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ABSTRACT
Current methods of cell culture rely extensively on the use of growth media supplemented 

with sera and unknown animal-derived factors. The use of products containing unknown 
animal-derived components is being avoided in the development of reliable research models, 
and the presence of non-human components is not acceptable for therapeutic applications. The 
development of media composed of chemically-defined and non-xenogeneic compounds is thus 
desirable for reproducibility in research and a necessity for stem cell therapeutics. The use of non-
xenogeneic media offers numerous advantages for controlling the propagation and differentiation 
of cells as well as preventing xeno-transfer of immunogens or pathogens. However, despite the 
development of media is highly desirable, the range and availability at present is quite limited. 
The approach to develop a chemically-defined medium consists of first identifying a suitable basal 
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medium from which the cells can receive the required nutrition and then the addition of signaling 
factors which promote cell growth, preserve pluripotency or induce and direct differentiation, 
depending on the requirements of the culture system. So far, a number of chemically-defined 
and non-xenogeneic media formulations have been successfully developed, but these tend to be 
undisclosed proprietary formulations and cell-lineage specific. It is thus important to know how 
to prepare the desired medium from its components, when and why to use specific components 
and how to modify the system to best suit the cells in culture.
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INTRODUCTION
The drive for developing chemically-defined and non-xenogeneic (containing no non-

human-derived component) media formulations arises from the promise of stem cell therapy 
for regenerative medicine, which requires the production of large numbers of human Stem 
Cells (hSCs) in a safe, efficient and reproducible manner in order to reach its full therapeutic 
potential. The two key attributes of both induced pluripotent and embryonic hSCs are: prolonged 
self-renewal and pluripotency i.e. the potential to differentiate into any cell type derived from 
the three primary germ layers, and both of these properties are affected by the constituents of 
culture media. Defined and reproducible culture systems must be employed in order to generate 
quantities of hSCs (and cells derived from them) that are able to sustain therapeutic applications 
[1].

This can only be achieved through the application of chemically-defined and non-xenogeneic 
systems. Chemically-defined means that all the components and their concentrations are known 
and reproducible [2,3], while non-xenogeneic refers to a formulation that is free of non-human-
derived components, implying that factors are either of human origin or recombinant (made 
synthetically). For therapeutic applications, the presence of non-human components is not 
acceptable due to the possibility of xeno-transfer of immunogens or pathogens [4].

Thus, hSCs and cells derived from them, cultured in a chemically-defined and non-xenogeneic 
environment provide a means toward both patient-specific therapies and improved disease model 
development [5]. Moreover, in order for the area of hSC therapeutics to advance, it is important 
to focus research towards understanding and addressing key issues related to the reliance of hSC 
on intracellular signals and extrinsic factors for their survival, proliferation, and differentiation, 
which still require further elucidation [4]. 

The lessons learnt from hSC propagation and differentiation have been applied to other cell 
types and tissue systems, providing a better understanding of cellular properties as well as 
greatly affecting various research fields and questioning numerous basic practices of cell culture. 
However, most routine cell culture practices rely extensively on the addition of Fetal Bovine 
Serum (FBS), containing numerous unknown animal-derived factors, to basal growth media.
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The development of media composed of chemically-defined, non-xenogeneic compounds is 
desirable in a research context to overcome several limitations, such as batch-to-batch variability 
of FBS, limited global supply of serum and potential xeno-contaminants [6-8].

The development and use of various chemically-defined, non-xenogeneic environments 
(including the Extracellular Matrix - ECM), which exclude the use of animal-derived products 
such as FBS and cytokines commonly used in traditional mammalian cell culture [9-13] offers 
clear advantages over using FBS in terms of consistency, control and understanding, particularly 
in the contexts of Cancer Stem Cells (CSCs) and even more so, organoid culture, for controlling the 
propagation and differentiation of cells to specific lineages or in cases where cellular organisation 
and differentiation should not be hindered or directed externally. Consequently, the use of cell 
culture-related products containing unknown animal-derived components is being avoided in the 
development of more reliable research models and improving reproducibility of results.

