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Abstract: Mesenchymal stem cells (MSCs) are of great interest for their use in cell-based therapies
due to their multipotent differentiation and immunomodulatory capacities. In consequence of
limited numbers following their isolation from the donor tissue, MSCs require extensive expansion
performed in traditional 2D cell culture setups to reach adequate amounts for therapeutic use.
However, prolonged culture of MSCs in vitro has been shown to decrease their differentiation
potential and alter their immunomodulatory properties. For that reason, preservation of these
physiological characteristics of MSCs throughout their in vitro culture is essential for improving
the efficiency of therapeutic and in vitro modeling applications. With this objective in mind, many
studies already investigated certain parameters for enhancing current standard MSC culture protocols
with regard to the effects of specific culture media components or culture conditions. Although there
is a lot of diversity in the final therapeutic uses of the cells, the primary stage of standard isolation
and expansion is imperative. Therefore, we want to review on approaches for optimizing standard
MSC culture protocols during this essential primary step of in vitro expansion. The reviewed studies
investigate and suggest improvements focused on culture media components (amino acids, ascorbic
acid, glucose level, growth factors, lipids, platelet lysate, trace elements, serum, and xenogeneic
components) as well as culture conditions and processes (hypoxia, cell seeding, and dissociation
during passaging), in order to preserve the MSC phenotype and functionality during the primary
phase of in vitro culture.
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1. Introduction
Cell-based therapies aim to repair or regenerate defective tissues or organs due to
physical or congenital damage, ageing, and degenerative diseases. From a regulatory
viewpoint cell-based therapies can be divided between minimally manipulated cells for
homologous use like transplants or transfusions and somatic cell, gene therapy, and tissue
engineered products, which are referred to as Advanced Therapy Medicinal Products
(ATMPs) by EU authorities [1]. These are considered medicines and need to comply to
quality, safety, and efficacy standards before getting a market authorization. Generally,
when referring to cell-based therapies, not only cells as medicinal product, but also products
derived from them are included [2].
One possible treatment approach in cell-based therapies is the engraftment of cells
into the damaged site to replace or restore the defective cells or tissue regarded as classical
cell therapy. Another mechanism is based on the stimulating effect of trophic factors,
through targeted drug delivery or cell genetic manipulation, to promote endogenous selfregeneration of the injured tissue. Cell-based therapies are a very promising strategy for
the treatment of many severe and until recently considered incurable vascular, neurological,
autoimmune, ophthalmologic, and skeletal diseases [3].
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Among the different cell types tested for their therapeutic potential, stem cells are the
most prominent, considering their intrinsic self-renewal and differentiation capacities [4].
Particularly, mesenchymal stem cells (MSCs) are of great interest for their use in cell-based
therapies. MSCs are highly proliferative multipotent stromal cells that can differentiate into
the mesodermal cell lineage [5]. Due to the therapeutic potential of MSCs, many studies
focus on their characterization and identification. According to the International Society for
Cellular Therapy (ISCT), MSCs must be plastic-adherent and differentiate into osteoblasts,
chondroblasts, and adipocytes when cultured in vitro. In addition, they should express
CD90, CD73, and CD105 surface markers and should not express CD34, CD45, CD14 or
CD11b, CD19 or CD79A and HLA-DR surface molecules [6]. MSCs can be derived from
various tissue sources such as the bone marrow [7], adipose tissue [8], umbilical cord [9],
peripheral blood [10], and dental pulp [11], but the number of primary MSCs isolated from
a donor tissue is rather limited [5] and source-dependent [12].
With the introduction of cell culture techniques, traditional two-dimensional (2D) cell
culture has been for decades the backbone method for medical and biological research and
drug development due to its simplicity and robustness. However, the static and planar
conditions of 2D culture fail to simulate the physiological environment of the cells. For that
reason, during the last years, concerns over the biological relevance and reproducibility of
in vitro culture techniques have led to the development of advanced three-dimensional
(3D) and dynamic cell culture methods. These methods serve as better models for the
representation of in vivo physiological conditions [13,14], as well as platforms for upscaling production of cells for clinical applications [15,16]. As a result, several 3D cell
culture techniques now exist, from multicellular spheroids/organoids [17,18] and cellladen biomaterials [19–22], to dynamic bioreactor systems [23–26] and organ/body on a
chip systems [27–29]. It has been shown that such 3D culture systems preserve many characteristics and properties that resembled MSC behavior and differentiation in vivo [30–32].
Therefore, the gained results are more relevant for the translation into clinical applicability.
However, these 3D advanced cell cultures require high numbers of cells [16], are more
complex to establish and maintain, and are therefore more laborious.
Due to the fact that MSCs are a very limited adult tissue population [33,34], following
their isolation from donor tissue, harvested primary MSCs should be expanded first in
2D culture setups, to reach adequate numbers for use in various in vitro modelling and
therapeutic applications [5]. However, prolonged culture of MSCs in vitro in 2D systems
has shown to decrease their differentiation potential [35,36] and alter their phenotype [37]
and immunomodulatory properties [38]. In order to improve the relevance of in vitro modelling and efficiency of therapeutic applications, it is essential to preserve the physiological
properties and characteristics of MSCs throughout their in vitro culture.
In view of this, there is a considerable research focus on the optimization of culture
conditions and protocols for MSCs. Since there is yet no medium that is as close to
natural in vivo fluids to support physiological MSC culture, specialized culture media are
composed based on the cell type, type of culture, and focus of analysis. Additional focus
is put on the effects of other cell culture variables, including physiochemical conditions
and subculture protocols. As a result, between different cell culture laboratories, there is
divergence on these culture variables. Therefore, it is necessary to define what constitutes an
“optimal practice” for maintaining the physiological status of MSCs, during their primary
step of in vitro 2D expansion. Further, during optimization of cultivation procedures
considerations on other markers of success next to population growth should be considered
to circumvent potentially highly proliferative, but severely altered cell populations. In
a recent position statement, the ISCT underlines that MSCs often lose their functional
properties during in vitro expansion, and it is suggested to verify relevant functionalities
of MSCs by applying a matrix of functional assays based on the later therapeutic use [39].
Therefore, we want to review on optimizing approaches for standard 2D in vitro expansion
of human MSCs, focusing on culture media components (amino acids, ascorbic acid,
glucose level, growth factors, lipids and fatty acids, platelet lysate, trace elements, serum,
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and xenogeneic components) as well as culture conditions and processes (hypoxia, seeding
density and cell dissociation during passaging).
2. Basal Media for Isolation and Expansion
In vitro culture of MSCs is performed using a defined basal medium. Several basal
media with different formulations are commercially available for culture of human MSCs,
and the choice of basal media used varies between different laboratories. These media
primarily contain glucose, amino acids, and trace elements which are necessary for cellular
growth and survival. Regarding the selection of basal medium for optimal expansion
MSCs, Sotiropoulou et al., cultured primary bone marrow mononuclear cells and passaged
bone marrow MSCs (BM-MSCs) in the presence of different media (see Table 1). According
to their results, cultures of primary and passaged MSCs in aMEM/GL and aMEM/L-G
media generated the highest number of cells, with minor differences in their phenotype
over subsequent passages [40]. In another study comparing 4 different basal media,
adipose tissue MSCs showed increased proliferation when aMEM, but also DMEM/LG,
were used as basal media, without changes in their morphology and viability during
subsequent passages [41]. In a similar study comparing different culture media, a variation
of “Verfaillie” medium with DMEM/HG/L-G yielded higher number of adherent MSCs
from primary mononuclear bone marrow cell populations and higher proliferation rate of
BM-MSCs at early passages, compared to other media formulations, including aMEM/L-G
and DMEM/LG/L-G based media [42]. In addition, studies comparing different types
of media with BM-MSCs reported significant changes in their phenotypic expression
profile [42,43], in contrast with a study using adipose-derived MSCs where different basal
media did not alter the MSC specific marker expression after multiple passages [41]. As
indicated by the literature, the optimal choice of basal media can vary, depending on the
type and of MSCs cultured, although in general, aMEM based media have been indicated
as the most suitable for isolation and expansion of MSCs. Furthermore, evaluation of the
optimal choice of basal media should not only depend on its effect on the proliferative
capacity of MSCs, but also on the preservation of their intrinsic characteristics. Researches
should test and consider both aspects regarding their choice of basal media for their MSC
cultures.
Table 1. Different types of basal media.
Media Name

Description

DMEM

Dulbecco’s modified Eagle’s medium (MEM)
Dulbecco’s MEM (DMEM) with 1000 mg/mL
glucose and L-glutamine
DMEM with 4500 mg/mL glucose and
L-glutamine
DMEM with 4500 mg/mL glucose and
Glutamax
Iscove’s modified Dulbecco’s medium with
L-glutamine
MEM alpha
MEM alpha with L-glutamine
MEM alpha with Glutamax

