

 Friedenstein, A. J., Piatetzky-Shapiro, I. I., and Petrakova, K. V. (1966). Osteogenesis in transplants of bone marrow cells. J. Embryol. Exp. Morphol. 16, 381–390.

 Ghamari, S.-H., Abbasi-Kangevari, M., Tayebi, T., Bahrami, S., and Niknejad, H. (2020). The bottlenecks in translating placenta-derived amniotic epithelial and mesenchymal stromal cells into the clinic: current discrepancies in marker reports. Front. Bioeng. Biotechnol. 8:180. doi: 10.3389/fbioe.2020.00180

 Gimbrone, M. A., Aster, R. H., Cotran, R. S., Corkery, J., Jandl, J. H., and Folkman, J. (1969). Preservation of vascular integrity in organs perfused in vitro with a platelet-rich medium. Nature 222, 33–36.

 Gstraunthaler, G., Lindl, T., and van der Valk, J. (2013). A plea to reduce or replace fetal bovine serum in cell culture media. Cytotechnology 65, 791–793. doi: 10.1007/s10616-013-9633-8

 Heijnen, H., and van der Sluijs, P. (2015). Platelet secretory behaviour: as diverse as the granules … or not? J. Thromb. Haemost. 13, 2141–2151. doi: 10.1111/jth.13147

 Hemeda, H., Giebel, B., and Wagner, W. (2014). Evaluation of human platelet lysate versus fetal bovine serum for culture of mesenchymal stromal cells. Cytotherapy 16, 170–180. doi: 10.1016/j.jcyt.2013.11.004

 Hemeda, H., Kalz, J., Walenda, G., Lohmann, M., and Wagner, W. (2013). Heparin concentration is critical for cell culture with human platelet lysate. Cytotherapy 15, 1174–1181. doi: 10.1016/j.jcyt.2013.05.006

 Jonsdottir-Buch, S. M., Lieder, R., and Sigurjonsson, O. E. (2013). Platelet lysates produced from expired platelet concentrates[-108mm]Q22 support growth and osteogenic differentiation of mesenchymal stem cells. PLoS ONE 8:e68984. doi: 10.1371/journal.pone.0068984

 Jooybar, E., Abdekhodaie, M. J., Alvi, M., Mousavi, A., Karperien, M., and Dijkstra, P. J. (2019). An injectable platelet lysate-hyaluronic acid hydrogel supports cellular activities and induces chondrogenesis of encapsulated mesenchymal stem cells. Acta Biomater. 83, 233–244. doi: 10.1016/j.actbio.2018.10.031

 Kabiri, A., Esfandiari, E., Esmaeili, A., Hashemibeni, B., Pourazar, A., and Mardani, M. (2014). Platelet-rich plasma application in chondrogenesis. Adv. Biomed. Res. 3:138. doi: 10.4103/2277-9175.135156

 Kasper, C., Charwat, V., and Lavrentieva, A. (2018). Cell Culture Technology. Cham, Switzerland: Springer. doi: 10.1007/978-3-319-74854-2

 Kirsch, M., Birnstein, L., Pepelanova, I., Handke, W., Rach, J., Seltsam, A., et al. (2019). Gelatin-methacryloyl (GelMA) formulated with human platelet lysate supports mesenchymal stem cell proliferation and differentiation and enhances the hydrogel's mechanical properties. Bioengineering 6:76. doi: 10.3390/bioengineering6030076

 Kirsch, M., Herder, A.-C., Boudot, C., Karau, A., Rach, J., Handke, W., et al. (2020). Xeno-free in vitro cultivation and osteogenic differentiation of hAD-MSCs on resorbable 3D printed RESOMER®. Materials 13:3399. doi: 10.3390/ma13153399

 Kore-Grodzicki, B., Tauber-Finkelstein, M., Chain, D., and Shaltiel, S. (1988). Vitronectin is phosphorylated by a cAMP-dependent protein kinase released by activation of human platelets with thrombin. Biochem. Biophys. Res. Commun. 157, 1131–1138. doi: 10.1016/S0006-291X(88)80991-4