The development strategy for any chemically-defined medium consists of first identifying a 
suitable basal medium to provide cells with basic nutritional needs and then adding supplements 
and specific signaling factors to promote cell growth, preserve pluripotency or induce and direct 
differentiation, according to the objectives of the culture system. The origin of the selected 
factors will then determine whether the final formulation can be regarded as non-xenogeneic or 
otherwise. 

At present, there are a number of commercially-available culture media that are sold as 
chemically-defined and non-xenogeneic, but because these have proprietary formulations, their 
exact composition, origin (and extraction method) of components (mainly proteins and growth 
factors), and concentrations are undisclosed, making optimisation for different cell types or 
culture systems extremely difficult. To improve culturing techniques it is important to understand 
when and why to use specific components and know how to prepare the desired medium from 
scratch, in order to be able to modify the system to best suit culture needs.

BASAL MEDIA
The transition towards chemically-defined, non-xenogeneic culture systems has necessitated 

the formulation of complete media, which are suitable for the propagation and differentiation 
of both hSCs and differentiated cells under serum-free conditions [9,14-21]. A basal medium 
formulation generally contains a mixture of amino acids, vitamins, inorganic salts and glucose, 
providing both nutrients and an optimal growth environment in terms of osmolarity and pH in 
a buffered solution to maintain cells. Basal media such as Dulbecco’s Modified Eagle Medium 
(DMEM), Iscove’s Modified Dulbecco’s Medium (IMDM), Alpha Modification of Minimum 
Essential Medium (αMEM), Ham’s F-12 Nutrient Mixture (HAM F12) and Embryonic stem 
cell basal medium (ESF) or the combinations there of (e.g. Dulbecco’s Modified Eagle Medium 
: Nutrient Mixture F-12 - DMEM/F12) have been the starting-point for the majority of both 
in-house and commercially-available culture media for chemically-defined, non-xenogeneic 
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systems. Roswell Park Memorial Institute 1640 medium (RPMI-1640) is similar in composition 
to DMEM except for the inclusion of reduced glucathione in the latter but it has not been applied 
so much in chemically-defined, non-xenogeneic preparations. The compositions of the five most 
commonly used commercially-available basal media in the formulation of chemically-defined and 
non-xenogeneic media are presented in Table 1.

Basal 
Medium Composition

DMEM

Amino acids: Glycine, L-Arginine hydrochloride, L-Cystine 2HCl, L-Glutamine, L-Histidine hydrochloride. H2O, 
L-Isoleucine, L-Leucine, L-Lysine hydrochloride, L-Methionine, L-Phenylalanine, L-Serine, L-Threonine, L-Tryptophan, 
L-Tyrosine disodium salt dihydrate, L-Valine.
Vitamins: Choline chloride, D-Calcium pantothenate, Folic Acid, Niacinamide, Pyridoxine hydrochloride, Riboflavin, 
Thiamine hydrochloride, i-Inositol.
Inorganic Salts: Calcium Chloride (CaCl2) (anhyd.), Ferric Nitrate (Fe(NO3)3.9H2O), Magnesium Sulfate (MgSO4) 
(anhyd.), Potassium Chloride (KCl), Sodium Bicarbonate (NaHCO3), Sodium Chloride (NaCl), Sodium Phosphate 
monobasic (NaH2PO4.H2O).
Other Components: D-Glucose (Dextrose).