DMEM/LG/L-G
DMEM/HG/L-G
DMEM/HG/GL
IMDM
aMEM
aMEM/L-G
aMEM/GL

3. Glucose
Glucose is a basic source of energy for the cells and is involved in the synthesis of proteins and lipids. In vivo, plasma glucose concentration for healthy people ranges between
700–1000 mg/L throughout the day, and it does not exceed 1600 mg/L after meals. Glucose
plays an essential role in survival, metabolism, and physiological function of MSCs. In
cell culture media formulations glucose concentration ranges from 1000 mg/L to resemble
physiological in vivo conditions, up to 10,000 mg/L. Culture media formulations with
glucose concentrations higher than 1000 mg/L simulate in vivo diabetic conditions [44].
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Due to the highly glycolytic phenotype of MSCs, glucose is more rapidly consumed and
its depletion has stronger effects on the cells compared to other nutrients and serum [45].
According to the literature however, the effects of the amount glucose on MSC cultures
are diverse, depending on the metabolic activity and the type of MSCs. Most studies
under normoxic culture conditions support that high glucose concentration (5000 mg/L) in
the culture media can suppress proliferation of bone marrow [46–48], Bichat’s buccal fat
pad [49] and nucleus pulposus MSCs [50], reduce their colony forming ability [50], induce
cellular senescence [47,50,51], alter MSC spindle-shape morphology [47], and upregulate
autophagy [50,51], compared with low glucose (1000 mg/L) media concentration. In
addition, MSCs cultured in low glucose media have been shown to maintain their differentiation capacities and stemness [46,47,50], and increase antioxidant enzyme expression and
mitochondrial respiration [47]. In contrast with these results, a few studies have reported
that high glucose does not have an effect on the apoptosis and proliferation rates of adiposederived [52] and primary BM-MSCs [53], while it can significantly enhance proliferation of
telomerase-immortalized MSCs. While it is known that under hypoxic culture conditions
the metabolic activity of MSCs is enhanced [54], Deschepper et al., observed that under
continuous hypoxic culture, excess of glucose provided by high glucose concentration
media prevents glucose shortage during culture, thus preserving the proliferative capacity,
morphology, and viability of BM-MSCs [55].
4. Amino Acids
Already in the first days of cell culture, it became clear that for cultivation ex vivo
essential nutrients have to be supplied to cells, one of the most prominent categories being
amino acids. Well known in the field of cell culture are Dulbecco and Eagle, who pioneered
basal medium for cell culture that is still in use today, known as DMEM (Dulbecco’s
modified eagle’s medium), usually supplemented with fetal bovine serum (FBS) [56].
With the aspiration to get rid of ill-defined xenogeneic supplements and to transition
to chemically defined media, understanding and optimizing amino acid formulations is
becoming even more important. In the past amino acid concentrations in culture medium
have been chosen according to the consumption by the cells. However, degree of availability
of an amino acid can have influence on the cellular metabolism therefore refined studies on
their cellular metabolic properties are called for. Other parameters like solubility, stability,
and transport into the cells also determine availability and further consumption of amino
acids [57]. In the last years, it also became obvious that different mammalian cell types
have completely different amino acid requirements and that medium optimization in terms
of amino acid metabolism have to be fitted to the individual culture [58,59].
Of the 20 naturally occurring amino acids l-Arginine, l-Cysteine, l-Glutamine, lHistidine, l-Isoleucine, l-Leucine, l-Lysine, l-Methionine, l-Phenylalanine, l-Threonine,
l-Tryptophan, l-Tyrosine, and l-Valine are regarded as essential and Glycine, l-Alanine
l-Asparagine, l-Aspartic, l-Glutamic, l-Proline, and l-Serine as non-essential, thus generally supplied with the basal media are the essential ones, as non-essential ones can be
synthesized by the cells [60]. In a 2007 paper by Choi et al. [61], six different medium
compositions with essential amino acids (EAAs) and non-essential amino-acids (NEAAs)
were tested for their efficacy to promote proliferation of BM-MSCs. Their basal media were
DMEM (basically containing EAAs) and IMDM (Iscove’s modified Dulbecco’s Medium)
(basically containing EAAs and NEAAs), where either essential or non-essential amino
acids or both were additionally added. They could see that oversupply with essential
AAs as well as supplementation with non-essential AAs improved proliferation, whereas
oversupply of NEAAs resulted in lowered proliferation. In none of the medium conditions
did a change in stemness markers occur. Although this study did not perform design
of experiment to tune each amino acid concentration individually it is one step in the
direction of establishing improved culture conditions. Another approach to determine
the nutritional requirements of MSCs in particular is the analysis of metabolic patterns,
in detail which and in what concentration are amino acids consumed or secreted. They
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also tested whether this was consistent in 2D monolayer culture compared to dynamic
culture on microcarriers. EAAs were consumed in both set ups as expected, but NEAAs
were differently metabolized. MSCs consumed cysteine and proline in dynamic culture,
but secreted them in static culture. However, results of static and dynamic agree on alanine,
glutamate, glycine, and ornithine being produced, and arginine, asparagine, aspartate,
glutamine, serine, and tyrosine being consumed by the cells. This consumption was not
seen in other cell types before and might be unique to stem cells [62]. The difference of
amino acid metabolism from static to dynamic culture indicates that the mechanisms are
even more complex than thought, and optimizing medium composition is also influenced
by cultivation techniques. Regarding one specific amino acid, already Eagle, et al. [63]
describe the importance of glutamine for mammalian cell proliferation. Specifically for
BM-MSCs, both dos Santos, et al. [64] and Zhou, et al. [65] report improved proliferation
and very importantly maintenance of stemness. Additionally, oversupply of branched
chain AAs (BCAAs), valine, leucine, and isoleucine increased S/G2/M cell cycle phases
of a murine MSC lineage and could also improve the immunomodulatory capacity of the
cells [66]. Although the minimal supply of amino acids is provided by the basal medium,
these results show oversupply of certain amino acids can improve MSC proliferation,
stemness, or immunomodulatory effects. The choice of AAs to be supplemented has to be
made according to the intended application of the cells as well as the culture method.
5. Lipids
Lipids are next to amino acids, sugars, and nucleic acids as one of the major classes of
biomolecules that play important roles in the cell’s membrane structure, metabolism, and
signaling. During the last decades, it has become obvious that disturbances in the lipid
homeostasis are involved in the development of diseases like diabetes, cardiovascular disorders, autoimmune diseases, and even cancer development [67]. Not only understanding
the lipidomics in vivo is of utter importance, but also the mechanisms of lipid metabolism
in vitro are important to improve cell-based treatment strategies of those disorders. The
most common forms of lipids in the cell are phosphatidylcholine (PC), phosphatidylserine
(PS), phosphatidylinositol (PI), phosphatidylethanolamine (PE) [68], and cholesterol, which
make up the outer cell membrane and the membrane of different organelles [60]. Next to
this, triglycerides serve as energy storage within reservoirs (lipid droplets). The triglycerides can be broken down to fatty acids and used to produce ATP if needed. Lipids can
also bind to proteins, making them useable as signaling molecules for extra- or intracellular
messaging [60,69]. Almost all lipids necessary for basic cellular functions in mammalian
cells can be produced by themselves, only two are regarded as “essential”: Linoleic and
linolenic acid. However, in a lot of cases, even media without them allowed cells to proliferate, whereas addition drastically improved the results, suggesting differentiation between
minimal requirement and optimal performance [70]. Requirements needed for substantial
cellular proliferation, were traditionally met by the excess of lipids in the supplemented
FBS. With the increasing interest to omit animal products (discussed in detail in “human
platelet lysate” and “Serum-, xeno-free- and chemically defined media”), other delivery
strategies have to be found. The hydrophobic nature of lipids needs different strategies to
disperse lipids, allow cellular uptake, and remain stable in the medium. Three approaches
have been described: (1) Adsorption to a soluble carrier molecule, (2) self-assembly to
the required size, and (3) dispersion [71]. The mechanism in FBS is the adsorption to
the serum proteins, especially to the bovine serum albumin (BSA), a strategy that can be
used also in chemically defined media that are supplemented with some form of serum
albumin (human or bovine, natural or recombinant origin). Dispersion techniques include
liposomes, emulsion, and microemulsions and have the advantage that they can be used
in animal component free and even protein free medium (see “Serum-, xeno-free- and
chemically defined media”). These requirements are true for mammalian cell lines in
general, yet better understanding of the exact lipidomics especially within stem cells is
necessary to understand possible alterations during long term ex vivo maintenance and
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lead to establishment of improved cultivation environments [72]. For example, in a 2017
paper by Chatgilialoglu et al., they showed that the fatty acid composition of the membrane
of primary human fetal membrane-derived MSCs changed in 2D culture over time [73]. The
amount of omega-6 fatty acids decreased, whereas monounsaturated fatty acids (MUFA)
and omega-3 fatty acids increased. Additionally, Kilpinen et al., showed changes in membrane composition of BM-MSCs [74]. In order to decrease the effect of prolonged culture on
the cell membranes, Chatgilialoglu et al., developed a cell medium supplement. Refeed®
supplement is a completely defined combination of lipids and lipophilic antioxidants in
ethanol. The supplementation was able to increase cellular proliferation compared to the
control, without changes in surface marker composition [73]. With the advances in the field
of omics, more complex interactions can be monitored. For example, differences in whole
lipidomics of early and late passage cells were investigated using ultraperformance liquid
chromatography coupled to mass spectrometry (UPLC–MS) and multivariate analysis.
Global analysis revealed that changes in lipid significance and alterations during BM-MSC
aging could be mostly contributed to chain length alterations and level of unsaturation [75].
An important aspect to consider was taken up by Fillmore et al. [76], who cultured BMMSCs in physiological levels of fatty acids and serum albumin, which are higher than in
standard cultivation conditions, to have a look on energy metabolism and survival. They
could show that the addition of physiological levels of palmitate, a saturated fatty acid,
significantly decreased BM-MSC viability in a time and concentration dependent manner.
They could rescue this decrease in survival with the addition of equal amounts of oleate, an
unsaturated fatty acid. By investigation of the metabolic activities, they conclude that decreasing fatty acid oxidation may be the source of cell death. These results are important to
understand limited efficacy of cell-based therapies at the moment. Decreasing the amount
of circulating saturated fatty acids in the patient during treatment might overcome current
limitations in cell homing and survival after implantation [76]. With novel lipidomic tools,
like, e.g., tandem MS-based, high mass accuracy-based, or multi-dimensional MS-based
shotgun lipidomics [77] and improved analysis software [78,79], more insight is gained
into the impact of lipids and fatty acids on MSCs ex vivo, which is the first step towards
finding solutions to prevent unwanted alterations. As a general rule, media supplemented
with FBS grants the cells a sufficient fatty acid supply, whereas human platelet lysate supplemented media might (depending on the manufacturing method) and serum/xeno-free
medium need ancillary supply with lipids. Available are enriched forms or extracts from
natural sources like palm oil, wool, serum, or fish [80], however for xeno-free culture
synthetic alternatives to animal-derived supplements need to be used.
6. Growth Factors
Over the last decades, different growth factors have been widely studied for their
role of improving ex vivo expansion of human MSCs. Due to the pleiotropic behavior of
these factors, they can affect multiple biological behaviors like proliferation, morphology,
immunophenotype, survival, and differentiation capacity of MSCs. Selection of which
growth factor or combination of factors can promote physiological culture of MSCs in vitro,
is still under investigation. Many different growth factors have been investigated for their
potential effects on expanding MSCs. From them, fibroblast growth factors-2 and -4 (FGF-2,
FGF-4), platelet derived growth factor-BB (PDGF-BB), and epidermal growth factor (EGF)
have been reported to influence human MSC proliferation and survival in vitro [81].
6.1. Fibroblast Growth Factor-2 and -4
FGFs is involved in tissue repair and cell growth. FGF-2 used in many culture studies
can enhance the proliferative [40,82–87] and colony-forming capacity [88] of MSCs, suppress cellular senescence [87,89], reduce trypsinization time [84], and preserve the thin
spindle-shape morphology of MSCs [84,90]. In a study by Battula et al., primary bone
marrow and placental MSCs cultured in gelatin-coated flasks with serum-free medium
supplemented with FGF-2 demonstrated significantly higher proliferation rates than con-
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trol cultures with serum containing media in uncoated flasks. Combination of FGF-2 with
platelet derived growth factor-BB (PDGF) and/or transforming growth factor-β (TGF-β) in
the culture media was also reported to increase the proliferation of human MSCs [83,88,90]
and preserve the spindle-shaped morphology of MSCs in serum-free media conditions [90].
However, some studies have reported that FGF-2 supplement in human MSC cultures can
affect the phenotype and intrinsic properties of the cells [40,83]. FGF-4, similarly to FGF-2,
has been reported to increase proliferation, reduce autophagy, and delay the decrease of
cellular renewal capacity of human MSCs [87].
6.2. Platelet Derived Growth Factor-BB
PDGF-BB is a known regulatory factor of cellular growth and division. It has been
noted that when PDGF-BB is supplement alone [88,91] or in combination with other
factors [84,88,90] in the culture media, it can highly increase human MSC proliferation,
while inhibition of its receptor can significantly impair their proliferative capacity [92].
Regardless, reports have indicated that it can also decrease colony forming efficiency [88]
and osteogenic differentiation potential of cultured MSCs [91].
6.3. Epidermal Growth Factor
EGF and Heparin-Binding Epidermal Growth Factor (HB-EGF) have been shown
to play a role in promoting wound healing and cell growth. Human BM-MSC cultures
supplemented with EGF have demonstrated increased proliferation similar to the effect
of PDGF stimulated proliferation [88,93], but without diminishing their osteogenic potential [91,93]. Krampera et al., have demonstrated that BM-MSCs cultured with HB-EGF can
proliferate more rapidly without undergoing spontaneous differentiation, thus maintaining
their multilineage differentiation potential during culture [94].
In the study by Fraz et al., vascular endothelial growth factor (VEGF), and insulin-like
growth factor (IGF) in combination with FGF-2 were reported to improve MSC proliferation.
More interestingly, from the same study it was reported that high initial growth factors
contents in the MSC population, or pre-incubation of the cells with growth factors, can
significantly diminish their impact on the proliferative capacity of MSCs when added as
supplements in the culture medium [82].
Overall, the growth factors discussed above have been shown to be beneficial for MSC
expansion when added to the medium and consist considerable components for standard
culture media formulations. However, most studies have examined the effects of these
factors when added solely to the media. That gives room to further investigation and
analysis regarding the exerted effect from the combination of these growth factors during
MSC culture.
7. Trace Elements
Culture media apart from the organic substances, also contain inorganic elements such
as Cu, Mg, Mn, Zn, Se, Ca, and Fe in trace quantities. Serum used in cell cultures usually
contains many of these elements, and therefore many basal media do not include them
in the formulations. These trace elements can influence important biochemical functions
of the cells, but their effect and exact biological role on MSCs have not been thoroughly
investigated.
Zinc is involved with nucleic acid metabolizing enzymes and stabilization of cell
membranes. Serum used usually in cell cultures contain the necessary amounts of zinc for
cell growth and survival. For that reason, many basal media do not contain zinc. Addition
of ZnCl2 in adipose tissue derived MSCs culture has been shown to highly enhance their
proliferation, while zinc chelation reversed this effect. The exact mechanism of this effect
has not been fully elucidated yet [95].
Magnesium acts as a cofactor for many enzymatic processes and as a counter ion
for nucleic acids and ATP [96]. Human MSCs cultured with magnesium-conditioned
medium have demonstrated increased viability and proliferation. Furthermore,
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magnesium-conditioned medium with Zinc and/or Manganese additions were shown to
further promote human MSC proliferation and viability in the same study [97].
Calcium is an important element for a variety of biological functions including cell
attachment, signaling, and morphology. Studies have shown that increased concentrations
of extracellular calcium ions can significantly promote proliferation of BM-MSCs cultured
in serum [98] and serum-free [99] media conditions, compared to controls. Increased
calcium supplementation in the culture medium can also induce morphological changes
on MSCs, resulting in more spread out cytoskeleton arrangements, which could be an
indication towards their differentiation commitment [98].
Iron plays an essential role in cell metabolism and respiration. It protects cells from
oxidative damage acting as an enzyme cofactor, but it can also cause toxic effects. Its
delivery to the cells is controlled by transferrin, included in serum. That is why serumfree media formulations have a higher risk to cause iron toxic effects to cells. Borriello
et al. have demonstrated that iron supplementation to the culture medium of primary
human BM-MSCs, can greatly enhance their proliferation and initiate their S phase. Iron
addition also hindered the innate osteogenic commitment of BM-MSCs, by blocking matrix
calcification and preserving their undifferentiated status [100].
Selenium is included in enzymes that prevent oxidative damage to the cells by reducing peroxides and other oxidative free radicals to non-harmful forms. In cell culture media
is usually added as selenium, sodium selenite, or selenium dioxide. The literature results on
the effects of selenium supplementation on human MSCs are quite diverse. Selenium can
restore the low antioxidative capacity of primary human BM-MSCs, and prevent cellular
damage [101]. Park et al., found out that selenium can enhance the proliferation of human
amniotic fluid MSCs, while combination of selenium with FGF-2 supplementation exerts
an additive effect on the proliferative capacity of the cells [102]. Conversely, other studies
have reported that selenium reduces the colony-forming ability of human MSCs [88] and
does not have any significant effect on their doubling time [101].
Copper is important for cell growth and development, notably of the skeleton by
affecting bone turnover and metabolism. Addition of copper in different concentrations
in human BM-MSC cultures has been reported to decrease their proliferation in a dose
dependent manner [103]. Since increased copper concentrations did not affect cell viability
or cell size to justify contact inhibition of proliferating cells, it was hypothesized that copper
could interfere with multiple cell cycle stages to hamper MSC proliferation [103].
Although studies have shown that trace elements included in the media can affect
the biological behavior and characteristics of MSCs, further investigation is required on
their exact roles and mechanisms. In addition, while performing cultures with serum-free
media, studies should pay attention to the source or amounts of trace elements added to
the MSC media.
8. Ascorbic Acid
Ascorbic acid acts as an antioxidant factor in cell cultures. Although it is not so commonly added in MSC media, studies have shown that it is involved in promoting MSC
growth and proliferation when supplied to the culture medium. The study of Choi et al.,
revealed that the addition of L-ascorbate-2-phosphate in the culture medium enhanced
the proliferation rate of human BM-MSCs in a dose-dependent manner [104]. Addition
of 250 µM of L-ascorbate-2-phosphate induces the highest proliferation rates without any
effect on cell morphology and MSC phenotype, while addition of 500 µM hinders the proliferation [104]. Same results using the same concentration of ascorbic acid supplementation
were observed by other studies using human MSCs [83] from adipose tissue [105]. Another
study using also human BM-MSCs showed similar results with the addition of L-ascorbate2-phosphate up to 3 mM, but without differences between the concentrations tested [106].
In the same study, L-ascorbate-2-phosphate promoted MSC expansion from mononuclear
cell population. These results support that ascorbic acid is a beneficial additive for MSC
cultures.
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9. Human Platelet Lysate
As mentioned earlier, culture medium enrichment by the addition of fetal bovine
(fetal calf) serum (FBS/FCS) is still a common practice in many laboratories worldwide. It
is rich in hormones, vitamins, transport proteins, trace elements, spreading, and growth
factors [107,108]. In vivo, these are released upon blood coagulation and destined to help
repair the site of injury, while in vitro, they promote cellular growth. The production raises
both scientific as well as ethical concerns, in terms of xenogeneic compounds, reproducibility, and animal welfare, respectively. The whole blood needed is collected from unborn
calves, which are a “by-product” of the meat producing unit. The use of fetal animals
instead of adults is regarded to the low number of immunoglobulins in the calf serum.
Collection is performed by harvesting the blood from the umbilical vein or more invasively
directly from the heart by cardiac puncture. These procedures are performed right after
the mother dams’ neck has been cut to ensure fetal death by anoxia and blood loss. To
prevent suffering of the calf during the whole procedure, it has to be unconscious and
must not breathe air at any stage, however, such safeguards are only recommendations
and not legally defined [109]. After coagulation the liquid serum part is separated from the
solid blood clot by centrifugation and can be further processed (filtration, quality control,
packaging) for sale. When considering that in vitro cell culture is supposed to reduce the
need for animals and the associated painful procedures, using animal derived compounds
is contradistinctive. An estimation of the amount of FBS needed per anno leads to a calculated number of 1 million fetal calves necessary to meet the global requirements [109]. The
fact that the main production countries are situated in regions with less legal restrictions
concerning animal welfare, gives rise to even more ethical concerns regarding the use of
FBS. Furthermore, the dependence from global meat markets and price variations, adds
even more concerns [110,111].
On another aspect, addition of such ill-defined growth factor and protein cocktails
and especially xenogeneic compounds is also not in the spirit of good manufacturing
practice (GMP) guidelines and hinders transition of cell-based therapies to the clinics.
In a desperate search for alternatives, various derivatives of human blood have been
investigated [112]. Due to lower levels of growth factors and nutrients, plasma and serum
prepared from anti-coagulated or coagulated whole human blood, respectively, are not
widely used. However, human platelet lysate (hPL) has been shown to be an adequate
substitute for FBS. This blood derivative can be manufactured from platelet concentrates
by induction of bioactive molecule-release from the platelets. As platelet concentrates
(PCs) are of human origin, already routinely collected by blood banks for the treatment of
thrombocytopenia, and can be repurposed after a short shelf life of 5–7 days for research
purposes [113–118], and its use is not accompanied by ethical or animal welfare concerns.
Human platelet lysate has been used in cell culture already in the 1980s and by now has
even proven to be superior to FBS at the same concentration in regard to promoting cell
proliferation and maintaining MSC characteristics in several studies [113–117,119–125]. A
summary from selected studies from 2005 to 2020 is listed in Table 2. Only studies that
compared the performance to FBS as supplement were included. Used concentrations
ranged from as low as 0.1% hPL supplementation to 10%, where in a majority of the trials,
5% hPL performed similar to 10% FBS. Stemness characteristics could be maintained or
even improved, while one difference observed in some studies was a reversible change in
morphology in media with one or the other supplement, with generally smaller cell sizes
in hPL cultures. However, the mode of preparation may possibly influence the properties
of the hPL. PCs can be prepared in 3 different ways: By the platelet rich plasma (PRP)
method, from buffy coats, or by direct single donor platelet apheresis. For the PRP method
whole blood is centrifuged to separate red blood cells from platelet rich plasma which
is further centrifuged to reach the required concentration and material from 4–5 donors
is pooled to reach the desired volume [126]. For the second method 4 buffy coat units
from centrifuged whole blood are mixed with one plasma unit and centrifuged again,
followed by separation and leukocyte depletion. The only method producing single donor
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PCs is by platelet apheresis. Optionally a pathogen inactivation or irradiation step is then
performed. In order to produce hPL from the PCs there are again multiple options. A very
common, efficient, and economical method is using single or multiple freeze/thaw cycles
to lyse the platelets [113,116–118,120,123–125,127–129]. The concentrates are usually shock
frozen at either −30 ◦ C or −80 ◦ C and reheated to 37 ◦ C. Next to that, platelets can be
activated by inducing thrombin generation, thus fibrinogen polymerization to fibrin and
platelet degranulation. This can be achieved by the addition of calcium salts or one step
further down the cascade, recombinant thrombin. Further methods are mechanical rupture
by sonication, sometimes in combination with freeze thaw cycles or solvent/detergent
treatment. With this in parallel to platelet activation, lipid enveloped viruses can be
inactivated. Generally, to allow for more consistency multiple hPL units are again pooled
(up to 109 units [130]). Lastly, any remaining fragments are removed, the pool is aliquoted
and controlled before release. In recent years multiple commercial options have become
available and some of them have already been under investigation in comparison to FBS
(see Table 2) [131–134]. Suppliers include Sigma-Aldrich, Merck, PL Bioscience, Compass
Biomedical and Stemcell Technologies. All of them offer their hPL in research grade, PL
Bioscience additionally offers GMP grade and even pharmaceutical grade quality. For all
hPL products in which fibrinogen is not depleted, heparin is needed to prevent medium
gelation (coagulation) during culture, which can hamper cell proliferation and due to
often porcine origin prevents the system from becoming fully humanized. To achieve
this either recombinant human heparin or fibrinogen depleted hPL should be used in the
future. In instances were only a small number of cells needs to be provided for a cell-based
therapy (CBT), thus lower culture medium amounts are required autologous hPL can be
used. Though in general, larger allogenic pooled hPL is regarded as the more promising
alternative, due to higher availability. The downside of pooling is the increased risk of
contamination with different pathogens.
All in all, hPL has proven to be equally suitable, if not an improvement over the
classically supplemented FBS, represents an alternative, and its usage is one important step
towards the establishment of xeno-free, humanized culture models.