 Lange, C., Cakiroglu, F., Spiess, A.-N., Cappallo-Obermann, H., Dierlamm, J., and Zander, A. R. (2007). Accelerated and safe expansion of human mesenchymal stromal cells in animal serum-free medium for transplantation and regenerative medicine. J. Cell. Physiol. 213, 18–26. doi: 10.1002/jcp.21081

 Lauffenburger, D. A., and Horwitz, A. F. (1996). Cell migration: a physically integrated molecular process. Cell 84, 359–369. doi: 10.1016/s0092-8674(00)81280-5

 Lavrentieva, A., Hoffmann, A., and Lee-Thedieck, C. (2020). Limited potential or unfavorable manipulations? Strategies toward efficient mesenchymal stem/stromal cell applications. Front. Cell Dev. Biol. 8:316. doi: 10.3389/fcell.2020.00316

 Lee, J., Lilly, G. D., Doty, R. C., Podsiadlo, P., and Kotov, N. A. (2009). In vitro toxicity testing of nanoparticles in 3D cell culture. Small 5, 1213–1221. doi: 10.1002/smll.200801788

 Lee, M.-S., Wang, J., Yuan, H., Jiao, H., Tsai, T.-L., Squire, M. W., et al. (2019). Endothelin-1 differentially directs lineage specification of adipose- and bone marrow-derived mesenchymal stem cells. FASEB J. 33, 996–1007. doi: 10.1096/fj.201800614R

 Li, Z., and Cui, Z. (2014). Three-dimensional perfused cell culture. Biotechnol. Adv. 32, 243–254. doi: 10.1016/j.biotechadv.2013.10.006

 Lindroos, B., Boucher, S., Chase, L., Kuokkanen, H., Huhtala, H., Haataja, R., et al. (2009). Serum-free, xeno-free culture media maintain the proliferation rate and multipotentiality of adipose stem cells in vitro. Cytotherapy 11, 958–972. doi: 10.3109/14653240903233081

 Mannello, F., and Tonti, G. A. (2007). Concise review: no breakthroughs for human mesenchymal and embryonic stem cell culture: conditioned medium, feeder layer, or feeder-free; medium with fetal calf serum, human serum, or enriched plasma; serum-free, serum replacement nonconditioned medium, or ad hoc formula? All that glitters is not gold! Stem Cells 25, 1603–1609. doi: 10.1634/stemcells.2007-0127

 Mark, K., von der Gauss, V., Mark, H., and von der Müller, P. (1977). Relationship between cell shape and type of collagen synthesised as chondrocytes lose their cartilage phenotype in culture. Nature 267, 531–532. doi: 10.1038/267531a0

 Mavrina, L., Elstner, E., and Bundschuh, G. (1986). Uber die wirkung von thrombozytenlysat auf das proliferationsverhalten menschlicher knochenmarkzellen. Biomed. Biochim. Acta 45, 1007–1014.

 Merceron, C., Portron, S., Masson, M., Lesoeur, J., Fellah, B. H., Gauthier, O., et al. (2011). The effect of two- and three-dimensional cell culture on the chondrogenic potential of human adipose-derived mesenchymal stem cells after subcutaneous transplantation with an injectable hydrogel. Cell Transplant 20, 1575–1588. doi: 10.3727/096368910X557191

 Mishra, A., Tummala, P., King, A., Lee, B., Kraus, M., Tse, V., et al. (2009). Buffered platelet-rich plasma enhances mesenchymal stem cell proliferation and chondrogenic differentiation. Tissue Eng C Methods 15, 431–435. doi: 10.1089/ten.tec.2008.0534

 Mojica-Henshaw, M. P., Jacobson, P., Morris, J., Kelley, L., Pierce, J., Boyer, M., et al. (2013). Serum-converted platelet lysate can substitute for fetal bovine serum in human mesenchymal stromal cell cultures. Cytotherapy 15, 1458–1468. doi: 10.1016/j.jcyt.2013.06.014

 Monsanto, M. M., White, K. S., Kim, T., Wang, B. J., Fisher, K., Ilves, K., et al. (2017). Concurrent isolation of 3 distinct cardiac stem cell populations from a single human heart biopsy. Circ. Res. 121, 113–124. doi: 10.1161/CIRCRESAHA.116.310494