IMDM

Amino acids: Glycine, L-Alanine, L-Arginine hydrochloride, L-Asparagine (freebase), L-Aspartic acid, L-Cystine 
2HCl, L-Glutamic Acid, L-Glutamine, L-Histidine hydrochloride.H2O, L-Isoleucine, L-Leucine, L-Lysine hydrochloride, 
L-Methionine, L-Phenylalanine, L-Proline, L-Serine, L-Threonine, L-Tryptophan, L-Tyrosine disodium salt, L-Valine.
Vitamins: Biotin, Choline chloride, D-Calcium pantothenate, Folic Acid, Niacinamide, Pyridoxal hydrochloride, 
Riboflavin, Thiamine hydrochloride, Vitamin B12, i-Inositol.
Inorganic Salts: Calcium Chloride (CaCl2) (anhyd.), Magnesium Sulfate (MgSO4) (anhyd.), Potassium Chloride (KCl), 
Potassium Nitrate (KNO3), Sodium Bicarbonate (NaHCO3), Sodium Chloride (NaCl), Sodium Phosphate monobasic 
(NaH2PO4.H2O), Sodium Selenite (Na2SeO3.5H20).
Other Components: D-Glucose (Dextrose), HEPES, Sodium Pyruvate, Lipoic Acid, Putrescine 2HCl, Thymidine.

αMEM

Amino Acids: Glycine, L-Alanine, L-Arginine, L-Asparagine.H2O, L-Aspartic acid, L-Cysteine hydrochloride-H2O, 
L-Cystine, L-Glutamic Acid, L-Glutamine, L-Histidine, L-Isoleucine, L-Leucine, L-Lysine, L-Methionine, L-Phenylalanine, 
L-Proline, L-Serine, L-Threonine, L-Tryptophan, L-Tyrosine, L-Valine.
Vitamins: Ascorbic Acid, Biotin, Choline chloride, D-Calcium pantothenate, Folic Acid, Niacinamide, Pyridoxal 
hydrochloride, Riboflavin, Thiamine hydrochloride, Vitamin B12, i-Inositol.
Inorganic Salts: Calcium Chloride (CaCl2.2H2O), Magnesium Sulfate (MgSO4) (anhyd.), Potassium Chloride (KCl), 
Sodium Bicarbonate (NaHCO3), Sodium Chloride (NaCl), Sodium Phosphate monobasic (NaH2PO4.2H2O).
Other Components: D-Glucose (Dextrose), Lipoic Acid, Sodium Pyruvate, Putrescine 2HCl, Thymidine.

HAM F12

Amino acids: Glycine, L-Alanine, L-Arginine hydrochloride, L-Asparagine.H2O, L-Aspartic acid, L-Cysteine hydrochloride.
H2O, L-Glutamic Acid, L-Glutamine, L-Histidine hydrochloride.H2O, L-Isoleucine, L-Leucine, L-Lysine hydrochloride, 
L-Methionine, L-Phenylalanine, L-Proline, L-Serine, L-Threonine, L-Tryptophan, L-Tyrosine disodium salt dihydrate, 
L-Valine.
Vitamins: Biotin, Choline chloride, D-Calcium pantothenate, Folic Acid, Niacinamide, Pyridoxine hydrochloride, 
Riboflavin, Thiamine hydrochloride, Vitamin B12, i-Inositol.
Inorganic Salts: Calcium Chloride (CaCl2) (anhyd.), Cupric sulfate (CuSO4.5H2O), Ferrous sulfate (FeSO4.7H2O), 
Magnesium Chloride (MgCl2)(anhyd.), Potassium Chloride (KCl), Sodium Bicarbonate (NaHCO3), Sodium Chloride 
(NaCl), Sodium Phosphate dibasic (Na2HPO4) (anhyd.), Zinc sulfate (ZnSO4.7H2O)
Other Components: D-Glucose (Dextrose), Hypoxanthine Na, Linoleic Acid, Lipoic Acid, Putrescine 2HCl, Sodium 
Pyruvate, Thymidine.