Cells 2021, 10, 886

11 of 33

Table 2. Human platelet lysate (hPL) as alternative to bovine serum; selected studies from 2005 to 2020 including commercially available products. Information is provided on starting
material, preparation technique and culture conditions.
Platelet Lysis

Starting
Material

Solution

Pooled (PC)

Platelet Counts
(×109 /mL)

(Freeze/Thaw)

(Others)

Aph-PC

Plasma

10

1

−80 ◦ C

-

BM-MSC

5%

yes

[120]

−30

◦C

-

UCB-MSC

10%

yes

[124]

−80

◦C

-

BM-MSC

10%

yes

[113]

−80

◦C

-

BM-MSC

5%

no

[118]

−80

◦C

-

BM-MSC

8%

no

[129]

S/D

AD-MSC

10%

no

[135]

5–10%

yes

[128]

BC-PC
Exp Aph-PC
Exp Aph-PC

Plasma
Plasma
Plasma

10–13
yes
-

0.95
-

Aph-PC

Plasma

-

-

Aph-PC

Plasma

-

1.0–1.3

-

Expanded Cells

Supplementation Outperformed
FBS?

Ref.

Aph-PC

Plasma

10

-

−80 ◦ C

-

BM-MSC,
UCB-MSC

BC-PC, leuko
depleted

Plasma

-

-

−80 ◦ C

-

AD-SC

5%

yes

[123]

Aph-PC

Plasma

4–6 don

-

−80 ◦ C

Sonication

BM-MSC

10%

yes

[119]

BC-PC

Plasma

2

-

−30 ◦ C

-

BM-MSC,
AD-MSC

2.5–10%

yes

[121]

BC-PC

Plasma

2

-

−30 ◦ C

Thrombin

BM-MSC,
AD-MSC

2.5–10%

yes

[121]

BC-PC

Saline

6

3.34

−80 ◦ C

-

AD-MSC

5%

yes

[125]

3.58

−80

◦C

-

AD-MSC

5%

yes

[125]

−80

◦C

CaCl2

BM-MSC

10%

yes

[114]

◦C

-

BM-MSC

10%

yes

[117]

BC-PC
Exp Aph-PC

Plasma
Plasma

6
5 don

1

Exp BC-PC

Plasma

yes

-

−80

BC-PC, path.
Inactivated

Add Sol

12 don

1

−80 ◦ C

-

BM-MSC

10%

yes

[127]

BC-PRP

Plasma

10–20

10

−196 ◦ C

Lyophilization,
Irradiation

BM-MSC

5%

yes

[122]

PL-Serum

-

49–109

-

-

CaCl2 20% w/v

commercial
BM-MSC

10%

yes

[130]

BC-PC

Plasma

2

2.03

−25 ◦ C

-

AD-MSC

1–10%

yes

[116]
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Table 2. Cont.
Platelet Lysis

Starting
Material

Solution

Pooled (PC)

Platelet Counts
(×109 /mL)

(Freeze/Thaw)

(Others)

BC-PC

TSOL

2

0.91

−25 ◦ C

-

AD-MSC

1–10%

yes

[116]

0.41

−25

◦C

-

AD-MSC

1–10%

yes

[116]

−25

◦C

-

AD-MSC

1–10%

yes

[116]

−80

◦C

-

AD-MSC

0.1–1%

yes

[115]

Exp BC-PC
Exp BC-PC

Plasma
TSOL

2
2

0.19

Expanded Cells

Supplementation Outperformed
FBS?

Ref.

Exp Aph-PC

-

3–4 don

-

Brand Name

Supplier

Pooled (PC)

Platelet Counts
(×109 /mL)

PLTMAX

Sigma Aldrich

yes

-

-

-

AD-MSC

5%

yes

[134]

MesenCult hPL
media

Stemcell
Technologies

yes

-

-

-

AD-MSC

10%

yes

[134]

PLUS™ hPL

Compass
Biomedical

yes

-

-

-

BM-MSC

5%

yes

[131]

PLTmax

MERCK

yes

-

-

-

AD-MSC

1–10%

yes

[132]

phPL

PL BioScience

yes

-

-

BM-MSC

10%

yes

[133]

Platelet Lysis
(freeze/thaw)
(others)

Expanded Cells

Supplementation Outperformed
FBS?

REF

(Abbreviations: AD—adipose tissue derived, add sol—additive solution, Aph—apheresis, BC—buffy coat, BM—bone marrow derived, don—donor, Exp—expired, FBS—fetal bovine serum, MSC -mesenchymal
stem cell, PC—platelet concentrate, PL—platelet lysate, PRP—platelet rich plasma, S/D—solvent/detergent, UC—umbilical cord derived UCB—umbilical cord blood derived).
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10. Serum-, Xeno-Free-, and Chemically Defined Media
Next to the switch from bovine or other animal-origin sera to human platelet lysate,
other alternatives to fully humanize or potentially even develop chemically defined media
are investigated for various reasons. Improving cell growth as well as phenotype is of great
interest and specially to reduce the high variability encountered with non- or ill-defined
medium components. To understand all the different approaches, firstly the various
definitions used have to be examined. Chemically defined medium means that there is no
supplementation with unknown composition, this includes blood derived supplements
like serum, platelet lysates, but also plant hydrolysates. Highly purified components of
different origin or recombinant products but with exact concentrations, can be added. As
the origin can be from animals as well, chemically defined is not the same as animal-derived
component free. Animal-derived component free (ADCF) stands for medium without
supplements originating from animals, this usually includes humans as well. When no
supplementation of serum is necessary the medium is called serum-free (SF), but may
contain other protein fractions with plant or animal origin. As there could in both cases still
be hydrolysates from bacteria or yeast for the ADCF media or other animal derived protein
cocktails for the SF medium added, these terms not necessarily mean chemically defined.
The term xeno-free is especially tricky as it depends on the origin of the to be cultured cell
line. Xeno is of Greek origin and means “strange” and denotes compounds derived from a
different species. Therefore, for human MSCs medium with human serum or platelet lysate
is xeno-free, but the same media would not be if one would culture mouse MSCs in it [107].
Lastly, protein-free media are media that do not contain large proteins, but only small
peptides. In this case, one can already see the limitations associated to these definitions.
Where is the border to be set between protein and peptide? Further, recombinant human
proteins can be produced in either bacterial or other mammal cell lines. This again raises
question if they can be considered xeno-free and needs to be addressed in future media
formulations [136].
Considering human cells for cell-based therapies, omitting xenogeneic compounds
will rule out further immune reactions of the transplanted material and especially for bovine
serum, and also the risk of transmitting prion diseases such as spongiform encephalopathy.
Additionally, FBS production inevitably has high lot-to-lot variations, which requires
pretesting before a new lot can be used for culture of MSCs [137,138]. With the transition
to completely serum free chemically defined medium, further advantages arise. Bloodderived components, whether they are of animal or human origin, are heterogenous and,
as already said, will inevitably have differences from batch to batch. This leads to less
reproducible results and also causes a more heterogenous cell population [139]. With the
use of serum-free medium (SFM), it can be specifically tailored for the needs of the MSC
fraction, enhancing selection already during isolation. Enhanced consistency is also in the
spirit of GMP regulation and thus the logical next step. There are already ready-to-use
media specifically for MSCs available from different suppliers that are either serum-free,
xeno-free, or both. To give a few examples, StemPro™ MSC SFM and StemPro™ MSC SFM
XenoFree™ (Thermo Fisher Scientific, Waltham, MA, USA), StemXVico (R&D Systems,
Minneapolis, MN, USA), PowerStem MSC1 (Pan Biotech, Aidenbach, Germany), MSC
NutriStem® XF (Biological Industries, Kibbutz Beit-Haemek, Israel), PRIME-XV MSC
Expansion SFM (IrvineScientific, Santa Ana, CA, USA), MesenCult™-ACF Plus (Stem Cell
Technologies, Vancouver, Canada), and MSCGM-CD (Lonza, Basel, Switzerland). Other
options are SFM designed, intended for culture of embryonic or induced pluripotent stem
cells (iPSCs) that are adapted to suit MSC as well, e.g., mTeSR (Stem Cell Technologies).
The advantage of these commercial options is that they comply to GMP regulations and
undergo strict testing by the supplier, and as they are premixed, handling times and
material requirements are minimized on the user side. Further, a lot-to-lot variation of
the individual components can also be averted. On the downside, however, the exact
formulations are not disclosed by the companies, and thus adaption and optimization
to the specific cell source or intended application is not possible, and in comparison to
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other media options they are costlier. A summary of tested media including the origin
of the cells they were tested on is listed in Table 4. Interestingly, in a study by Al-Saqi
from 2015, bone marrow derived cells did not perform well in Mesencult XF medium
compared to MSCs derived from adipose tissues. This further indicates unique needs of
different MSC populations. For the generation of chemically defined medium in-house all
aspects regarding medium ingredients and concentrations above are of great importance to
support MSC growth; optimization of serum albumin, fatty acids, trace minerals, glucose
content, and combination of growth factors.
Common supplements, next to what has been discussed before, include insulin, transferrin, and ethanolamine in combination with the trace element selenium (e.g., ITS, SITE).
The role of insulin is to help cells use glucose and amino acids, transferrin serves as iron
transport protein as free iron has toxic effects on cells [140] and ethanolamine is necessary
for phospholipid synthesis [141]. Exemplary compositions from different disclosed serum
free media include simpler compositions of only a few ingredients: IMDM supplemented
with bFGF, human albumin (most abundant protein in vertebrate plasma, important for
colloidal osmotic pressure and binding of ions, fatty acids, steroids and drugs [142]),
hydrocortisone (steroid hormone, promotes cell growth [143]), and SITE [144]. A more
complex chemically defined medium for hMSCs was patented already in 1995 by Marshak [145]: IMDM supplemented with serum albumin, lipoprotein, transferrin, insulin,
MEM vitamins, MEM essential amino acids, MEM nonessential amino acids, sodium
pyruvate, GlutaMAX-I supplement (substitution for L-glutamine, which is more stable in
culture conditions [146]), folic acid (central role in one-carbon metabolism, important for
growth, differentiation, and survival [147]), Ascorbic acid 2-phosphate, Biotin (essential
vitamin, relevant for fatty acid synthesis, amino acid, and energy metabolism [148]), vitamin B12 mix, trace element mix, FeSO4 , nucleoside mix, antibiotic/antimycotic, and either
PDGF ββ homodimer or M 5-hydroxytryptamine (serotonin, micromolar amounts can
increase cell growth [149]). Both chemically defined and xeno-free is the formulation of Wu
et al. [150] (IMDM, l-glutamine, sodium bicarbonate, insulin, transferrin, serum albumin,
β-mercaptoethanol (potent reducing agent, prevents toxic levels of oxygen radicals [151]),
chemically defined lipid concentrate, MEM essential amino acids solution, MEM nonessential amino acid solution, Vitamins solution, trace elements solution, hydrocortisone,
l-ascorbic acid-2-phosphate, fibronectin, progesterone (hormone, enhances immunomodulatory function of MSCs [152]), putrescine (non-protein nitrogen base, associated with
proliferation in mammalian cells [153]), serotonin, epidermal growth factor, basic fibroblast
growth factor, platelet-derived growth factor, insulin-like growth factor) [150]. The exact
compositions of each of the three examples can be found in Table 3. Another option for
labs is to get a custom-made medium from a commercial vendor. Such tailormade media
can be procured from Cell Culture Technologies, a Swiss biotech company [154], or also
larger biotech suppliers like Thermo Fisher Scientific, R&D Systems, and Biological Industries. Improvement on current animal component and undefined media compositions is
the first step to improved cell culture concepts, further improvements could be made in
investigation of culture media that are designed to specifically meet the needs of the cells in
different “phases” of their life cycle, as current approaches do not consider such differences
during culture.
Although the classical serum supplemented medium is still widely used and produces
satisfying cell yields, transition away from animal-derived as well as poorly defined
medium components is an essential step towards clinical relevance and further product
development. Clearly, increased costs and challenges in the transition phase hinder a lot of
research groups to switch to chemically defined medium. However, even small changes,
one at a time, starting by omitting animal-derived products over to disposal of undefined
sera and ultimately even proteins can improve the cultivation system and ensure more
consistency.
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Table 3. Composition of three disclosed chemically defined cell culture media for MSCs.
[144]

[145]

[150]

Basal Media

IMDM

IMDM

17.7 g/L IDMD

17.91 ng bovine FGF/mL

5 mg/mL human serum albumin

5 mM l-glutamine

2.80 mg/mL human albumin

100 µg/mL human Ex-Cyte lipoprotein

3.024 g/L sodium bicarbonate

27. 65 µM hydrocortisone

2 µg/mL saturated human transferrin

10 mg/L rh insulin

10 µg/mL rh insulin

10 mg/L rh transferrin

Supplemented With

Ref.

1.18% SITE
(S4920; containing
0.5 µg/mL sodium selenite,
1.0 mg/mL bovine insulin,
0.55 mg/mL human
transferrin, 0.2 mg/mL
ethanolamine; 100-fold
concentrate)

1.0% 100 × MEM vitamins

4 g/L rh serum albumin

0.89% MEM essential amino acids

55 µM β-mercaptoethanol

0.4% MEM nonessential amino acids

0.1% chemically defined lipid
concentrate

1 mM sodium pyruvate

2% MEM essential amino
acids solution

1 mM GlutaMAX-I supplement

1% MEM non-essential amino
acid solution

10 µg/mL folic acid

1% Vitamins solution

10 µM ascorbic acid 2-phosphate

0.1% trace elements solution

1.0 µg/mL Biotin

50 µg/L hydrocortisone

1.36 µg/mL vitamin B12 mix

50 mg/L l-ascorbic
acid-2-phosphate

500fold diluted trace element mix

5 mg/L rh fibronectin

4×

10−8

M FeSO4

10 µg/mL nucleoside mix
(ribonucleosides, 20 -deoxyribo-nucleosides,
uridine, and thymidine)

5 µg/L progesterone
10 mg/L putrescine
2 mg/L serotonin
10 ng/mL rh EGF

1.0% antibiotic/antimycotic

10 ng/mL rh basic FGF

10–20 ng/mL rh PDGF ββ homodimer
or 10−5 to 10−6 M 5-hydroxytryptamine

10 ng/mL rh PDGF
10 ng/mL rh IGF

(Abbreviations: EGF—epidermal growth factor, FGF—fibroblast growth factor, rh—recombinant human, IGF—insulin-like growth factor,
IMDM—Iscove’s modified Dulbecco’s medium, MEM—minimum essential media, PDGF—platelet-derived growth factor).
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Table 4. Commercially available, chemically defined/serum-free/xeno-free media tested for expansion of hMSCs; including selected studies from 2010–2021. Information is given on
brand name, supplier, any added supplements, the cell source, cultivation parameters, and stem cell characteristics.
Basal Medium

Supplier

Add.
Supplements

Cells Expanded

Cultivation Time

Outperformed
CTL Medium?

Diff Capacity

Cell Surface
Markers

Ref.

MSCGM-CD

Lonza

-

UC-MSC

5–7 passages

n.t.

unaltered

unaltered

[38]

MesenCult

Stemcell
Technologies

-

hESC-derived MSCs

-

yes

n.t.

unaltered

[155]

Mesencult-XF™

Stemcell
Technologies

-

AD-MSC, BM-MSC

-

yes

improved
(AD-MSC),
decreased
(BM-MSC)

altered (BM-MSC)

[156]

StemPro MSC SFM
XenoFree™

Life Technologies

-

BM-MSC

up to p4

no

n.t.

n.t.

[139]

Mesencult-XF™

Stemcell
Technologies

-

BM-MSC

up to p4

no

unaltered

unaltered

[139]

BD Mosaic™
Mesenchymal Stem
Cell Serum-Free
media

BD Biosciences

-

BM-MSC

up to p4

no

unaltered

unaltered

[139]

StemPro® MSC SFM
XenoFree, Invitrogen

Life Technologies

-

AD-MSC, BM-MSC

-

yes

altered

unaltered

[157]

StemPro MSC SFM
XenoFree™

Life Technologies

PDGF-BB, bFGF,
TGF-β1

ASC line, BM-MSC

up to p9

yes

unaltered

unaltered

[158]

StemPro® MSC SFM

Life Technologies

PDGF-BB, bFGF,
TGF-β1

BM-MSC

8 passages

no

unaltered

unaltered

[159]

StemPro MSC SFM
Xenofree

Life Technologies

-

BM-MSC, UC-MSC,
AD-MSC

7 days

yes

n.t.

n.t.

[160]

MSC Nutristem XF

Biological
Industries

-

BM-MSC, UC-MSC,
AD-MSC

7 days

yes

n.t.

n.t.

[160]

MesenCult-XF

Stemcell
Technologies

-

BM-MSC, UC-MSC,
AD-MSC

7 days

yes

n.t.

n.t.

[160]
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Table 4. Cont.
Basal Medium

Supplier

Add.
Supplements

Cells Expanded

Cultivation Time

Outperformed
CTL Medium?

Diff Capacity

Cell Surface
Markers

Ref.

StemXVivo SFM
Human MSC
Expansion Medium

R&D Systems

-

BM-MSC, UC-MSC,
AD-MSC

7 days

yes

n.t.

n.t.