 Moreira Teixeira, L. S., Leijten, J. C. H., Wennink, J. W. H., Chatterjea, A. G., Feijen, J., van Blitterswijk, C. A., et al. (2012). The effect of platelet lysate supplementation of a dextran-based hydrogel on cartilage formation. Biomaterials 33, 3651–3661. doi: 10.1016/j.biomaterials.2012.01.051

 Motedayyen, H., Esmaeil, N., Tajik, N., Khadem, F., Ghotloo, S., Khani, B., et al. (2017). Method and key points for isolation of human amniotic epithelial cells with high yield, viability and purity. BMC Res. Notes 10:552. doi: 10.1186/s13104-017-2880-6

 Müller, I., Kordowich, S., Holzwarth, C., Spano, C., Isensee, G., Staiber, A., et al. (2006). Animal serum-free culture conditions for isolation and expansion of multipotent mesenchymal stromal cells from human BM. Cytotherapy 8, 437–444. doi: 10.1080/14653240600920782

 Papadimitropoulos, A., Piccinini, E., Brachat, S., Braccini, A., Wendt, D., Barbero, A., et al. (2014). Expansion of human mesenchymal stromal cells from fresh bone marrow in a 3D scaffold-based system under direct perfusion. PLoS ONE 9:e102359. doi: 10.1371/journal.pone.0102359

 Park, J. S., Chu, J. S., Tsou, A. D., Diop, R., Tang, Z., Wang, A., et al. (2011). The effect of matrix stiffness on the differentiation of mesenchymal stem cells in response to TGF-β. Biomaterials 32, 3921–3930. doi: 10.1016/j.biomaterials.2011.02.019

 Pepelanova, I., Kruppa, K., Scheper, T., and Lavrentieva, A. (2018). Gelatin-methacryloyl (GelMA) hydrogels with defined degree of functionalization as a versatile toolkit for 3D cell culture and extrusion bioprinting. Bioengineering 5:55. doi: 10.3390/bioengineering5030055

 Pijuan-Galitó, S., Tamm, C., Schuster, J., Sobol, M., Forsberg, L., Merry, C. L. R., et al. (2016). Human serum-derived protein removes the need for coating in defined human pluripotent stem cell culture. Nat. Commun. 7:12170. doi: 10.1038/ncomms12170

 Raic, A., Naolou, T., Mohra, A., Chatterjee, C., and Lee-Thedieck, C. (2019). 3D models of the bone marrow in health and disease: yesterday, today and tomorrow. MRS Commun. 9, 37–52. doi: 10.1557/mrc.2018.203

 Rampichová, M., Buzgo, M., Míčková, A., Vocetková, K., Sovková, V., Lukášová, V., et al. (2017). Platelet-functionalized three-dimensional poly-ε-caprolactone fibrous scaffold prepared using centrifugal spinning for delivery of growth factors. Int. J. Nanomed. 12, 347–361. doi: 10.2147/IJN.S120206

 Re, F., Sartore, L., Moulisova, V., Cantini, M., Almici, C., Bianchetti, A., et al. (2019). 3D gelatin-chitosan hybrid hydrogels combined with human platelet lysate highly support human mesenchymal stem cell proliferation and osteogenic differentiation. J. Tissue Eng. 10:2041731419845852. doi: 10.1177/2041731419845852

 Ruedinger, F., Lavrentieva, A., Blume, C., Pepelanova, I., and Scheper, T. (2015). Hydrogels for 3D mammalian cell culture: a starting guide for laboratory practice. Appl. Microbiol. Biotechnol. 99, 623–636. doi: 10.1007/s00253-014-6253-y

 Salzig, D., Leber, J., Merkewitz, K., Lange, M. C., Köster, N., and Czermak, P. (2016). Attachment, growth, and detachment of human mesenchymal stem cells in a chemically defined medium. Stem Cells Int. 2016:5246584. doi: 10.1155/2016/5246584

 Sander, H. J., Slot, J. W., Bouma, B. N., Bolhuis, P. A., Pepper, D. S., and Sixma, J. J. (1983). Immunocytochemical localization of fibrinogen, platelet factor 4, and beta thromboglobulin in thin frozen sections of human blood platelets. J. Clin. Invest. 72, 1277–1287. doi: 10.1172/JCI111084