ESF

Amino acids: Glycine, L-Alanine, L-Arginine, L-Arginine hydrochloride, L-Asparagine.H2O, L-Aspartic acid, L-Cysteine 
hydrochloride.H2O, L-Cysteine 2hydrochloride, L-Glutamic Acid, L-Glutamine, L-Histidine, L-Isoleucine, L-Leucine, 
L-Lysine hydrochloride, L-Methionine, L-Phenylalanine, L-Hydroxyproline, L-Proline L-Serine, L-Threonine, 
L-Tryptophan, L-Tyrosine, L-Valine.
Vitamins: Biotin, Choline chloride, D-Calcium pantothenate, Folic Acid, Niacinamide, Pyridoxal, Pyridoxine hydrochloride, 
Riboflavin, Thiamine hydrochloride, Vitamin B12, i-Inositol, Para-aminobenzoic.
Inorganic Salts: Calcium Chloride (CaCl2) (anhyd.), Calcium nitrate (Ca(NO3)2), Cupric sulfate (CuSO4.5H2O), Ferric 
Nitrate (Fe(NO3)3.9H2O), Ferrous sulfate (FeSO4.7H2O), Magnesium Chloride (anhyd.), Magnesium Sulfate (MgSO4) 
(anhyd.), Potassium Chloride (KCl), Sodium Chloride (NaCl), Sodium Phosphate dibasic (Na2HPO4) (anhyd.), Sodium 
Phosphate monobasic (NaH2PO4) (anhydr.), Zinc sulfate (ZnSO4-7H2O), Sodium Selenite (Na2SeO3.5H20).
Other Components: D-Glucose (Dextrose), Hypoxanthine Na, Glutathione, Linoleic Acid, Lipoic Acid, Putrescine 2HCl, 
Sodium Pyruvate, Thymidine.

Table 1: List of components making up the five most commonly used basal media in the 
formulation of chemically-defined and non-xenogeneic media (based on supplier information).
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The noteworthy components of basal media are:

• Sodium pyruvate, which is an intermediate metabolite in the glycolysis pathway. It is 
frequently added to media formulations as an additional and easily accessible carbon and energy 
source (together with glucose). Biochemically it is involved in other critical metabolic pathways, 
including the Tricarboxylic Acid (TCA) cycle and amino acid metabolism so its addition by-passes 
the need for cells to synthesize it from glucose or amino acids.

• Thymidine and hypoxanthine, which are a deoxynucleoside and a purine derivative 
respectively. These act as intermediates in DNA synthesis. Their inclusion in media formulations 
allow the by-pass of de novo nucleotide synthesis and stimulate the initial cell growth.

• Glutathione, which is an essential antioxidant for the maintenance of a favourable cellular 
redox environment. It is key for the regeneration of sulfhydryl compounds and antioxidants, as a 
substrate for a number of seleno-proteins that convert peroxides to water or alcohols, as well as 
the maintenance of cysteine in its reduced form, thus keeping cysteine available as a substrate for 
the formation of proteins and glutathione itself.

• Lipoic and linoleic acid, which are non-essential fatty acids of importance as precursors 
for other biomolecules including prostaglandins, prostacyclins, thromboxanes, phospholipids, 
glycolipids, and vitamins. They are among a number of lipid options provided in media formulations. 
Their addition reduces the need for cells to synthesise them, improving cellular performance 
due to more efficient metabolism. Lipoic acid is particularly important because it is required for 
pyruvate metabolism, the synthesis of alpha-ketoglutarate (a TCA cycle intermediate), as well as 
glycine, leucine, isoleucine and valine (which are key amino acids), and additionally acting as an 
antioxidant through several mechanisms.

• Putrescine (tetramethylenediamine), which is produced by the breakdown of amino acids. 
It appears to be a necessary growth factor (together with related amines) for mammalian cell 
division.

SUPPLEMENTS
The traditional way of supplementing cells with numerous, often unidentified, (animal-derived) 

factors is through the use of FBS. This has been found to be inadequate in a multitude of contexts, 
with some stocks of FBS limiting the growth of cells or worse still, where the cells are dependent 
on specific factors which are not available in FBS. In this regard, hSC are among the worst affected. 
The use of FBS is not only inadequate for maintaining the undifferentiated characteristics of hSCs 
but can also lead to aberrant differentiation during culturing. This undesirable differentiation, 
during maintenance or direction along particular lineages is a key issue in both therapy and 
research, and how to limit such a process is a major consideration.