[160]

RoosterNourish-MSC
XF

RoosterBio, Inc.

BM-MSC

up to p5

no

unaltered

unaltered

[161]

StemMACS-MSC
Expansion Media Kit
XF

Miltenyi Biotec

BM-MSC

up to p5

no

unaltered

unaltered

[161]

MSC NutriStem XF

Biological
Industries

BM-MSC

up to p5

no

unaltered

unaltered

[161]

StemXVivo SFM
Human MSC
Expansion Medium

R&D Systems

BM-MSC

up to p5

no

unaltered

unaltered

[161]

(Abbreviations: AD—adipose tissue derived, Add.—additional, BM—bone marrow derived, CD—chemically defined, CTL—control, diff—differentiation, hPL - human platelet lysate, MSC—mesenchymal stem
cell, n.t.—not tested, p—passage, SFM—serum free medium, UC—umbilical cord derived, XF—xeno-free).
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11. Hypoxia
Thinking of parameters outside of the culture medium, itself long-overlooked, is
the so called “normoxic” environment. When laboratories report culture of cells under
normoxic conditions, they mean ambient oxygen concentrations of 21%, yet the question
arises if this is really physiologically “normal” for the cultured cells. Some cell types in
the human body are adapted to these levels, like cells of the respiratory system, skin, and
the oral cavity. However, if we follow the dissolved oxygen within the blood stream to its
destination in organs and tissues, a lot of lower concentrations are the norm than what is
termed “normoxic”. Depending on the source tissue in vivo, oxygen levels between 18%
(lungs) and as low as 1% (cartilage, bone marrow) are found [162]. Therefore, the actual
physiological normoxic conditions for MSCs are actually rather low and are regarded as
hypoxia. One must also take into account that atmospheric oxygen levels are not the same
as the amount of oxygen dissolved in the medium. In case of a standard culture flask
in a typical incubator, 20% oxygen in the surroundings means an estimated dissolved
oxygen content of 100% in the medium. The amount of diffusion of oxygen into the
culture medium is determined by physical laws influenced by a plethora of parameters.
Ambient O2 concentration [137], O2 partial pressure determined by altitude, temperature,
culture volume, and surface area have to be taken into account and monitored closely for
studies on effect of oxygen levels on cells. With higher levels of dissolved oxygen other
problem can emerge, the formation of so-called reactive oxygen species (ROS), for example
peroxides, super-oxides, and hydroxyl radicals. Although they are a by-product in normal
cell metabolism, dramatic increase of them can harm cellular structures, this is termed
oxidative stress. Decrease of environmental O2 levels also reduces the formation of these
ROS [163,164]. In the last years more and more studies have indicated, that mimicking
the native niche conditions where the cells to be expanded reside in can improve their
viability, promote proliferation, and maintain their in vivo properties. An indication of how
important hypoxic conditions are in a cellular context is the large group of gene promoter
regions that are responsive to hypoxia (hypoxia responsive elements HRE). The key player
for activation is hypoxia inducible factor I (HIF1), which is a dimeric transcription factor.
Expression of the two subunits is not oxygen dependent, but stability of the α-subunit
is. Under normoxic conditions it is rapidly targeted for degradation, only in low oxygen
concentration it is able to accumulate intracellularly and associate with the β-subunit and
become functional [165]. In order to benefit from the positive effects of hypoxia in in vitro
settings, such an environment has to be established first. Practical considerations of pros
and cons of different methods shall be discussed.
One of the easiest and simplest forms is the acquisition of a hypoxic sub-chamber (for
example from BioSpherix [166] or Stemcell Technologies [167]), which is cost-saving and
easy to handle. On the downside is of course the inevitable reoxygenation events every
time a media change, microscopic evaluation, etc. is performed. Most models do not allow
for tight oxygen control; thus, leakage and consistent low levels cannot be secured. For
very low levels repeated re-flushing with nitrogen might be necessary to keep them. A bit
more controlled is the use of a standard incubator with nitrogen gas supply, which is able to
establish hypoxia by controlling oxygen levels next to humidity and temperature. However,
handling with the culture vessels still requires removal from the hypoxic environment
and especially for laboratories with multiple persons using the same hypoxia incubator,
constant open and closing can lead to unwanted reoxygenation. The increase of size can be
regarded as a two-sided coin; on one side, increased space allows for larger experiments
and multi-person use, but on the other side, more gas is needed to establish the desired
atmosphere as a sub-chamber does. Complete hypoxia workstations, optionally with
gloves, circumvent any disruptions in oxygen levels, but are very costly and require a
lot of attention for maintenance. They can be large enough to fit microscopes or other
imaging systems within and allow for routine maintenance of cells like media exchanges or
passaging in the desired environmental conditions [168]. Downsides to these workstations
are that, on the other hand, access to the inside, for example for cleaning, is rather difficult.
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A different approach is to only mimic hypoxia by addition of Cobalt Chloride (CoCl2 ) or
Deferoxamine Mesylate (DFO). These chelating agents can, after short hypoxic treatment,
stabilize HIF at non-hypoxic conditions. This treatment has many limitations, cannot
emulate real hypoxia, and has known and maybe even not yet discovered side effects on
the cells, thus we will not go further into detail on this method.
Although a general improvement of cell yield under hypoxic conditions can be concluded (see Table 5) [61,113,169–181], some research groups could not confirm the beneficial
effects of hypoxic culture conditions [182–185]. This might also be caused by high variations within the applied parameters. First and foremost is the inconsistent definition of
hypoxia, tested O2 concentrations range from 1% to 5%, and secondly, fluctuations due to
the aforementioned different methods of establishing hypoxic conditions in a laboratory
setting are not taken into account. An important step towards harmonizing future results
is the employment of non-invasive monitoring of the dissolved oxygen. Another point
is the distinction between short term hypoxic treatments, or continuous culture under
physiological O2 levels. Cells destined for transplantation are sometimes pre-conditioned
for a few hours before administration, whereas other approaches try to keep cells already
starting from the isolation procedure [186] until the transplantation at lowered oxygen
concentrations.
Nevertheless, a switch from the prevailing atmospheric oxygen levels during culture
is an important advance in providing the cells a more physiological environment.
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Table 5. Hypoxic conditions for expansion of hMSC; selected studies from 2007–2020. Information is given on the cell source, exposure to hypoxic conditions and on stem cell characteristics.
Other Cultivation
Parameters
Analyzed

Cells

O2 (%)

Exposure Time

Outperformed 21%
O2 ?

Diff Capacity

Cell Surface
Markers

BM-MSC

2

6 weeks

yes

unaltered

n.t.

BM-MSC

1–3

16 h

no

n.t.

n.t.

HGF stimulation

[184]

BM-MSC

5

up to p4

yes

unaltered

unaltered

hPL

[113]

BM-MSC

2

14 d

yes

n.t.

unaltered

[113]

UC-MSC

1.5–5

3d

yes

n.t.

n.t.

[171]

BM-MSC

1–5

14 d

no

decreased

unaltered

[182]

BM-MSC

1

84 days

yes

improved

unaltered

[172]

BM-MSC

5

up to p3

yes

improved

unaltered

[173]

AD-MSC

2

7d

yes

improved

unaltered

[174]

BM-MSC

1

up to 90 d

yes

improved

upregulated

[175]

BM-MSC, AD-MSC,
AF-MSC, UCB-MSC

1

7d

depending on cell
source (prenatal yes,
postnatal no)

n.t.

n.t.

AD-MSC

2

up to 21 d

yes

unaltered

unaltered

[176]

UCB-MSC

5

5d

yes

n.t.

unaltered

[179]

AD-MSC

5

up to 14 d

yes

n.t.

slightly altered

lean + obese donors

[178]

BM-MSC

5

up to p15

yes

unaltered

n.t.

donor age

[177]

BM-MSC

1–4

up to p2

no

unaltered

unaltered

Ref.
[169]

prenatal + postnatal
material

[185]

[183]
Ca2+

UCB-MSC

3

5d

yes

unaltered

unaltered

AD-MSC

5

up to p28

yes (until passage 23)

n.t.

n.t.

[180]

yes

decreased
(osteogenic)
increased
(chondrogenic)

unaltered

[181]

AD-MSC

1

48 h

[61]

(Abbreviations: AD—adipose tissue derived, AF—amniotic fluid BM—bone marrow derived, diff—differentiation, HGF—human growth factors, hPL—human platelet lysate, MSC -mesenchymal stem cell,
n.t.—not tested, p—passage, UC—umbilical cord derived, UCB—umbilical cord blood derived).
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12. Isolation and Passage Cell Seeding Densities
Studies on cell seeding density, although limited, indicate that it does have an effect
on the proliferation rate and morphology of the cells. For primary MSCs, Sotiropoulou
et al., found that seeding density of 1000 cells/cm2 of primary bone marrow mononuclear
cells can result in significantly increased number of adherent MSCs after 1 week of culture
compared to higher seeding densities tested, without any alterations on their phenotype,
colony-forming, and immunosuppressive capacities [40]. Regarding passaged cells, studies
have shown that seeding BM-MSCs in low densities (50–100 cells/cm2 ) increases their
proliferation rates compared to higher densities (500–5000 cells/cm2 ) [40,187–189]. In
addition, studies using extremely low seeding densities (1.5–10 cells/cm2 ) have showed
that proliferation rates are inversely proportional to the seeding density of BM-MSCs,
and that the cells maintain their immunophenotype, and morphological and self-renewal
characteristics during culture [187,189–191]. Furthermore, differences in the seeding density
of MSCs can also alter their gene expression patterns. In particular, studies have shown that
human MSCs cultured in low seeding density (200 cells/cm2 ) can maintain their stem and
immunomodulatory gene expression profiles better than when seeded in higher density
(5000 cells/cm2 ) [192,193]. In general, seeding MSCs in low densities results in higher
proliferation rates and better preservation of their physiological characteristics. This is also
advantageous with regard to the limited number of primary MSCs that must be expanded
after isolation from the tissue.
13. Cell Detaching Methods
During in vitro expansion, MSCs are usually cultured for multiple passages. It has
been reported that human BM-MSCs are genetically stable and maintain their immunomodulatory and differentiation capacities up to passage 4 [194]. Therefore, in clinical applications, MSCs can be successfully used up to 4 passages. During passaging, efficient cell
detachment is imperative in cultures of adherent cells like MSCs, without causing any
damage. The most common and effective methods involve the use of enzymatic solutions
to release the cells from the plastic culture surface by degrading their surface attachment
proteins. Trypsin is a serine protease and is the most common enzymatic mean for dissociation of adherent cells. An alternative to Trypsin is Accutase, a proteolytic and collagenolytic
enzymatic solution, which in comparison to Trypsin does not contain mammalian or bacterially derived proteins. Trypsin and Accutase have been reported to be the most suitable
cell detaching reagents for human primary [195] and cultured MSCs [196–198] compared
to other enzymatic (Collagenase, Prolyl-specific Peptidase) and non-enzymatic cell dissociation solutions (cell dissociation buffers, ethylenediamine tetra-acetic acid (EDTA)) and cell
scraping, with significantly lower incubation times, increased viability, and higher yields
of detached cells. Although different types of culture surface coatings do not significantly
influence the effectiveness of enzymatic dissociation solutions, the results from the study
of Salzig et al., suggest that the efficiency of different enzymatic detachment methods and
corresponding cell viability following detachment are significantly affected by the culture
media used [198]. However, due to its proteolytic activity, it has been reported that trypsin
can significantly reduce the expression of MSC surface markers [195,198] and change the
expression of several non-coding RNAs, resulting in several transcriptomic changes [199].
Although some non-enzymatic buffers seem to minimize the adverse effects of other
methods on the detached MSCs [195,198,200], most studies suggest that due to the long
incubation times required for non-enzymatic detachment means, Trypsin is comparatively
a more beneficial method for quick preparation of MSC suspensions [195,196,200].
Although trypsinization is the most common laboratory method used for detaching
MSCs, in order to avoid the negative impact of proteolytic degradation on cell membrane during enzymatic dissociation, new techniques are developed, for example thermoresponsive detachment of adherent cells. Adherent MSCs can be detached from the
culture surface by changing the temperature. However, without appropriate culture substrate, MSCs must be exposed to very low/non-physiologic temperatures to facilitate
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detachment [201]. For this reason, a thermoresponsive polymeric coating, usually poly(Nisopropylacrylamide), is applied on the cell culture surface. These thermoresponsive
surfaces have been reported to promote human MSC adhesion, colony formation and
proliferation [202,203], and enable their detachment with temperature reduction below a
critical solution temperature [202–204], without any changes on the MSC specific marker
profile and morphology [205,206]. A comparative study by Yang et al., suggests that thermoresponsive detachment of MSC from poly(N-isopropylacrylamide) films is as effective a
method as trypsinization [206]. These cell detachment methods are promising in avoiding
the proteolytic adverse effects of trypsin, although they are still not so well optimized as
routine methods such as trypsinization.
Other cell dissociation methods have been recently developed, using for example
acoustic pressure [207], light-induced plasmonic substrates [208], and non-enzymatic
arginine-based solutions [209] to detach adherent cells. These techniques show very
promising results, but their application on MSCs has not been investigated yet.
14. Conclusions
Human MSCs are considered one of the most prominent types of cells for cellular
therapies, due to their multipotent and regenerative capacities. However, due to their
limited number after isolation, in vitro expansion is required to achieve a sufficient number
of cells for clinical and research applications. This expansion step is usually performed in a
standard 2D culture setup that requires a lower number of seeded cells due to its robustness and simplicity compared to more recently developed advanced 3D culture methods.
Therefore, in order to improve the relevance of in vitro applications, it is imperative to
preserve the physiological characteristics of MSCs during this necessary in vitro expansion
step.
Many optimization approaches for in vitro expansion of human MSCs focus on wellformulated and chemically defined culture media. An overview of the major components
of culture media and additional optimization approaches and their biological effects mentioned in this review are summarized in Figure 1. However, apart from the components
mentioned there, there are many more included in their formulations that can potentially affect cell behavior and were not given enough attention so far, and therefore require focused
research. Furthermore, apart from their chemical properties, alterations in the physical
properties of the media like osmolarity are often neglected. Similarly, the influences of exposure to light and temperature on the characteristics and behavior of the cells during culture
are widely ignored and present a promising aspect for further investigation [210–213].
In order to maximize the benefits of these aspects on MSC culture, it is important that
each of these elements is thoroughly investigated, so their exact underlining mechanisms
and concomitant effects on the cells are identified. This can also expand the range and
validity of analytics for assessing MSC expansion cultures. Many of the studies in this
review evaluated the effect of different aspects on expanding MSCs by mainly measuring
total number of cells, doubling times or time to reach confluency. Although these methods
may give representative indications of the effects on cultured MSCs, due to the different
metric approaches, comparison and relevance between the results are not always accurate.
In addition, these methods only cover cell attributes like proliferation and growth rates.
Thereby, possible differences in a more thorough biological level, like gene expression,
or surface marker and proteomic alterations, are often disregarded. Attempts to identify
alterations on the cells immunomodulatory profile by prolonged ex vivo cultivation have
been made in “standard” cultivation settings [214], as understanding the cellular response
to expansion can influence the therapeutic potential of a CBT. Optimization approaches can
also greatly influence these cell properties, which can be even more relevant for treatment
success than solely greater cell numbers. For that reason, the introduction of specific criteria
and analytics for the evaluation of the effects of different aspects during in vitro expansion
of human MSCs, similar for example to the ones the ISCT established for defining MSCs,
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would be beneficial for the significance and relevance of future studies in this research
topic.

Figure 1. Schematic overview of the aspects improving the standard MSC cultivation setup discussed in this review. The
beneficial biological effects are summarized for each topic.

While most of the elements mentioned in this review have been proven to be beneficial
for human MSC in vitro cultures when examined solely, the impact of the combination
of different elements should also be investigated. Most papers studied only one parameter, and only rarely were two investigated. For future media composition optimization,
multiparametric analysis with carefully considered design of experiments should reveal
more information on the interplay of different components. Furthermore, MSCs inherently
present high donor and source variability in their characteristics and properties. For that
reason, some of the studies included in this review have reported different effects of the
same investigated in vitro culture parameter on different types of MSCs. Therefore, further
research should be directed towards formulation of MSC type-specific culture media and
protocols to avoid variability in preserving the physiological status of cultured MSCs.
In conclusion, the approaches discussed in this review constitute the basic principles for MSC culture and seem to be advantageous for the preservation of physiological
MSC characteristics during in vitro expansion. To fully recapitulate the in vivo conditions,
further strategies such as 3D passage free culture will have to be developed further. The
purpose of this review is to provide the readers with a broad variety of up-to-date approaches on standard expansion of human MSCs, that can help them optimize their current
culture protocols and improve the efficacy and physiological relevance of their MSC cultures, as well as serve as a baseline for additional investigation and further optimization of
standard cultivation of MSCs in vitro.