 Santo, V. E., Duarte, A. R. C., Popa, E. G., Gomes, M. E., Mano, J. F., and Reis, R. L. (2012). Enhancement of osteogenic differentiation of human adipose derived stem cells by the controlled release of platelet lysates from hybrid scaffolds produced by supercritical fluid foaming. J. Control. Release 162, 19–27. doi: 10.1016/j.jconrel.2012.06.001

 Santos, S. C., Custódio, C. A., and Mano, J. F. (2018). Photopolymerizable platelet lysate hydrogels for customizable 3D cell culture platforms. Adv. Healthc. Mater. 7:e1800849. doi: 10.1002/adhm.201800849

 Sart, S., Tsai, A.-C., Li, Y., and Ma, T. (2014). Three-dimensional aggregates of mesenchymal stem cells: cellular mechanisms, biological properties, and applications. Tissue Eng. B Rev. 20, 365–380. doi: 10.1089/ten.TEB.2013.0537

 Schallmoser, K., Bartmann, C., Rohde, E., Reinisch, A., Kashofer, K., Stadelmeyer, E., et al. (2007). Human platelet lysate can replace fetal bovine serum for clinical-scale expansion of functional mesenchymal stromal cells. Transfusion 47, 1436–1446. doi: 10.1111/j.1537-2995.2007.01220.x

 Schallmoser, K., and Strunk, D. (2013). Generation of a pool of human platelet lysate and efficient use in cell culture. Methods Mol. Biol. 946, 349–362. doi: 10.1007/978-1-62703-128-8_22

 Schmeichel, K. L., and Bissell, M. J. (2003). Modeling tissue-specific signaling and organ function in three dimensions. J. Cell Sci. 116, 2377–2388. doi: 10.1242/jcs.00503

 Schrödel, A. (2007). Die rolle des fetalen kälberserums in zellkulturmedien. Biol. Unserer Zeit 37:289. doi: 10.1002/biuz.200790079

 Shih, D. T.-B., and Burnouf, T. (2015). Preparation, quality criteria, and properties of human blood platelet lysate supplements for ex vivo stem cell expansion. N. Biotechnol. 32, 199–211. doi: 10.1016/j.nbt.2014.06.001

 Shih, D. T.-B., Chen, J.-C., Chen, W.-Y., Kuo, Y.-P., Su, C.-Y., and Burnouf, T. (2011). Expansion of adipose tissue mesenchymal stromal progenitors in serum-free medium supplemented with virally inactivated allogeneic human platelet lysate. Transfusion 51, 770–778. doi: 10.1111/j.1537-2995.2010.02915.x

 Siciliano, C., Ibrahim, M., Scafetta, G., Napoletano, C., Mangino, G., Pierelli, L., et al. (2015). Optimization of the isolation and expansion method of human mediastinal-adipose tissue derived mesenchymal stem cells with virally inactivated GMP-grade platelet lysate. Cytotechnology 67, 165–174. doi: 10.1007/s10616-013-9667-y

 Simaria, A. S., Hassan, S., Varadaraju, H., Rowley, J., Warren, K., Vanek, P., et al. (2014). Allogeneic cell therapy bioprocess economics and optimization: single-use cell expansion technologies. Biotechnol. Bioeng. 111, 69–83. doi: 10.1002/bit.25008

 Solon, J., Levental, I., Sengupta, K., Georges, P. C., and Janmey, P. A. (2007). Fibroblast adaptation and stiffness matching to soft elastic substrates. Biophys. J. 93, 4453–4461. doi: 10.1529/biophysj.106.101386

 Spees, J. L., Lee, R. H., and Gregory, C. A. (2016). Mechanisms of mesenchymal stem/stromal cell function. Stem Cell Res. Ther. 7:125. doi: 10.1186/s13287-016-0363-7

 Sun, M., Chi, G., Li, P., Lv, S., Xu, J., Xu, Z., et al. (2018). Effects of matrix stiffness on the morphology, adhesion, proliferation and osteogenic differentiation of mesenchymal stem cells. Int. J. Med. Sci. 15, 257–268. doi: 10.7150/ijms.21620

 Trappmann, B., Gautrot, J. E., Connelly, J. T., Strange, D. G. T., Li, Y., Oyen, M. L., et al. (2012). Extracellular-matrix tethering regulates stem-cell fate. Nat. Mater. 11, 642–649. doi: 10.1038/nmat3339