Supplements originating from feeder cells:
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In early studies, hSCs were maintained by direct culture over layers of inactivated mouse 
Embryonic Fibroblast Feeder cells (mEFs), which secreted the factors required to support the 
hSCs, and this allowed the successful establishment of a number of hSC lines [22,23]. Optionally, 
conditioned medium from mEFs was added to medium supplemented with FBS [22,24]. The 
growth factors and cytokines secreted by mEFs providing insight into hSC biology (particularly 
signalling) and expanded the general understanding of the appropriate culture conditions for 
supporting self-renewal and pluripotency in hSC cultures [1].

However, this strategy exposed hSCs to xenogenic cells and biochemicals making them 
unsuitable for therapy due to the possibility of contamination by animal-derived infectious 
pathogens or immune rejection [1]. It is known that mEFs can contain viral particles capable of 
infecting humans [25]. The use of conditioned medium with FBS is also problematic as the latter 
could transmit prions or bovine viruses [26]. This also means that it is inappropriate to transition 
hSCs to a feeder-free and animal-protein free culture system at a late stage. A further hazard are 
bioactive molecules such as the non-human sialic acid Neu5GC [27] found in mEFs and animal-
derived serum products, which can be metabolically incorporated on to the cell surface of hSCs 
[27] and result in an immune response following hSC transplantation, as humans have circulating 
antibodies against Neu5GC.

In order to eliminated the aforementioned risks, efforts were subsequently made to isolate 
autogenic (of human origin) feeder layers such as human foetal foreskin fibroblasts [28-31], adult 
epithelial cells [32], bone marrow cells [33,34] and placenta-derived feeder cells [35,36] as well 
as feeder cells derived from the hSC line being cultured themselves [37,38]. This also proved to 
be of greater benefit in a research context for understanding hSC biology. However, human feeder 
cells presented numerous difficulties in sourcing (due to variability in numerous parameters), 
derivation, preparation, preservation and eventual separation from co-culture making the process 
challenging, costly and time consuming [4].

Thus from a therapeutic perspective the potential hazards of xenogenic components is the 
major concern, since cells from a single hSC line might be used for numerous patients, presenting 
the risk of transmitting infectious pathogens to a large cohort of patients [1]. On the other hand, 
from a research perspective, the main issue is the varying composition of such supplementation 
and the unknown effect of xenogenic factors on signalling within human cells.

DEFINED SUPPLEMENTS
To improve on such culture conditions, one of the focuses of current stem cell research has 

been the design of feeder-free, non-xenogeneic culture systems with chemically-defined media 
formulations which can maintain stem cell characteristics [1,39]. Studies using feeder layers have 
contributed greatly to the understanding of in vitro hSC behaviour, characteristics and necessary 
culture conditions. A key approach to develop chemically-defined and non-xenogeneic media 
for hSC culture has been to use the signal transduction data from culturing on feeder layers to 
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identify and supply extrinsic growth factors which act on cascades related to the regulation of 
pluripotency genes [16,40], controlled through common genetic networks of transcriptional 
factors [41-43] centered on Nanog, Oct4 (Pou5f1) and Sox2, which eventually activate or repress 
genetic programs for hPSC self-renewal or differentiation [42,44,45] (Figure 1).

Figure 1: Signalling pathways for the maintenance of pluripotency and self-renewal in human 
stem cells.

The numerous components making up the various culture media used for maintaining hSCs, 
have been extensively compared through multiple experiments (for example as summarised by 
The International Stem Cell Initiative Consortium [19], which have determined that the most 
crucial factors are:

Albumin 

This is the most controversial component of culture media, being attributed profound value 
in cell culture through numerous properties and functions. Albumin in serum serves a unique 
role as a carrier (binding and stabilising a range of biomolecules including proteins, vitamins, 
hormones, ions and drugs, improving their availability to cells), as well as functioning as a 
antioxidant through various mechanisms. It is known for binding and protecting fatty acids (such 
as linoleic, linolenic and oleic acid), divalent cations (primarily zinc and copper but also others), 
and antioxidant molecules (like cysteine and glutathione) from oxidation.