Cells 2021, 10, 886

24 of 33

Author Contributions: D.E., S.K., and C.K. designed the study, I.N. and S.N., contributed to the
conception of the study. I.N. and S.N. performed the literature research and writing of the review.
D.E., S.K., and C.K. are responsible for the design and structure of the manuscript. All authors
contributed to manuscript revision, read and approved the submitted form. All authors have read
and agreed to the published version of the manuscript.
Funding: Open access funding provided by BOKU Vienna Open Access Publishing Fund.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.
Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

Abbreviations
2D
3D
ADCF
BM-MSCs
EAAs
EGF
FBS
FGF-2 and -4
GMP
HB-EGF
hPL
HIF1
IGF
ISCT
MSC(s)
NEAAs
PDGF-BB
PCs
ROS
PRP
SF
VEGF

two-dimensional
three-dimensional
animal-derived component free
bone marrow-mesenchymal stem cells
essential amino acids
epidermal growth factor
fetal bovine serum
fibroblast growth factor-2 and -4
good manufacturing practice
heparin-Binding Epidermal Growth Factor
human platelet lysate
hypoxia inducible factor I
insulin-like growth factor
International Society for Cellular Therapy
mesenchymal stem cell(s)
non-essential amino-acids
platelet derived growth factor-BB
platelet concentrates
reactive oxygen species
platelet rich plasma
serum-free
endothelial growth factor

References
1.
2.
3.
4.
5.
6.

7.
8.

Hanna, E.; Rmuzat, C.; Auquier, P.; Toumi, M. Advanced therapy medicinal products: Current and future perspectives. J. Mark.
Access Health Policy 2016, 4, 31036. [CrossRef] [PubMed]
Mount, N.M.; Ward, S.J.; Kefalas, P.; Hyllner, J. Cell-based therapy technology classifications and translational challenges. Philos.
Trans. R. Soc. B Biol. Sci. 2015, 370, 20150017. [CrossRef]
Buzhor, E.; Leshansky, L.; Blumenthal, J.; Barash, H.; Warshawsky, D.; Mazor, Y.; Shtrichman, R. Cell-based therapy approaches:
The hope for incurable diseases. Regen. Med. 2014, 9, 649–672. [CrossRef] [PubMed]
Chagastelles, P.C.; Nardi, N.B. Biology of stem cells: An overview. Kidney Int. Suppl. 2011, 1, 63–67. [CrossRef] [PubMed]
Pittenger, M.F.; Mackay, A.M.; Beck, S.C.; Jaiswal, R.K.; Douglas, R.; Mosca, J.D.; Moorman, M.A.; Simonetti, D.W.; Craig, S.;
Marshak, D.R. Multilineage potential of adult human mesenchymal stem cells. Science 1999, 284, 143–147. [CrossRef]
Dominici, M.; Le Blanc, K.; Mueller, I.; Slaper-Cortenbach, I.; Marini, F.; Krause, D.; Deans, R.; Keating, A.; Prockop, D.; Horwitz,
E. Minimal criteria for defining multipotent mesenchymal stromal cells. The International Society for Cellular Therapy position
statement. Cytotherapy 2006, 8, 315–317. [CrossRef]
Gardner, O.F.; Alini, M.; Stoddart, M.J. Mesenchymal Stem Cells Derived from Human Bone Marrow. Methods Mol. Biol. 2015,
1340, 41–52. [CrossRef]
Mahmoudifar, N.; Doran, P.M. Mesenchymal Stem Cells Derived from Human Adipose Tissue. Methods Mol. Biol. 2015, 1340,
53–64. [CrossRef]

Cells 2021, 10, 886

9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.

23.

24.
25.

26.
27.
28.
29.
30.
31.
32.

33.
34.

35.

25 of 33

Van Pham, P.; Truong, N.C.; Le, P.T.; Tran, T.D.; Vu, N.B.; Bui, K.H.; Phan, N.K. Isolation and proliferation of umbilical cord tissue
derived mesenchymal stem cells for clinical applications. Cell Tissue Bank. 2016, 17, 289–302. [CrossRef]
Ouryazdanpanah, N.; Dabiri, S.; Derakhshani, A.; Vahidi, R.; Farsinejad, A. Peripheral Blood-Derived Mesenchymal Stem Cells:
Growth Factor-Free Isolation, Molecular Characterization and Differentiation. Iran. J. Pathol. 2018, 13, 461–466.
Ledesma-Martínez, E.; Mendoza-Núñez, V.M.; Santiago-Osorio, E. Mesenchymal Stem Cells Derived from Dental Pulp: A Review.
Stem Cells Int. 2016, 2016, 4709572. [CrossRef] [PubMed]
Hass, R.; Kasper, C.; Böhm, S.; Jacobs, R. Different populations and sources of human mesenchymal stem cells (MSC): A
comparison of adult and neonatal tissue-derived MSC. Cell Commun. Signal. 2011, 9, 12. [CrossRef] [PubMed]
Duval, K.; Grover, H.; Han, L.-H.; Mou, Y.; Pegoraro, A.F.; Fredberg, J.; Chen, Z. Modeling Physiological Events in 2D vs. 3D Cell
Culture. Physiology 2017, 32, 266–277. [CrossRef] [PubMed]
Chaicharoenaudomrung, N.; Kunhorm, P.; Noisa, P. Three-dimensional cell culture systems as an in vitro platform for cancer and
stem cell modeling. World J. Stem Cells 2019, 11, 1065–1083. [CrossRef] [PubMed]
Kropp, C.; Massai, D.; Zweigerdt, R. Progress and challenges in large-scale expansion of human pluripotent stem cells. Process.
Biochem. 2017, 59, 244–254. [CrossRef]
Rafiq, Q.A.; Coopman, K.; Hewitt, C.J. Scale-up of human mesenchymal stem cell culture: Current technologies and future
challenges. Curr. Opin. Chem. Eng. 2013, 2, 8–16. [CrossRef]
Cesarz, Z.; Tamama, K. Spheroid Culture of Mesenchymal Stem Cells. Stem Cells Int. 2016, 2016, 9176357. [CrossRef]
Yin, X.; Mead, B.E.; Safaee, H.; Langer, R.; Karp, J.M.; Levy, O. Engineering Stem Cell Organoids. Cell Stem Cell 2016, 18, 25–38.
[CrossRef]
Chen, Y.; Shu, Z.; Qian, K.; Wang, J.; Zhu, H. Harnessing the Properties of Biomaterial to Enhance the Immunomodulation of
Mesenchymal Stem Cells. Tissue Eng. Part. B Rev. 2019, 25, 492–499. [CrossRef]
Hanson, S.; D’Souza, R.N.; Hematti, P. Biomaterial-mesenchymal stem cell constructs for immunomodulation in composite tissue
engineering. Tissue Eng. Part A 2014, 20, 2162–2168. [CrossRef]
Schneider, R.K.; Knüchel, R.; Neuss, S. Mesenchymal stem cells and their interaction with biomaterials: Potential applications in
tissue engineering. Pathologe 2011, 32 (Suppl. S2), 296–303. [CrossRef]
Azandeh, S.; Mohammad Gharravi, A.; Orazizadeh, M.; Khodadi, A.; Hashemi Tabar, M. Improvement of mesenchymal stem cell
differentiation into the endoderm lineage by four step sequential method in biocompatible biomaterial. Bioimpacts 2016, 6, 9–13.
[CrossRef]
Das, R.; Roosloot, R.; van Pel, M.; Schepers, K.; Driessen, M.; Fibbe, W.E.; de Bruijn, J.D.; Roelofs, H. Preparing for cell culture
scale-out: Establishing parity of bioreactor- and flask-expanded mesenchymal stromal cell cultures. J. Transl. Med. 2019, 17, 241.
[CrossRef]
Jossen, V.; van den Bos, C.; Eibl, R.; Eibl, D. Manufacturing human mesenchymal stem cells at clinical scale: Process and regulatory
challenges. Appl. Microbiol. Biotechnol. 2018, 102, 3981–3994. [CrossRef]
Lawson, T.; Kehoe, D.E.; Schnitzler, A.C.; Rapiejko, P.J.; Der, K.A.; Philbrick, K.; Punreddy, S.; Rigby, S.; Smith, R.; Feng, Q.; et al.
Process development for expansion of human mesenchymal stromal cells in a 50L single-use stirred tank bioreactor. Biochem. Eng.
J. 2017, 120, 49–62. [CrossRef]
Hoch, A.I.; Duhr, R.; Di Maggio, N.; Mehrkens, A.; Jakob, M.; Wendt, D. Expansion of Bone Marrow Mesenchymal Stromal Cells
in Perfused 3D Ceramic Scaffolds Enhances In Vivo Bone Formation. Biotechnol. J. 2017, 12. [CrossRef] [PubMed]
Lee, S.H.; Sung, J.H. Organ-on-a-chip technology for reproducing multiorgan physiology. Adv. Healthc. Mater. 2018, 7, 1700419.
[CrossRef] [PubMed]
Kimura, H.; Sakai, Y.; Fujii, T. Organ/body-on-a-chip based on microfluidic technology for drug discovery. Drug Metab.
Pharmacokinet. 2018, 33, 43–48. [CrossRef]
Wu, Q.; Liu, J.; Wang, X.; Feng, L.; Wu, J.; Zhu, X.; Wen, W.; Gong, X. Organ-on-a-chip: Recent breakthroughs and future prospects.
Biomed. Eng. Online 2020, 19, 9. [CrossRef]
Frith, J.E.; Thomson, B.; Genever, P.G. Dynamic three-dimensional culture methods enhance mesenchymal stem cell properties
and increase therapeutic potential. Tissue Eng. Part C Methods 2010, 16, 735–749. [CrossRef] [PubMed]
Stiehler, M.; Bünger, C.; Baatrup, A.; Lind, M.; Kassem, M.; Mygind, T. Effect of dynamic 3-D culture on proliferation, distribution,
and osteogenic differentiation of human mesenchymal stem cells. J. Biomed. Mater. Res. A 2009, 89, 96–107. [CrossRef] [PubMed]
Wang, W.; Itaka, K.; Ohba, S.; Nishiyama, N.; Chung, U.I.; Yamasaki, Y.; Kataoka, K. 3D spheroid culture system on micropatterned
substrates for improved differentiation efficiency of multipotent mesenchymal stem cells. Biomaterials 2009, 30, 2705–2715.
[CrossRef]
Friedenstein, A.J.; Latzinik, N.W.; Grosheva, A.G.; Gorskaya, U.F. Marrow microenvironment transfer by heterotopic transplantation of freshly isolated and cultured cells in porous sponges. Exp. Hematol. 1982, 10, 217–227.
Wexler, S.A.; Donaldson, C.; Denning-Kendall, P.; Rice, C.; Bradley, B.; Hows, J.M. Adult bone marrow is a rich source of human
mesenchymal ‘stem’cells but umbilical cord and mobilized adult blood are not. Br. J. Haematol. 2003, 121, 368–374. [CrossRef]
[PubMed]
Bonab, M.M.; Alimoghaddam, K.; Talebian, F.; Ghaffari, S.H.; Ghavamzadeh, A.; Nikbin, B. Aging of mesenchymal stem cell
in vitro. BMC Cell Biol. 2006, 7, 14. [CrossRef] [PubMed]

Cells 2021, 10, 886

36.
37.
38.
39.

40.
41.

42.

43.
44.
45.
46.
47.
48.

49.

50.
51.
52.
53.

54.
55.

56.
57.
58.
59.
60.
61.

26 of 33

Chen, J.; Sotome, S.; Wang, J.; Orii, H.; Uemura, T.; Shinomiya, K. Correlation of in vivo bone formation capability and in vitro
differentiation of human bone marrow stromal cells. J. Med. Dent. Sci. 2005, 52, 27–34.
Yang, Y.-H.K.; Ogando, C.R.; Wang See, C.; Chang, T.-Y.; Barabino, G.A. Changes in phenotype and differentiation potential of
human mesenchymal stem cells aging in vitro. Stem Cell Res. Ther. 2018, 9, 131. [CrossRef]
Wu, M.; Han, Z.B.; Liu, J.F.; Wang, Y.W.; Zhang, J.Z.; Li, C.T.; Xin, P.L.; Han, Z.C.; Zhu, X.P. Serum-free media and the
immunoregulatory properties of mesenchymal stem cells in vivo and in vitro. Cell. Physiol. Biochem. 2014, 33, 569–580. [CrossRef]
Viswanathan, S.; Shi, Y.; Galipeau, J.; Krampera, M.; Leblanc, K.; Martin, I.; Nolta, J.; Phinney, D.G.; Sensebe, L. Mesenchymal
stem versus stromal cells: International Society for Cell & Gene Therapy (ISCT (R)) Mesenchymal Stromal Cell committee position
statement on nomenclature. Cytotherapy 2019, 21, 1019–1024. [CrossRef]
Sotiropoulou, P.A.; Perez, S.A.; Salagianni, M.; Baxevanis, C.N.; Papamichail, M. Characterization of the optimal culture conditions
for clinical scale production of human mesenchymal stem cells. Stem Cells 2006, 24, 462–471. [CrossRef]
Dhanasekaran, M.; Indumathi, S.; Rashmi, M.; Rajkumar, J.S.; Sudarsanam, D. Unravelling the retention of proliferation and
differentiation potency in extensive culture of human subcutaneous fat-derived mesenchymal stem cells in different media. Cell
Prolif. 2012, 45, 516–526. [CrossRef]
Hagmann, S.; Moradi, B.; Frank, S.; Dreher, T.; Kämmerer, P.W.; Richter, W.; Gotterbarm, T. Different culture media affect growth
characteristics, surface marker distribution and chondrogenic differentiation of human bone marrow-derived mesenchymal
stromal cells. BMC Musculoskelet. Disord. 2013, 14, 223. [CrossRef] [PubMed]
Haack-Sorensen, M.; Friis, T.; Bindslev, L.; Mortensen, S.; Johnsen, H.E.; Kastrup, J. Comparison of different culture conditions for
human mesenchymal stromal cells for clinical stem cell therapy. Scand. J. Clin. Lab. Investig. 2008, 68, 192–203. [CrossRef]
Woerle, H.J.; Gerich, J.E. Glucose Physiology, Normal. In Encyclopedia of Endocrine Diseases; Martini, L., Ed.; Elsevier: New York,
NY, USA, 2004; pp. 263–270.
Nuschke, A.; Rodrigues, M.; Wells, A.W.; Sylakowski, K.; Wells, A. Mesenchymal stem cells/multipotent stromal cells (MSCs) are
glycolytic and thus glucose is a limiting factor of in vitro models of MSC starvation. Stem Cell Res. Ther. 2016, 7, 179. [CrossRef]
Keats, E.; Khan, Z.A. Unique responses of stem cell-derived vascular endothelial and mesenchymal cells to high levels of glucose.
PLoS ONE 2012, 7, e38752. [CrossRef] [PubMed]
Lo, T.; Ho, J.H.; Yang, M.-H.; Lee, O.K. Glucose Reduction Prevents Replicative Senescence and Increases Mitochondrial
Respiration in Human Mesenchymal Stem Cells. Cell Transplant. 2011, 20, 813–826. [CrossRef] [PubMed]
Weil, B.R.; Abarbanell, A.M.; Herrmann, J.L.; Wang, Y.; Meldrum, D.R. High glucose concentration in cell culture medium does
not acutely affect human mesenchymal stem cell growth factor production or proliferation. Am. J. Physiol. Regul. Integr. Comp.
Physiol. 2009, 296, R1735–R1743. [CrossRef]
D’Esposito, V.; Lecce, M.; Marenzi, G.; Cabaro, S.; Ambrosio, M.R.; Sammartino, G.; Misso, S.; Migliaccio, T.; Liguoro, P.; Oriente,
F.; et al. Platelet-rich plasma counteracts detrimental effect of high-glucose concentrations on mesenchymal stem cells from Bichat
fat pad. J. Tissue Eng. Regen. Med. 2020. [CrossRef]
Liu, Y.; Li, Y.; Nan, L.-P.; Wang, F.; Zhou, S.-F.; Wang, J.-C.; Feng, X.-M.; Zhang, L. The effect of high glucose on the biological
characteristics of nucleus pulposus-derived mesenchymal stem cells. Cell Biochem. Funct. 2020. [CrossRef]
Chang, T.-C.; Hsu, M.-F.; Wu, K.K. High Glucose Induces Bone Marrow-Derived Mesenchymal Stem Cell Senescence by
Upregulating Autophagy. PLoS ONE 2015, 10, e0126537. [CrossRef]
Liang, C.; Li, H.; Tao, Y.; Zhou, X.; Li, F.; Chen, G.; Chen, Q. Responses of human adipose-derived mesenchymal stem cells to
chemical microenvironment of the intervertebral disc. J. Transl. Med. 2012, 10, 49. [CrossRef]
Li, Y.-M.; Schilling, T.; Benisch, P.; Zeck, S.; Meissner-Weigl, J.; Schneider, D.; Limbert, C.; Seufert, J.; Kassem, M.; Schütze, N.; et al.
Effects of high glucose on mesenchymal stem cell proliferation and differentiation. Biochem. Biophys. Res. Commun. 2007, 363,
209–215. [CrossRef] [PubMed]
Ejtehadifar, M.; Shamsasenjan, K.; Movassaghpour, A.; Akbarzadehlaleh, P.; Dehdilani, N.; Abbasi, P.; Molaeipour, Z.; Saleh, M.
The effect of hypoxia on mesenchymal stem cell biology. Adv. Pharm. Bull. 2015, 5, 141–149. [CrossRef] [PubMed]
Deschepper, M.; Oudina, K.; David, B.; Myrtil, V.; Collet, C.; Bensidhoum, M.; Logeart-Avramoglou, D.; Petite, H. Survival
and function of mesenchymal stem cells (MSCs) depend on glucose to overcome exposure to long-term, severe and continuous
hypoxia. J. Cell. Mol. Med. 2011, 15, 1505–1514. [CrossRef]
Jedrzejczak-Silicka, M. History of Cell Culture. In New Insights into Cell Culture Technology; IntechOpen: Rijeka, Croatia, 2017.
Salazar, A.; Keusgen, M.; von Hagen, J. Amino acids in the cultivation of mammalian cells. Amino Acids 2016, 48, 1161–1171.
[CrossRef] [PubMed]
Doverskog, M.; Ljunggren, J.; Öhman, L.; Häggström, L. Physiology of cultured animal cells. J. Biotechnol. 1997, 59, 103–115.
[CrossRef]
Kontoravdi, C.; Wong, D.; Lam, C.; Lee, Y.Y.; Yap, M.G.S.; Pistikopoulos, E.N.; Mantalaris, A. Modeling Amino Acid Metabolism
in Mammalian Cells-Toward the Development of a Model Library. Biotechnol. Prog. 2007, 23, 1261–1269. [CrossRef]
Alberts, B.; Johnson, A.; Lewis, J.; Raff, M.; Roberts, K.; Walter, P. Molecular Biology of The Cell; Norton & Company: New York, NY,
USA, 2007; Volume 230.
Choi, W.; Kwon, S.-J.; Jin, H.J.; Jeong, S.Y.; Choi, S.J.; Oh, W.; Yang, Y.S.; Jeon, H.B.; Jeon, E.S. Optimization of culture conditions
for rapid clinical-scale expansion of human umbilical cord blood-derived mesenchymal stem cells. Clin. Transl. Med. 2017, 6, 38.
[CrossRef]