 Wagner, M., Yoshihara, M., Douagi, I., Damdimopoulos, A., Panula, S., Petropoulos, S., et al. (2020). Single-cell analysis of human ovarian cortex identifies distinct cell populations but no oogonial stem cells. Nat. Commun. 11:1147. doi: 10.1038/s41467-020-14936-3

 Walenda, G., Hemeda, H., Schneider, R. K., Merkel, R., Hoffmann, B., and Wagner, W. (2012). Human platelet lysate gel provides a novel three dimensional-matrix for enhanced culture expansion of mesenchymal stromal cells. Tissue Eng. C Methods 18, 924–934. doi: 10.1089/ten.tec.2011.0541

 Wang, X., Hu, X., Dulińska-Molak, I., Kawazoe, N., Yang, Y., and Chen, G. (2016). Discriminating the independent influence of cell adhesion and spreading area on stem cell fate determination using micropatterned surfaces. Sci. Rep. 6:28708. doi: 10.1038/srep28708

 Wencel-Drake, J. D., Painter, R. G., Zimmerman, T. S., and Ginsberg, M. H. (1985). Ultrastructural localization of human platelet thrombospondin, fibrinogen, fibronectin, and von willebrand factor in frozen thin section. Blood 65, 929–938.

 Wu, X., Kang, H., Liu, X., Gao, J., Zhao, K., and Ma, Z. (2016). Serum and xeno-free, chemically defined, no-plate-coating-based culture system for mesenchymal stromal cells from the umbilical cord. Cell Prolif. 49, 579–588. doi: 10.1111/cpr.12279

 Xie, X., Wang, Y., Zhao, C., Guo, S., Liu, S., Jia, W., et al. (2012). Comparative evaluation of MSCs from bone marrow and adipose tissue seeded in PRP-derived scaffold for cartilage regeneration. Biomaterials 33, 7008–7018. doi: 10.1016/j.biomaterials.2012.06.058

 Yang, Y., Wang, X., Wang, Y., Hu, X., Kawazoe, N., Yang, Y., et al. (2019). Influence of cell spreading area on the osteogenic commitment and phenotype maintenance of mesenchymal stem cells. Sci. Rep. 9:6891. doi: 10.1038/s41598-019-43362-9

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Kirsch, Rach, Handke, Seltsam, Pepelanova, Strauß, Vogt, Scheper and Lavrentieva. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fbioe-08-598389-g005.gif





OPS/images/fbioe-08-598389-g006.gif





OPS/images/fbioe-08-598389-g003.gif
Donor 3. Donor 2 ‘Donor 1.






OPS/images/fbioe-08-598389-g004.gif





OPS/images/fbioe-08-598389-g007.gif





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Comparative Analysis of Mesenchymal Stem Cell Cultivation in Fetal Calf Serum, Human Serum, and Platelet Lysate in 2D and 3D Systems



		Introduction



		Materials and Methods



		MSC Cultivation



		Platelet Lysate Preparation



		Cell Proliferation Analysis



		Osteogenic and Chondrogenic Differentiation



		Alizarin Red and Alcian Blue Staining



		Alizarin Red Extraction



		Online Monitoring and Evaluation of Osteogenic Differentiation by Image Analysis



		Alkaline Phosphatase (ALP) Assays



		Quantitative Glycosaminoglycan (GAG) Assay



		GelMA Synthesis and Hydrogel Preparation



		Encapsulation and Cultivation of hAD-MSCs in Hydrogels



		Statistical Analysis







		Results



		hAD-MSCs Proliferation in 2D



		Osteogenic Differentiation



		Chondrogenic Differentiation



		Comparative Analysis of the Influence of Different Medium Supplements in 3D Cultivation







		Discussion



		Conclusion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References

















OPS/images/cover.jpg
’ frontiers

in Bioengineering and Biotechnology

Comparative Analysis of
Mesenchymal Stem Cell Cultivation
in Fetal Calf Serum, Human Serum,

and Platelet Lysate in 2D and 3D
Systems





OPS/images/fbioe-08-598389-g001.gif
Medium

Hydrogels
s neL






OPS/images/fbioe-08-598389-g002.gif
PRI § 8 & § § & °










OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
' frontiers

in Bioengineering and Biotechnology