However, in order to produce non-xenogeneic media, Human Serum Albumin (HSA) has to be 
used as the protein source. The use of HSA makes such formulations too expensive and impractical 
for routine use, while still not being truly completely defined [46]. The main issue is the variation 
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between different batches of HSA due to extraction from different pools of donor sera. Moreover, 
different (generally unidentified) albumin-associated factors and plasma proteins, or pathogens 
and other contaminants, are co-purified with the HSA. The type and quantity of specific ligands 
bound by albumin results in observable differences in culture performance [39]. One way of 
reducing such variation and contamination issues is by relying on recombinant HSA for the 
development of chemically-defined and non-xenogeneic formulations. Moreover, the testing of 
pair wise interactions between different medium components showed that in the absence of 
2-mercaptoethanol, BSA (or HSA) is no longer necessary for hSC culture [46].

Wingless-Related Integration Site (Wnt)

Wnt signalling has been indicated as having a major role in hSC self-renewal [47,48]. In 
embryonic development it is known to play a central role through its involvement in the 
formation of the body axis (called axis patterning), cell-fate specification through the induction 
of cell differentiation, and tissue development by regulating cell proliferation and migration 
[49,43]. However in media formulations, the use of recombinant Wnt3a to stimulate the Wnt 
pathway appeared to be insufficient to maintain hSCs undifferentiated and β-catenin-mediated 
transcriptional activity was upregulated during differentiation [50]. The difficulty in controlling 
Wnt signalling is compounded by the fact that it has been implicated in the specification of stem 
and progenitor cells along multiple lineages, which are often developmentally distant. Moreover, 
different hSC lines (of the same origin) exhibit disparate levels of endogenous Wnt activity. This 
gives a strong indication that the use of Wnt ligands to regulate hSCs should be finely customized 
[4].

Rho Kinase (ROCK) Inhibitors

ROCK is a key cytoskeleton regulation, affecting cell shape and movement through a non-
canonical Wnt pathway. The addition of ROCK inhibitors, including HA100 and Y27632 [51,52] 
in medium formulations helps improves initial survival by preventing apoptosis in individual 
cells during the passaging phase [1] and supports a high cloning efficiency [42]. In one instance, 
the ROCK inhibitor Y27632 was combined with the Mitogen-Activated Protein Kinase (MEK) 
inhibitors PD98059 and PD0325901, the Glycogen Synthase Kinase (GSK) inhibitor CHIR99021 
and the FGF Receptor (FGFR) tyrosine kinase inhibitor PD173074 to form a kinase-inhibitor 
cocktail for the culturing of single hSCs [53]. Blebbistatin (a myosin II inhibitor) is also often 
added to ROCK inhibitors to improve cell passaging [54].

Insulin

Insulin (and also insulin-like growth factors -IGFs) is considered to be an important growth 
factor in humans by acting through numerous pathways [55,56]. In media formulations, insulin is 
one of the factors that play a role in cell survival and proliferation [46,57].
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Fibroblast Growth Factors (FGFs)

Possibly the most crucial factor in media formulations is some form of FGF. FGFs are key 
players in the processes of proliferation and differentiation of a wide variety of cells and tissues, 
performing multiple actions on a variety of cell types. For the purpose of maintaining hSCs in culture, 
most FGFs appear to be interchangeable [46]. The function of FGFs in media formulations include 
increasing cell survival, cloning efficiency, sustains cell proliferation, prevent differentiation and 
maintain hSC pluripotency [58-64].

The Transforming Growth Factor-Beta (TGFβ) super family-activated cascades and Receptor 
Tyrosine Kinase (RTK) signaling are two of the major signaling pathways downstream of FGF. 
It has been reported that the effect of FGFs on the self-renewal properties of hSCs is through 
the increased expression of TGFβ, Insulin-like Growth Factor 2 (IGF-2) and activin A (a protein 
complex of the TGFβ superfamily) [60].