Cells 2021, 10, 886

62.

63.
64.
65.
66.
67.
68.
69.
70.
71.
72.

73.

74.

75.

76.

77.
78.
79.
80.
81.
82.
83.
84.

85.
86.

87.

27 of 33

Higuera, G.A.; Schop, D.; Spitters, T.W.G.M.; van Dijkhuizen-Radersma, R.; Bracke, M.; de Bruijn, J.D.; Martens, D.; Karperien,
M.; van Boxtel, A.; van Blitterswijk, C.A. Patterns of amino acid metabolism by proliferating human mesenchymal stem cells.
Tissue Eng. Part A 2012, 18, 654–664. [CrossRef]
Eagle, H.; Oyama, V.I.; Levy, M.A. The growth response of mammalian cells in tissue culture to L-glutamine and L-glutamic acid.
J. Biol. Chem. 1956, 218, 607–616. [CrossRef]
Dos Santos, G.G.; Hastreiter, A.A.; Sartori, T.; Borelli, P.; Fock, R.A. L-Glutamine in vitro Modulates some Immunomodulatory
Properties of Bone Marrow Mesenchymal Stem Cells. Stem Cell Rev. Rep. 2017, 13, 482–490. [CrossRef]
Zhou, T.; Yang, Y.; Chen, Q.; Xie, L.; Li, J. Glutamine Metabolism Is Essential for Stemness of Bone Marrow Mesenchymal Stem
Cells and Bone Homeostasis. Stem Cells Int. 2019, 2019, 8928934. [CrossRef] [PubMed]
Sartori, T.; Santos, A.C.A.A. Branched chain amino acids improve mesenchymal stem cell proliferation, reducing nuclear factor
kappa B expression and modulating some inflammatory properties. Nutrition 2020, 78, 110935. [CrossRef] [PubMed]
Wymann, M.P.; Schneiter, R. Lipid signalling in disease. Nat. Rev. Mol. Cell Biol. 2008, 9, 162–176. [CrossRef]
Van Meer, G.; de Kroon, A.I.P.M. Lipid map of the mammalian cell. J. Cell Sci. 2011, 124, 5. [CrossRef] [PubMed]
Clémot, M.; Sênos Demarco, R.; Jones, D.L. Lipid Mediated Regulation of Adult Stem Cell Behavior. Front. Cell Dev. Biol. 2020, 8,
115. [CrossRef]
Grammatikos, S.I.; Subbaiah, P.V.; Victor, T.A.; Miller, W.M. Diverse effects of essential (n-6 and n-3) fatty acids on cultured cells.
In Cell Culture Engineering I.; Springer: Berlin/Heidelberg, Germany, 1994; pp. 31–50.
Whitford, W.; Manwaring, J. Lipids in Cell Culture Media. Fish. Appl. Notes 2004, 152–154.
Rampler, E.; Egger, D.; Schoeny, H.; Rusz, M.; Pacheco, M.P.; Marino, G.; Kasper, C.; Naegele, T.; Koellensperger, G. The power of
LC-MS based multiomics: Exploring adipogenic differentiation of human mesenchymal stem/stromal cells. Molecules 2019, 24,
3615. [CrossRef]
Chatgilialoglu, A.; Rossi, M.; Alviano, F.; Poggi, P.; Zannini, C.; Marchionni, C.; Ricci, F.; Tazzari, P.L.; Taglioli, V.; Calder, P.C.;
et al. Restored in vivo-like membrane lipidomics positively influence in vitro features of cultured mesenchymal stromal/stem
cells derived from human placenta. Stem Cell Res. Ther. 2017, 8, 31. [CrossRef]
Kilpinen, L.; Tigistu-Sahle, F.; Oja, S.; Greco, D.; Parmar, A.; Saavalainen, P.; Nikkilä, J.; Korhonen, M.; Lehenkari, P.; Käkelä, R.;
et al. Aging bone marrow mesenchymal stromal cells have altered membrane glycerophospholipid composition and functionality.
J. Lipid Res. 2013, 54, 622–635. [CrossRef] [PubMed]
Lu, X.; Chen, Y.; Wang, H.; Bai, Y.; Zhao, J.; Zhang, X.; Liang, L.; Chen, Y.; Ye, C.; Li, Y.; et al. Integrated Lipidomics
and Transcriptomics Characterization upon Aging-Related Changes of Lipid Species and Pathways in Human Bone Marrow
Mesenchymal Stem Cells. J. Proteome Res. 2019, 18, 2065–2077. [CrossRef]
Fillmore, N.; Huqi, A.; Jaswal, J.S.; Mori, J.; Paulin, R.; Haromy, A.; Onay-Besikci, A.; Ionescu, L.; Thbaud, B.; Michelakis, E.;
et al. Effect of fatty acids on human bone marrow mesenchymal stem cell energy metabolism and survival. PLoS ONE 2015, 10,
e0120257. [CrossRef] [PubMed]
Hu, C.; Wang, C.; He, L.; Han, X. Novel strategies for enhancing shotgun lipidomics for comprehensive analysis of cellular
lipidomes. TrAC Trends Anal. Chem. 2019, 120, 115330. [CrossRef] [PubMed]
Goracci, L.; Tortorella, S.; Tiberi, P.; Pellegrino, R.M.A. Lipostar, a Comprehensive Platform-Neutral Cheminformatics Tool for
Lipidomics. Anal. Chem. 2017, 89, 6257–6264. [CrossRef] [PubMed]
Mohamed, A.; Molendijk, J.; Hill, M.M. Lipidr: A Software Tool for Data Mining and Analysis of Lipidomics Datasets. J. Proteome
Res. 2020, 19, 2890–2897. [CrossRef] [PubMed]
MERCK. Lipids and Lipid Carriers—Solubilizing Agents|Sigma-Aldrich. Available online: https://www.sigmaaldrich.com/lifescience/cell-culture/cell-culture-products.html?TablePage=22608488 (accessed on 12 January 2021).
Rodrigues, M.; Griffith, L.G.; Wells, A. Growth factor regulation of proliferation and survival of multipotential stromal cells. Stem
Cell Res. Ther. 2010, 1, 32. [CrossRef]
Franz, K.C.; Suschek, C.V.; Grotheer, V.; Akbas, M.; Pallua, N. Impact of growth factor content on proliferation of mesenchymal
stromal cells derived from adipose tissue. PLoS ONE 2020, 15, e0230265. [CrossRef]
Gharibi, B.; Hughes, F.J. Effects of medium supplements on proliferation, differentiation potential, and in vitro expansion of
mesenchymal stem cells. Stem Cells Transl. Med. 2012, 1, 771–782. [CrossRef]
Kabiri, A.; Esfandiari, E.; Hashemibeni, B.; Kazemi, M.; Mardani, M.; Esmaeili, A. Effects of FGF-2 on human adipose tissue
derived adult stem cells morphology and chondrogenesis enhancement in Transwell culture. Biochem. Biophys. Res. Commun.
2012, 424, 234–238. [CrossRef]
Solchaga, L.A.; Penick, K.; Porter, J.D.; Goldberg, V.M.; Caplan, A.I.; Welter, J.F. FGF-2 enhances the mitotic and chondrogenic
potentials of human adult bone marrow-derived mesenchymal stem cells. J. Cell. Physiol. 2005, 203, 398–409. [CrossRef] [PubMed]
Tsutsumi, S.; Shimazu, A.; Miyazaki, K.; Pan, H.; Koike, C.; Yoshida, E.; Takagishi, K.; Kato, Y. Retention of Multilineage
Differentiation Potential of Mesenchymal Cells during Proliferation in Response to FGF. Biochem. Biophys. Res. Commun. 2001,
288, 413–419. [CrossRef]
Eom, Y.W.; Oh, J.-E.; Lee, J.I.; Baik, S.K.; Rhee, K.-J.; Shin, H.C.; Kim, Y.M.; Ahn, C.M.; Kong, J.H.; Kim, H.S.; et al. The role of
growth factors in maintenance of stemness in bone marrow-derived mesenchymal stem cells. Biochem. Biophys. Res. Commun.
2014, 445, 16–22. [CrossRef]

Cells 2021, 10, 886

88.
89.
90.

91.

92.

93.
94.

95.
96.
97.
98.

99.
100.

101.

102.
103.
104.
105.

106.
107.
108.

109.

110.
111.
112.

28 of 33

Jung, S.; Sen, A.; Rosenberg, L.; Behie, L.A. Identification of growth and attachment factors for the serum-free isolation and
expansion of human mesenchymal stromal cells. Cytotherapy 2010, 12, 637–657. [CrossRef] [PubMed]
Ito, T.; Sawada, R.; Fujiwara, Y.; Seyama, Y.; Tsuchiya, T. FGF-2 suppresses cellular senescence of human mesenchymal stem cells
by down-regulation of TGF-β2. Biochem. Biophys. Res. Commun. 2007, 359, 108–114. [CrossRef] [PubMed]
Ng, F.; Boucher, S.; Koh, S.; Sastry, K.S.R.; Chase, L.; Lakshmipathy, U.; Choong, C.; Yang, Z.; Vemuri, M.C.; Rao, M.S.; et al.
PDGF, TGF-β, and FGF signaling is important for differentiation and growth of mesenchymal stem cells (MSCs): Transcriptional
profiling can identify markers and signaling pathways important in differentiation of MSCs into adipogenic, chondrogenic, and
osteogenic lineages. Blood 2008, 112, 295–307. [CrossRef]
Gruber, R.; Karreth, F.; Kandler, B.; Fuerst, G.; Rot, A.; Fischer, M.B.; Watzek, G. Platelet-released supernatants increase migration
and proliferation, and decrease osteogenic differentiation of bone marrow-derived mesenchymal progenitor cells under in vitro
conditions. Platelets 2004, 15, 29–35. [CrossRef]
Fierro, F.; Illmer, T.; Jing, D.; Schleyer, E.; Ehninger, G.; Boxberger, S.; Bornhäuser, M. Inhibition of platelet-derived growth factor
receptorbeta by imatinib mesylate suppresses proliferation and alters differentiation of human mesenchymal stem cells in vitro.
Cell Prolif. 2007, 40, 355–366. [CrossRef]
Tamama, K.; Fan, V.H.; Griffith, L.G.; Blair, H.C.; Wells, A. Epidermal Growth Factor as a Candidate for Ex Vivo Expansion of
Bone Marrow–Derived Mesenchymal Stem Cells. Stem Cells 2006, 24, 686–695. [CrossRef]
Krampera, M.; Pasini, A.; Rigo, A.; Scupoli, M.T.; Tecchio, C.; Malpeli, G.; Scarpa, A.; Dazzi, F.; Pizzolo, G.; Vinante, F. HBEGF/HER-1 signaling in bone marrow mesenchymal stem cells: Inducing cell expansion and reversibly preventing multilineage
differentiation. Blood 2005, 106, 59–66. [CrossRef] [PubMed]
Moon, M.-Y.; Kim, H.J.; Choi, B.Y.; Sohn, M.; Chung, T.N.; Suh, S.W. Zinc Promotes Adipose-Derived Mesenchymal Stem Cell
Proliferation and Differentiation towards a Neuronal Fate. Stem Cells Int. 2018, 2018, 5736535. [CrossRef]
Jahnen-Dechent, W.; Ketteler, M. Magnesium basics. Clin. Kidney J. 2012, 5, i3–i14. [CrossRef] [PubMed]
Siti Noor Fazliah, M.N.; Yusuf, M.M.; Abdullah, T.K.; Zuhailawati, H. Human Mesenchymal Stem Cells Response to Magnesiumbased Biomaterials. Proc. Chem. 2016, 19, 75–82. [CrossRef]
Barradas, A.M.; Fernandes, H.A.; Groen, N.; Chai, Y.C.; Schrooten, J.; van de Peppel, J.; van Leeuwen, J.P.; van Blitterswijk,
C.A.; de Boer, J. A calcium-induced signaling cascade leading to osteogenic differentiation of human bone marrow-derived
mesenchymal stromal cells. Biomaterials 2012, 33, 3205–3215. [CrossRef] [PubMed]
Lei, Q.; Chen, J.; Huang, W.; Wu, D.; Lin, H.; Lai, Y. Proteomic analysis of the effect of extracellular calcium ions on human
mesenchymal stem cells: Implications for bone tissue engineering. Chem Biol. Interact. 2015, 233, 139–146. [CrossRef] [PubMed]
Borriello, A.; Caldarelli, I.; Speranza, M.C.; Scianguetta, S.; Tramontano, A.; Bencivenga, D.; Stampone, E.; Negri, A.; Nobili, B.;
Locatelli, F.; et al. Iron overload enhances human mesenchymal stromal cell growth and hampers matrix calcification. Biochim.
Biophys. Acta 2016, 1860, 1211–1223. [CrossRef] [PubMed]
Ebert, R.; Ulmer, M.; Zeck, S.; Meissner-Weigl, J.; Schneider, D.; Stopper, H.; Schupp, N.; Kassem, M.; Jakob, F. Selenium
supplementation restores the antioxidative capacity and prevents cell damage in bone marrow stromal cells in vitro. Stem Cells
2006, 24, 1226–1235. [CrossRef]
Park, J.; Lee, J.H.; Yoon, B.S.; Jun, E.K.; Lee, G.; Kim, I.Y.; You, S. Additive effect of bFGF and selenium on expansion and paracrine
action of human amniotic fluid-derived mesenchymal stem cells. Stem Cell Res. 2018, 9, 293. [CrossRef]
Rodríguez, J.; Ríos, S.; González, M. Modulation of the proliferation and differentiation of human mesenchymal stem cells by
copper. J. Cell. Biochem. 2002, 85, 92–100. [CrossRef]
Choi, K.-M.; Seo, Y.-K.; Yoon, H.-H.; Song, K.-Y.; Kwon, S.-Y.; Lee, H.-S.; Park, J.-K. Effect of ascorbic acid on bone marrow-derived
mesenchymal stem cell proliferation and differentiation. J. Biosci. Bioeng. 2008, 105, 586–594. [CrossRef]
Potdar, P.D.; D’souza, S.B. Ascorbic acid induces in vitro proliferation of human subcutaneous adipose tissue derived mesenchymal stem cells with upregulation of embryonic stem cell pluripotency markers Oct4 and SOX 2. Hum. Cell 2010, 23, 152–155.
[CrossRef] [PubMed]
Fujisawa, K.; Hara, K.; Takami, T.; Okada, S.; Matsumoto, T.; Yamamoto, N.; Sakaida, I. Evaluation of the effects of ascorbic acid
on metabolism of human mesenchymal stem cells. Stem Cell Res. 2018, 9, 93. [CrossRef]
Brunner, D.; Frank, J.; Appl, H.; Schoffl, H.; Pfaller, W.; Gstraunthaler, G. Serum-free cell culture: The serum-free media interactive
online database. ALTEX 2010, 27, 53–62. [CrossRef]
Van der Valk, J.; Brunner, D.; De Smet, K.; Fex Svenningsen, A.; Honegger, P.; Knudsen, L.E.; Lindl, T.; Noraberg, J.; Price, A.;
Scarino, M.L.; et al. Optimization of chemically defined cell culture media–replacing fetal bovine serum in mammalian in vitro
methods. Toxicol. Vitr. 2010, 24, 1053–1063. [CrossRef]
Van der Valk, J.; Mellor, D.; Brands, R.; Fischer, R.; Gruber, F.; Gstraunthaler, G.; Hellebrekers, L.; Hyllner, J.; Jonker, F.H.; Prieto,
P.; et al. The humane collection of fetal bovine serum and possibilities for serum-free cell and tissue culture. Toxicol. Vitr. 2004, 18,
1–12. [CrossRef]
Gstraunthaler, G. Alternatives to the use of fetal bovine serum: Serum-free cell culture. Altex Altern Tierexp 2003, 20, 275–281.
Van der Valk, J.; Bieback, K.; Buta, C.; Cochrane, B.; Dirks, W.G.; Fu, J.; Hickman, J.J.; Hohensee, C.; Kolar, R.; Liebsch, M.; et al.
Fetal Bovine Serum (FBS): Past—Present—Future. Altex 2018, 35, 99–118. [CrossRef] [PubMed]
Bieback, K.; Hecker, A.; Kocaömer, A.; Lannert, H.; Schallmoser, K.; Strunk, D.; Klüter, H. Human Alternatives to Fetal Bovine
Serum for the Expansion of Mesenchymal Stromal Cells from Bone Marrow. Stem Cells 2009, 27, 2331–2341. [CrossRef]