Moreover, since suppression of Bone Morphogenetic Protein (BMP) signaling can prevent 
loss of hSC pluripotency [65,66], a number of BMP-antagonists (like noggin, dorsopmorphin and 
inhibitors of the Wnt signaling pathway) have been included to media formulations in order to 
work synergistically with FGFs to suppress spontaneous differentiation and maintain stemness 
properties [67]. In such cases, the concentration of FGFs appears to affect the ability of the BMP-
antagonist noggin (a developmental protein) to support the growth of undifferentiated hSCs [66].

A number of small molecules have been identified which could be used to promote long-term 
hSC self-renewal without the need for exogenous FGFs in the medium. Such small molecules have 
the advantage that they can diffuse easily through multi-layer cellular configurations and have 
much longer degradation times [4]. In one study, 22 compounds were identified, that exhibited 
dose-dependent effects on Oct4, with four being Oct4 activators inducing self-renewal (namely 
flurbiprofen, gatifoxacin, sinomenine and theanine), and ten being Oct4 inhibitors inducing 
differentiation [68]. In a more recent study, 18 compounds were identified of which five (namely 
methotrimeprazine, trimipramine, trimeprazine, ethopropazine, and promethazine) were 
neurotransmitter antagonists [69]. Probably of greatest interest is however the identification of 
a compound (ID-8) that targets the dual-specificity tyrosine phosphorylation-regulated kinase 
(DYRK). ID-8 together with Wnt-3a allows hSC to proliferate and survive in an undifferentiated 
state without the need for exogenous FGF or TGFβ activation [70], by directly modulating the 
Wnt/β-catenin signaling pathway [71-73].

Transforming Growth Factor-Beta (TGFβ)

TGFβ signalling (including the activity of TGFβ, Nodal and Activin A) modulates cell fate 
decisions in the early embryo and is involved in maintaining the pluripotency of the inner cell 
mass [60,74-76]. This occurs through small body Size/Mothers against Decapentaplegic (SMAD) 
proteins [77,78], which are receptor-regulated intracellular transducers of extracellular TGFβ 
signalling that can act as transcription factors following phosphorylation. TGFβ is an important 
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growth factor in media formulations [79,80], (particularly important in the first 6-8 days) increased 
the number of hSC colonies, while presenting inhibitory effect at later stages of reprogramming 
[81]. The addition of TGFβ or Nodal to hSCs increases Nanog expression and lead to consistent 
long-term culture stability of hSCs, preventing sporadic differentiation after long-term passage 
[46]. In some cases hydrocortisone has been found useful in producing active effects with TGFβ 
[46].

Transferrin

Transferrin forms a glycoprotein by combining with two carbohydrate chains. It is added to 
cell culture formulations to provide iron to cells. It plays a crucial role in extracellular iron storage 
and transport as well as acting as an extracellular antioxidant. Transferrin can be replaced in 
culture formulations by iron chelators however these can cause oxidative stress and result in 
protein damage [82]. 

L-ascorbic acid

Ascorbic acid (vitamin C), or more accurately the ascorbate anion (at physiological pH), 
has proven to be an essential antioxidant for the growth and maintenance of cultured cells 
and promotes hSC proliferation and expansion [46]. It regenerates antioxidants and protects 
unsaturated fatty acids from peroxidation as well as being important in acetyl-coA synthesis and 
the formation of extracellular matrices. It is also possible that ascorbic acid in serum-free culture 
conditions leads to epigenetic modifications essential to both reprogramming and cell survival 
[81].

Selenium

This essential trace element forms the amino acid selenocysteine which is included into seleno-
enzymes, which fulfil a number of antioxidant functions including protecting cells from various 
types of peroxides (e.g. glutathione reductase, thioredoxin reductase, glutathione peroxidase, and 
selenoprotein P). In media formulations it is important for sustained expansion [46]. The form 
and oxidation state of selenium in culture depends both on whether it is included as selenium, 
selenium dioxide or sodium selenite as well as the overall formulation chemistry.