Cells 2021, 10, 886

29 of 33

113. Carrancio, S.; Lopez-Holgado, N.; Sanchez-Guijo, F.M.; Villarn, E.; Barbado, V.; Tabera, S.; Dez-Campelo, M.; Blanco, J.A.
Optimization of mesenchymal stem cell expansion procedures by cell separation and culture conditions modification. Exp.
Hematol. 2008, 36, 1014–1021. [CrossRef] [PubMed]
114. Copland, I.B.; Garcia, M.A.; Waller, E.K.; Roback, J.D.; Galipeau, J. The effect of platelet lysate fibrinogen on the functionality of
MSCs in immunotherapy. Biomaterials 2013, 34, 7840–7850. [CrossRef] [PubMed]
115. Cowper, M.; Frazier, T.; Wu, X.; Curley, J.; Ma, M.; Mohiuddin, O.; Dietrich, M.; McCarthy, M.; Bukowska, J.; Gimble, J. Human
Platelet Lysate as a Functional Substitute for Fetal Bovine Serum in the Culture of Human Adipose Derived Stromal/Stem Cells.
Cells 2019, 8, 724. [CrossRef] [PubMed]
116. Dessels, C.; Durandt, C.; Pepper, M.S. Comparison of human platelet lysate alternatives using expired and freshly isolated platelet
concentrates for adipose-derived stromal cell expansion. Platelets 2019, 30, 356–367. [CrossRef] [PubMed]
117. Jonsdottir-Buch, S.M.; Lieder, R.; Sigurjonsson, O.E. Platelet Lysates Produced from Expired Platelet Concentrates Support
Growth and Osteogenic Differentiation of Mesenchymal Stem Cells. PLoS ONE 2013, 8, e68984. [CrossRef] [PubMed]
118. Pérez-Ilzarbe, M.; Dez-Campelo, M.; Aranda, P.; Tabera, S.; Lopez, T.; del Caizo, C.; Merino, J.; Moreno, C.; Andreu, E.J.; Prsper, F.;
et al. Comparison of ex vivo expansion culture conditions of mesenchymal stem cells for human cell therapy. Transfusion 2009, 49,
1901–1910. [CrossRef] [PubMed]
119. Bernardi, M.; Albiero, E.; Alghisi, A.; Chieregato, K.; Lievore, C.; Madeo, D.; Rodeghiero, F.; Astori, G. Production of human
platelet lysate by use of ultrasound for ex vivo expansion of human bone marrow–derived mesenchymal stromal cells. Cytotherapy
2013, 15. [CrossRef] [PubMed]
120. Doucet, C.; Ernou, I.; Zhang, Y.; Llense, J.R.; Begot, L.; Holy, X.; Lataillade, J.J. Platelet lysates promote mesenchymal stem cell
expansion: A safety substitute for animal serum in cell-based therapy applications. J. Cell. Physiol. 2005, 205, 228–236. [CrossRef]
121. Kinzebach, S.; Dietz, L.; Klter, H.; Thierse, H.J.; Bieback, K. Functional and differential proteomic analyses to identify platelet
derived factors affecting ex vivo expansion of mesenchymal stromal cells. BMC Cell Biol. 2013, 14. [CrossRef]
122. Muraglia, A.; Ottonello, C. Span. Biological activity of a standardized freeze-dried platelet derivative to be used as cell culture
medium supplement. Platelets 2014, 25, 211–220. [CrossRef]
123. Naaijkens, B.A.; Niessen, H.W.M.; Prins, H.J.; Krijnen, P.A.J.; Kokhuis, T.J.A. Human platelet lysate as a fetal bovine serum
substitute improves human adipose-derived stromal cell culture for future cardiac repair applications. Cell Tissue Res. 2012, 348,
119–130. [CrossRef]
124. Reinisch, A.; Bartmann, C.; Rohde, E.; Schallmoser, K.; Bjelic-Radisic, V.; Lanzer, G.; Linkesch, W.; Strunk, D. Humanized system
to propagate cord blood-derived multipotent mesenchymal stromal cells for clinical application. Regen. Med. 2007, 2, 371–382.
[CrossRef]
125. Witzeneder, K.; Lindenmair, A.; Gabriel, C.; Höller, K.; Theiß, D.; Redl, H.; Hennerbichler, S. Human-Derived Alternatives to
Fetal Bovine Serum in Cell Culture. Transfus. Med. Hemother. 2013, 40, 417–423. [CrossRef]
126. Burnouf, T.; Strunk, D.; Koh, M.B.; Schallmoser, K. Human platelet lysate: Replacing fetal bovine serum as a gold standard for
human cell propagation? Biomaterials 2016, 76, 371–387. [CrossRef]
127. Iudicone, P.; Fioravanti, D.; Bonanno, G.; Miceli, M.; Lavorino, C.; Totta, P.; Frati, L.; Nuti, M.; Pierelli, L. Pathogen-free,
plasma-poor platelet lysate and expansion of human mesenchymal stem cells. J. Transl. Med. 2014, 12. [CrossRef] [PubMed]
128. Jenhani, F.; Durand, V.; Ben Azouna, N.; Thallet, S.; Ben Othmen, T.; Bejaoui, M.; Domenech, J. Human cytokine expression profile
in various conditioned media for in vitro expansion bone marrow and umbilical cord blood immunophenotyped mesenchymal
stem cells. Transpl. Proc. 2011, 43, 639–643. [CrossRef]
129. Xia, W.; Li, H.; Wang, Z.; Xu, R.; Fu, Y.; Zhang, X.; Ye, X.; Huang, Y.; Xiang, A.P.; Yu, W. Human platelet lysate supports ex vivo
expansion and enhances osteogenic differentiation of human bone marrow-derived mesenchymal stem cells. Cell Biol. Int. 2011,
35, 639–643. [CrossRef] [PubMed]
130. Pierce, J.; Benedetti, E.; Preslar, A.; Jacobson, P.; Jin, P.; Stroncek, D.F.; Reems, J.-A. Comparative analyses of industrial-scale
human platelet lysate preparations. Transfusion 2017, 57, 2858–2869. [CrossRef] [PubMed]
131. Bandeiras, C.; Koc, J.R.; Ma, Y.; Samberg, M.; Finkelstein, S.; Ferreira, F. Cost effectiveness analysis of allogeneic, just-in-time
expansion of mesenchymal stem cells with PLUS™ human platelet lysate for a clinical trial. Cytotherapy 2018, 20, S60. [CrossRef]
132. Kakudo, N.; Morimoto, N.; Ma, Y.; Kusumoto, K. Differences between the Proliferative Effects of Human Platelet Lysate and Fetal
Bovine Serum on Human Adipose-Derived Stem Cells. Cells 2019, 8, 1218. [CrossRef] [PubMed]
133. Karadjian, M.; Senger, A.-S.; Essers, C.; Wilkesmann, S.; Heller, R.; Fellenberg, J.; Simon, R.; Westhauser, F. Human Platelet
Lysate Can Replace Fetal Calf Serum as a Protein Source to Promote Expansion and Osteogenic Differentiation of Human
Bone-Marrow-Derived Mesenchymal Stromal Cells. Cells 2020, 9, 918. [CrossRef]
134. Lensch, M.; Muise, A.; White, L.; Badowski, M.; Harris, D. Comparison of Synthetic Media Designed for Expansion of AdiposeDerived Mesenchymal Stromal Cells. Biomedicines 2018, 6, 54. [CrossRef]
135. Shih, D.T.-B.; Chen, J.-C.; Chen, W.-Y.; Kuo, Y.-P.; Su, C.-Y.; Burnouf, T. Expansion of adipose tissue mesenchymal stromal
progenitors in serum-free medium supplemented with virally inactivated allogeneic human platelet lysate. Transfusion 2011, 51,
770–778. [CrossRef]
136. Sargent, B. What Does Xeno-Free Really Mean, and Why Does It Matter to Cell Culture Scientists Today? Available online: https:
//cellculturedish.com/what-does-xeno-free-really-mean-and-why-does-it-matter-to-cell-culture-scientists-today/ (accessed on
27 February 2021).

Cells 2021, 10, 886

30 of 33

137. Bahsoun, S.; Coopman, K.; Forsyth, N.R.; Akam, E.C. The Role of Dissolved Oxygen Levels on Human Mesenchymal Stem Cell
Culture Success, Regulatory Compliance, and Therapeutic Potential. Stem Cells Dev. 2018, 27, 1303–1321. [CrossRef]
138. Gottipamula, S.; Muttigi, M.S.; Kolkundkar, U.; Seetharam, R.N. Serum-free media for the production of human mesenchymal
stromal cells: A review. Cell Prolif. 2013, 46, 608–627. [CrossRef]
139. Gottipamula, S.; Ashwin, K.M.; Muttigi, M.S.; Kannan, S.; Kolkundkar, U.; Seetharam, R.N. Isolation, expansion and characterization of bone marrow-derived mesenchymal stromal cells in serum-free conditions. Cell Tissue Res. 2014, 356, 123–135. [CrossRef]
[PubMed]
140. Guilbert, L.; Iscove, N. Partial replacement of serum by selenite, transferrin, albumin and lecithin in haemopoitec cell cultures.
Nature 1976, 263, 594–595. [CrossRef] [PubMed]
141. Murakami, H.; Masui, H.; Sato, G.H.; Sueoka, N.; Chow, T.P.; Kano-Sueoka, T. Growth of hybridoma cells in serum-free medium:
Ethanolamine is an essential component. Proc. Natl. Acad. Sci. USA 1982, 79, 1158–1162. [CrossRef]
142. Sargent, B. Albumin in Cell Culture Media—An Examination of Quality and Function. Available online: https://cellculturedish.
com/albumin-in-cell-culture-media-an-examination-of-quality-and-function/ (accessed on 30 November 2020).
143. Jung, S.; Panchalingam, K.M.; Rosenberg, L.; Behie, L.A. Ex vivo expansion of human mesenchymal stem cells in defined
serum-free media. Stem Cells Int. 2012, 2012, 123030. [CrossRef]
144. Liu, C.-H.; Wu, M.-L.; Hwang, S.-M. Optimization of serum free medium for cord blood mesenchymal stem cells. Biochem. Eng. J.
2007, 33, 1–9. [CrossRef]
145. Marshak, D.R. US5908782A—Chemically Defined Medium for Human Mesenchymal Stem Cells—Google Patents; Patent and Trademark
Office: Washington, DC, USA, 1999.
146. ThermoFisher Scientific. L-Glutamine & GlutaMAX Cell Culture Supplements. Available online: https://www.thermofisher.
com/at/en/home/life-science/cell-culture/mammalian-cell-culture/media-supplements/glutamax-media.html?gclid=
EAIaIQobChMIuYj0ya7F6wIV05TVCh0CCQFFEAAYASAAEgJXG_D_BwE&s_kwcid=AL!3652!3!345664482627!p!!g!!glutamax&
ef_id=EAIaIQobChMIuYj0ya7F6wIV05TVCh0CCQFFEAAYASAAEgJXG_D_BwE:G:s&s_kwcid=AL!3652!3!345664482627!p!!g!
!glutamax&cid=bid_clb_cce_r01_co_cp0000_pjt0000_bid00000_0se_gaw_bt_pur_con (accessed on 27 February 2021).
147. Sigma Aldrich. Folic Acid and Tetrahydrofolates in Cell Culture. Available online: https://www.sigmaaldrich.com/life-science/
cell-culture/learning-center/media-expert/folic-acid.html (accessed on 27 February 2021).
148. Sigma Aldrich. Biotin in Cell Culture. Available online: https://www.sigmaaldrich.com/life-science/cell-culture/learningcenter/media-expert/biotin.html (accessed on 25 February 2021).
149. Boucek, R.J.; Alvarez, T.R. 5-Hydroxytryptamine: A cytospecific growth stimulator of cultured fibroblasts. Science 1970, 167,
898–899. [CrossRef]
150. Wu, X.; Kang, H.; Liu, X.; Gao, J.; Zhao, K.; Ma, Z. Serum and xeno-free, chemically defined, no-plate-coating-based culture
system for mesenchymal stromal cells from the umbilical cord. Cell Prolif. 2016, 49, 579–588. [CrossRef] [PubMed]
151. ThermoFisher Scientific. Gibco™ 2-Mercaptoethanol. Available online: https://www.thermofisher.com/order/catalog/product/
21985023#/21985023 (accessed on 27 February 2021).
152. Zhao, X.; Liu, L.; Liu, D.; Fan, H.; Wang, Y.; Hu, Y.; Hou, Y. Progesterone Enhances Immunoregulatory Activity of Human
Mesenchymal Stem Cells Via PGE 2 and IL-6. Am. J. Reprod. Immunol. 2012, 68, 290–300. [CrossRef]
153. Devireddy, L.R.; Myers, M.; Screven, R.; Liu, Z.; Boxer, L. A serum-free medium formulation efficiently supports isolation and
propagation of canine adipose-derived mesenchymal stem/stromal cells. PLoS ONE 2019, 14, e0210250. [CrossRef]
154. Cell Culture Technologies LLC. Cell Culture Technologies. Available online: https://www.cellculture.com/ (accessed on 2 March
2021).
155. Li, E.; Zhang, Z.; Jiang, B.; Yan, L.; Park, J.W.; Xu, R.H. Generation of mesenchymal stem cells from human embryonic stem cells
in a complete serum-free condition. Int. J. Biol. Sci. 2018, 14, 1901–1909. [CrossRef] [PubMed]
156. Al-Saqi, S.H.; Saliem, M.; Quezada, H.C.; Ekblad, A.; Jonasson, A.F.; Hovatta, O.; Gotherstrom, C. Defined serum- and xeno-free
cryopreservation of mesenchymal stem cells. Cell Tissue Bank. 2015, 16, 181–193. [CrossRef] [PubMed]
157. Oikonomopoulos, A.; Van Deen, W.K.; Manansala, A.R.; Lacey, P.N.; Tomakili, T.A.; Ziman, A.; Hommes, D.W. Optimization
of human mesenchymal stem cell manufacturing: The effects of animal/xeno-free media. Sci. Rep. 2015, 5, 1–11. [CrossRef]
[PubMed]
158. Chase, L.G.; Yang, S.; Zachar, V.; Yang, Z.; Lakshmipathy, U.; Bradford, J.; Boucher, S.E.; Vemuri, M.C. Development and
Characterization of a Clinically Compliant Xeno-Free Culture Medium in Good Manufacturing Practice for Human Multipotent
Mesenchymal Stem Cells. Stem Cells Transl. Med. 2012, 1, 750–758. [CrossRef] [PubMed]
159. Chase, L.G.; Lakshmipathy, U.; Solchaga, L.A.; Rao, M.S.; Vemuri, M.C. A novel serum-free medium for the expansion of human
mesenchymal stem cells. Stem Cell Res. Ther. 2010, 1, 1–11. [CrossRef]
160. Tan, K.Y.; Teo, K.L.; Lim, J.F.Y.; Chen, A.K.L.; Reuveny, S.; Oh, S.K.W. Serum-free media formulations are cell line-specific and
require optimization for microcarrier culture. Cytotherapy 2015, 17, 1152–1165. [CrossRef]
161. Bhat, S.; Viswanathan, P.; Chandanala, S.; Prasanna, S.J.; Seetharam, R.N. Expansion and characterization of bone marrow derived
human mesenchymal stromal cells in serum-free conditions. Sci. Rep. 2021, 11, 3403. [CrossRef]
162. McKeown, S.R. Defining normoxia, physoxia and hypoxia in tumours-implications for treatment response. Br. J. Radiol. 2014, 87,
20130676. [CrossRef]
163. Jackson, S.P.; Bartek, J. The DNA-damage response in human biology and disease. Nature 2009, 461, 1071–1078. [CrossRef]

Cells 2021, 10, 886

31 of 33

164. Kim, J.H.; Park, S.-H.; Park, S.G.; Choi, J.-S.; Xia, Y.; Sung, J.-H. The Pivotal Role of Reactive Oxygen Species Generation in the
Hypoxia-Induced Stimulation of Adipose-Derived Stem Cells. Stem Cells Dev. 2011, 20, 1753–1761. [CrossRef]
165. Wenger, R.H. Cellular adaptation to hypoxia: O2-sensing protein hydroxylases, hypoxia-inducible transcription factors, and
O2-regulated gene expression. FASEB J. 2002, 16, 1151–1162. [CrossRef]
166. BioSpherix. C-Chamber Incubator Subchamber. Available online: https://www.biospherix.com/products/c-chamber (accessed
on 20 February 2021).
167. Stemcell Technologies. Hypoxia Incubator Chamber. Available online: https://www.stemcell.com/hypoxia-incubator-chamber.
html (accessed on 20 February 2021).
168. Kay, A.G.; Dale, T.P.; Akram, K.M.; Mohan, P.; Hampson, K.; Maffulli, N.; Spiteri, M.A.; El Haj, A.J.; Forsyth, N.R. BMP2 repression
and optimized culture conditions promote human bone marrow-derived mesenchymal stem cell isolation. Regen. Med. 2015, 10,
109–125. [CrossRef] [PubMed]
169. Grayson, W.L.; Zhao, F.; Bunnell, B.; Ma, T. Hypoxia enhances proliferation and tissue formation of human mesenchymal stem
cells. Biochem. Biophys. Res. Commun. 2007, 358, 948–953. [CrossRef]
170. Dos Santos, F.; Andrade, P.Z.; Boura, J.S.; Abecasis, M.M.; da Silva, C.L.; Cabral, J.M. Ex vivo expansion of human mesenchymal
stem cells: A more effective cell proliferation kinetics and metabolism under hypoxia. J. Cell. Physiol. 2010, 223, 27–35. [CrossRef]
[PubMed]
171. Lavrentieva, A.; Majore, I.; Kasper, C.; Hass, R. Effects of hypoxic culture conditions on umbilical cord-derived human mesenchymal stem cells. Cell Commun. Signal. 2010, 8, 1–9. [CrossRef]
172. Tsai, C.C.; Chen, Y.J.; Yew, T.L.; Chen, L.L.; Wang, J.Y.; Chiu, C.H.; Hung, S.C. Hypoxia inhibits senescence and maintains
mesenchymal stem cell properties through down-regulation of E2A-p21 by HIF-TWIST. Blood 2011, 117, 459–469. [CrossRef]
173. Basciano, L.; Nemos, C.; Foliguet, B.; de Isla, N.; de Carvalho, M.; Tran, N.; Dalloul, A. Long term culture of mesenchymal stem
cells in hypoxia promotes a genetic program maintaining their undifferentiated and multipotent status. BMC Cell Biol. 2011, 12,
12. [CrossRef] [PubMed]
174. Valorani, M.G.; Montelatici, E.; Germani, A.; Biddle, A.; D’Alessandro, D.; Strollo, R.; Patrizi, M.P.; Lazzari, L.; Nye, E.; Otto,
W.R.; et al. Pre-culturing human adipose tissue mesenchymal stem cells under hypoxia increases their adipogenic and osteogenic
differentiation potentials. Cell Prolif. 2012, 45, 225–238. [CrossRef] [PubMed]
175. Palumbo, S.M.; Tsai, T.L.; Li, W.J. Macrophage migration inhibitory factor regulates AKT signaling in hypoxic culture to modulate
senescence of human mesenchymal stem cells. Stem Cells Dev. 2014, 23, 852–865. [CrossRef]
176. Choi, J.R.; Pingguan-Murphy, B.A. In Situ Normoxia Enhances Survival and Proliferation Rate of Human Adipose Tissue-Derived
Stromal Cells without Increasing the Risk of Tumourigenesis. PLoS ONE 2015, 10, e0115034. [CrossRef]
177. Ali, N.M.; Boo, L.; Yeap, S.K.; Ky, H.; Satharasinghe, D.A.; Liew, W.C.; Ong, H.K.; Cheong, S.K.; Kamarul, T. Probable impact of
age and hypoxia on proliferation and microRNA expression profile of bone marrow-derived human mesenchymal stem cells.
PeerJ 2016, 2016, e1536. [CrossRef]
178. Pachón-Peña, G.; Serena, C.; Ejarque, M.; Petriz, J.; Duran, X.; Oliva-Olivera, W.; Simó, R.; Tinahones, F.J. Obesity Determines the
Immunophenotypic Profile and Functional Characteristics of Human Mesenchymal Stem Cells from Adipose Tissue. Stem Cells
Transl. Med. 2016, 5, 464–475. [CrossRef]
179. Peng, L.; Shu, X.; Lang, C.; Yu, X. Effects of hypoxia on proliferation of human cord blood-derived mesenchymal stem cells.
Cytotechnology 2016, 68, 1615–1622. [CrossRef] [PubMed]
180. Ratushnyy, A.Y.; Rudimova, Y.V.; Buravkova, L.B. Alteration of Hypoxia-Associated Gene Expression in Replicatively Senescent
Mesenchymal Stromal Cells under Physiological Oxygen Level. Biochemistry 2019, 84, 263–271. [CrossRef] [PubMed]
181. Hwang, O.K.; Noh, Y.W.; Hong, J.T.; Lee, J.W. Hypoxia Pretreatment Promotes Chondrocyte Differentiation of Human AdiposeDerived Stem Cells via Vascular Endothelial Growth Factor. Tissue Eng. Regen. Med. 2020, 17, 335–350. [CrossRef]
182. Holzwarth, C.; Vaegler, M.; Gieseke, F.; Pfister, S.M.; Handgretinger, R.; Kerst, G.; Mller, I. Low physiologic oxygen tensions
reduce proliferation and differentiation of human multipotent mesenchymal stromal cells. BMC Cell Biol. 2010, 11, 11. [CrossRef]
[PubMed]
183. Pezzi, A.; Amorin, B.; Laureano, A.; Valim, V.; Dahmer, A.; Zambonato, B.; Sehn, F.; Wilke, I.; Bruschi, L.; Silva, M.; et al. Effects
Of Hypoxia in Long-Term In Vitro Expansion of Human Bone Marrow Derived Mesenchymal Stem Cells. J Cell Biochem 2017, 118,
3072–3079. [CrossRef]
184. Rosová, I.; Dao, M.; Capoccia, B.; Link, D.; Nolta, J.A. Hypoxic Preconditioning Results in Increased Motility and Improved
Therapeutic Potential of Human Mesenchymal Stem Cells. Stem Cells 2008, 26, 2173–2182. [CrossRef]
185. Dionigi, B.; Ahmed, A.; Pennington, E.C.; Zurakowski, D.; Fauza, D.O. A comparative analysis of human mesenchymal stem cell
response to hypoxia in vitro: Implications to translational strategies. J. Pediatr. Surg. 2014, 49, 915–918. [CrossRef]
186. Egger, D.; Oliveira, A.C.; Mallinger, B.; Hemeda, H.; Charwat, V.; Kasper, C. From 3D to 3D: Isolation of mesenchymal
stem/stromal cells into a three-dimensional human platelet lysate matrix. Stem Cell Res. Ther. 2019, 10, 248. [CrossRef]
187. Bartmann, C.; Rohde, E.; Schallmoser, K.; Pürstner, P.; Lanzer, G.; Linkesch, W.; Strunk, D. Two steps to functional mesenchymal
stromal cells for clinical application. Transfusion 2007, 47, 1426–1435. [CrossRef]
188. Both, S.K.; Muijsenberg, A.J.C.V.D.; Blitterswijk, C.A.V.; Boer, J.D.; Bruijn, J.D.D. A Rapid and Efficient Method for Expansion of
Human Mesenchymal Stem Cells. Tissue Eng. 2007, 13, 3–9. [CrossRef]

Cells 2021, 10, 886

32 of 33

189. Sekiya, I.; Larson, B.L.; Smith, J.R.; Pochampally, R.; Cui, J.G.; Prockop, D.J. Expansion of human adult stem cells from bone
marrow stroma: Conditions that maximize the yields of early progenitors and evaluate their quality. Stem Cells 2002, 20, 530–541.
[CrossRef] [PubMed]
190. Colter, D.C.; Class, R.; DiGirolamo, C.M.; Prockop, D.J. Rapid expansion of recycling stem cells in cultures of plastic-adherent
cells from human bone marrow. Proc. Natl. Acad. Sci. USA 2000, 97, 3213. [CrossRef]
191. Prockop, D.J.; Sekiya, I.; Colter, D.C. Isolation and characterization of rapidly self-renewing stem cells from cultures of human
marrow stromal cells. Cytotherapy 2001, 3, 393–396. [CrossRef] [PubMed]
192. Kim, D.S.; Lee, M.W.; Lee, T.H.; Sung, K.W.; Koo, H.H.; Yoo, K.H. Cell culture density affects the stemness gene expression of
adipose tissue-derived mesenchymal stem cells. Biomed. Rep. 2017, 6, 300–306. [CrossRef] [PubMed]
193. Lee, M.W.; Kim, D.S.; Yoo, K.H.; Kim, H.R.; Jang, I.K.; Lee, J.H.; Kim, S.Y.; Son, M.H.; Lee, S.H.; Jung, H.L.; et al. Human bone
marrow-derived mesenchymal stem cell gene expression patterns vary with culture conditions. Blood Res. 2013, 48, 107–114.
[CrossRef] [PubMed]
194. Binato, R.; de Souza Fernandez, T.; Lazzarotto-Silva, C.; Du Rocher, B.; Mencalha, A.; Pizzatti, L.; Bouzas, L.F.; Abdelhay, E.
Stability of human mesenchymal stem cells during in vitro culture: Considerations for cell therapy. Cell Prolif. 2013, 46, 10–22.
[CrossRef]
195. Tsuji, K.; Ojima, M.; Otabe, K.; Horie, M.; Koga, H.; Sekiya, I.; Muneta, T. Effects of Different Cell-Detaching Methods on
the Viability and Cell Surface Antigen Expression of Synovial Mesenchymal Stem Cells. Cell Transplant. 2017, 26, 1089–1102.
[CrossRef]
196. Heng, B.C.; Cowan, C.M.; Basu, S. Comparison of Enzymatic and Non-Enzymatic Means of Dissociating Adherent Monolayers of
Mesenchymal Stem Cells. Biol. Proc. Online 2009, 11, 161. [CrossRef]
197. Salzig, D.; Schmiermund, A.; Grace, P.P.; Elseberg, C.; Weber, C.; Czermak, P. Enzymatic detachment of therapeutic mesenchymal
stromal cells grown on glass carriers in a bioreactor. Open Biomed. Eng. J. 2013, 7, 147–158. [CrossRef]
198. Salzig, D.; Leber, J.; Merkewitz, K.; Lange, M.C.; Köster, N.; Czermak, P. Attachment, Growth, and Detachment of Human
Mesenchymal Stem Cells in a Chemically Defined Medium. Stem Cells Int. 2016, 2016, 5246584. [CrossRef] [PubMed]
199. Della Bella, E.; Stoddart, M.J. Cell detachment rapidly induces changes in noncoding RNA expression in human mesenchymal
stromal cells. BioTechniques 2019, 67, 286–293. [CrossRef] [PubMed]
200. Ojima, M.; Tsuji, K.; Otabe, K.; Horie, M.; Koga, H.; Sekiya, I.; Muneta, T. Different methods of detaching adherent cells
significantly affect the detection of stem cell antigens in synovial mesenchymal stem cells. Osteoarthr. Cartil. 2016, 24, S509–S510.
[CrossRef]
201. Kozanoglu, I.; Boga, C.; Ozdogu, H.; Maytalman, E.; Ovali, E.; Sozer, O. A detachment technique based on the thermophysiologic
responses of cultured mesenchymal cells exposed to cold. Cytotherapy 2008, 10, 686–689. [CrossRef]
202. Liao, T.; Moussallem, M.D.; Kim, J.; Schlenoff, J.B.; Ma, T. N-isopropylacrylamide-based thermoresponsive polyelectrolyte
multilayer films for human mesenchymal stem cell expansion. Biotechnol. Prog. 2010, 26, 1705–1713. [CrossRef]
203. Patel, N.G.; Cavicchia, J.P.; Zhang, G.; Zhang Newby, B.-M. Rapid cell sheet detachment using spin-coated pNIPAAm films
retained on surfaces by an aminopropyltriethoxysilane network. Acta Biomater. 2012, 8, 2559–2567. [CrossRef]
204. Nagase, K.; Hatakeyama, Y.; Shimizu, T.; Matsuura, K.; Yamato, M.; Takeda, N.; Okano, T. Thermoresponsive Cationic Copolymer
Brushes for Mesenchymal Stem Cell Separation. Biomacromolecules 2015, 16, 532–540. [CrossRef]
205. Nash, M.E.; Fan, X.; Carroll, W.M.; Gorelov, A.V.; Barry, F.P.; Shaw, G.; Rochev, Y.A. Thermoresponsive substrates used for the
expansion of human mesenchymal stem cells and the preservation of immunophenotype. Stem Cell Rev. Rep. 2013, 9, 148–157.
[CrossRef]
206. Yang, L.; Cheng, F.; Liu, T.; Lu, J.R.; Song, K.; Jiang, L.; Wu, S.; Guo, W. Comparison of mesenchymal stem cells released from
poly(N -isopropylacrylamide) copolymer film and by trypsinization. Biomed. Mater. 2012, 7, 035003. [CrossRef] [PubMed]
207. Kurashina, Y.; Imashiro, C.; Hirano, M.; Kuribara, T.; Totani, K.; Ohnuma, K.; Friend, J.; Takemura, K. Enzyme-free release of
adhered cells from standard culture dishes using intermittent ultrasonic traveling waves. Commun. Biol. 2019, 2, 393. [CrossRef]
[PubMed]
208. Giner-Casares, J.J.; Henriksen-Lacey, M.; García, I.; Liz-Marzán, L.M. Plasmonic Surfaces for Cell Growth and Retrieval Triggered
by Near-Infrared Light. Angew. Chem. Int. Ed. 2016, 55, 974–978. [CrossRef]
209. Ikeda, T.; Ichikawa, K.; Shigeto, H.; Ishida, T.; Hirota, R.; Funabashi, H.; Kuroda, A. Arginine-mediated dissociation of single cells
and cell sheets from a polystyrene culture dish. Biosci. Biotechnol. Biochem. 2019, 83, 2272–2275. [CrossRef] [PubMed]
210. Chaudhry, M.A.; Bowen, B.D.; Piret, J.M. Culture pH and osmolality influence proliferation and embryoid body yields of murine
embryonic stem cells. Biochem. Eng. J. 2009, 45, 126–135. [CrossRef]
211. Fekrazad, R.; Asefi, S.; Allahdadi, M.; Kalhori, K.A.M. Effect of Photobiomodulation on Mesenchymal Stem Cells. Photomed. Laser
Surg. 2016, 34, 533–542. [CrossRef]
212. Stolzing, A.; Scutt, A. Effect of reduced culture temperature on antioxidant defences of mesenchymal stem cells. Free Radic. Biol.
Med. 2006, 41, 326–338. [CrossRef]

Cells 2021, 10, 886

33 of 33

213. Ahmadyan, S.; Kabiri, M.; Hanaee-Ahvaz, H.; Farazmand, A. Osmolyte Type and the Osmolarity Level Affect Chondrogenesis of
Mesenchymal Stem Cells. Appl. Biochem. Biotechnol. 2018, 185, 507–523. [CrossRef]
214. Buyl, K.; Merimi, M.; Rodrigues, R.M.; Moussa Agha, D.; Melki, R.; Vanhaecke, T.; Bron, D.; Lewalle, P.; Meuleman, N.; Fahmi, H.;
et al. The Impact of Cell-Expansion and Inflammation on The Immune-Biology of Human Adipose Tissue-Derived Mesenchymal
Stromal Cells. J. Clin. Med. 2020, 9, 696. [CrossRef]