COMMERCIALS
This insight has led to the development of numerous different chemically-defined and non-

xenogeneic culture media formulations, either published by labs in academia [82] or commercially 
sold as proprietary compositions [39]. Among the most well-known and widely used chemically-
defined and non-xenogeneic formulations available on the market are Knockout Serum 
Replacement (KSR) [85], Essential 8 (E8) [21], TeSR [86] and its successors TeSR2 and mTeSR 
[87], StemPRO [55], the Nutristem XF range, PSGro and XVivo 10 [14]. Other products sold as 
defined supplements include B27 [88,89]. However, most commercially available products have 
proprietary composition and may still contain animal-derived components such as Bovine Serum 
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Albumin (BSA) [4]. Component exclusion analysis demonstrated that the absence of several 
growth factors (TGFβ, LiCl, GABA and pipecolic acid) does not affect short-term cell survival 
and proliferation [21]. Moreover additives including chemically defined lipids, trace elements, 
glutathione, thiamine and l-glutamine had no positive effect [21].

CHALLENGES AND FUTURE PROSPECTS
Through all this development, it has been possible to greatly increase the consistency and 

safety of chemically-defined and non-xenogeneic media for culturing cells, most particularly hSCs, 
from various contexts to meet the desired quality for both research and clinical applications. In 
such a context, it is important to appreciate the fact that optimal culture supplementation will 
vary for different cell types. In general, the use of chemically-defined and non-xenogenic media 
produces doubling times comparable to or higher than those in FBS-containing medium, while 
maintaining or improving hSC characteristics such as expression of cell surface markers and 
differentiation capability [38,53,83,90-93], however growth rates differ, reflecting differences in 
the medium composition [92-96].

This necessitates the preparation of culture media of customised formulation to achieve the 
desired doubling time or differentiation path. Comparisons of different formulations have shown 
that the choice of medium plays a role in hSC proliferation, differentiation and time of cellular 
senescence [97,91]. Similarly it is important to understand that in some instances within the 
research sphere, such as in organoid cultures, a number of lineages of the same hSCs will have to 
be maintained. 

Consequently, the complete reliance on recombinant supplements results in high costs which 
need to be taken into consideration, particularly in a research context where funding may be 
limited. This is magnified in situations where the cell doubling times may be limited by fluctuations 
in supplement availability (due to depletion or instability) requiring daily replenishment of media 
[1]. There is also an issue of cost associated with the automation of culture-related processes.

Moreover, the great majority of the development in this area of chemically-defined media and 
non-xenogeneic supplementation has been carried out in two-dimensional (2D) culture systems. 
It follows that with current trends in moving towards three-dimentional (3D) culture systems 
to better mimic the invivo situation and explore new facets of cellular architecture, signalling 
processes and organoid biology, translation of these culturing resources to 3D culture systems 
poses unique difficulties [4]. Optimisation of medium composition will be required for the 3D 
culture for each cell type, as growth rates vary from 2D to 3D cultures, and again between different 
3D culture methods [39]. This is exacerbated by the fact that a variety of 3D culture systems rely 
on some sort of ECM, which plays a major role in signalling, factor release and cellular properties.

The microenvironment (generally in the form of a scaffold or hydrogel as ECM) plays a critical 
role in cell fate, through the release of soluble factors, cell-cell and/or cell-matrix interactions and 
mechanical stresses [4]. The self-renewal of hSCs is dependent on extracellular conditions and it is 
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also the case, that factors present in the ECM could cause spontaneous differentiation. Thus when 
considering ECMs for performing various types of hSC research or in large-scale production of 
hSC products for therapeutic applications, there is a similar need for relevant chemically-defined 
and non-xenogeneic matrices, for a more controlled environment [4]. The issues linked with non-
xenogeneic ECM preparations have been reviewed elsewhere [98].

What is certain in this area of research is that there is still much to be learnt about the culturing 
of cells in chemically-defined and non-xenogeneic media, which will only come with a better 
understanding of cellular biochemistry, particularly of hSCs. This knowledge will no doubt be 
translatable to disease contexts and improve our understanding of the multitude of extracellular 
signals which current therapies might be ignoring. As a result, the development of chemically-
defined and non-xenogeneic media, and similarly ECMs, will advance current culturing techniques 
for both research and therapy.
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