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Abstract
Human pluripotent stem cells hold promising potential in many therapeutics applications including
regenerative medicine and drug discovery. Over the past three decades, embryonic stem cell
research has illustrated that embryonic stem cells possess two important and distinct properties:
the ability to continuously self-renew and the ability to differentiate into all specialized cell types.
In this article, we will discuss the continuing evolution of human pluripotent stem cell culture by
examining requirements needed for the maintenance of self-renewal in vitro. We will also
elaborate on the future direction of the field toward generating a robust and completely defined
culture system, which has brought forth collaborations amongst biologists and engineers. As
human pluripotent stem cell research progresses towards identifying solutions for debilitating
diseases, it will be critical to establish a defined, reproducible and scalable culture system to meet
the requirements of these clinical applications.
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Murine embryonic stem cells
An important breakthrough in the field of developmental biology transpired in 1981 when
two independent groups, led by Martin Evans and Matthew Kaufman, as well as Gail R
Martin, derived embryonic stem cells (ESCs) from early mouse embryos [1,2]. The in vitro
maintained cells, termed ESCs, were shown to have unlimited proliferative potential with
the remarkable property of differentiating into various specialized cell types, including those
of germ cell, hematopoietic and neural lineages [1–7]. To provide undisputable evidence of
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their ability to give rise to all cells of the embryo, mouse ESCs were introduced into a
tetraploid blastocyst to obtain an embryo completely derived from the mouse ESC; a method
termed tetraploid complementation (Table 1) [8,9]. These advancements have laid the
groundwork for various developmental studies including the generation of mouse chimeras
as well as germlines with genetic alterations, leading to important discoveries in fields such
as cancer, metabolism and neurobiology [10–12].

The culture of mouse ESCs was accomplished by using a feeder layer combined with
medium containing fetal calf serum and other undefined supplements [1]. Although feeder
cells and serum served as critical additives to the culture of mouse ESCs, they introduce
significant variability and elicit undefined biological signals. To decipher the key
components that can replace feeder cells, Austin Smith and colleagues identified leukemia
inhibitory factor and bone morphogenic protein 4 as the two cytokines both necessary and
sufficient for supporting the continuous culture of mouse ESCs [13–17]. These studies have
led to the routine culture of mouse ESCs in completely defined culture void of feeder cells
and animal-derived medium supplements [4].

The derivation of human ESCs & induced pluripotent stem cells
The concept of having an unlimited supply of a cell population with the potential to
differentiate into any cell type in the mouse not only raised significant interest in the
scientific community, but also began the race to derive human ESCs for more medically
relevant applications, including cell therapy and drug discovery. And so, in 1998, James
Thomson and colleagues generated the first human ESCs by harvesting the inner cell mass
of a human embryo, cultured on irradiated murine-derived feeder cells with bovine serum
and other supplements [18]. Although the newly derived human ESCs could not be
subjected to the battery of pluripotent tests, such as germline transmission and tetraploid
complementation, as conducted with mouse ESCs, they were shown to propagate
indefinitely, express high levels of telomerase, differentiate into various cell types and retain
normal karyotype [18]. Interestingly, leukemia inhibitory factor did not appear to support
the undifferentiated state of human ESCs, suggesting differences of the self-renewal
network amongst various species and impeding the direct application of some of the tissue
culture advancements made with mouse ESC system [18–21]. After the initial derivation of
human ESCs by Thomson and colleagues, other institutions from several countries quickly
followed, deriving additional human ESCs that in the most part had similar morphologies,
parallel expression of genes associated with the pluripotent circuitry and analogous ability to
differentiate into numerous cell types, albeit with some differences in methods of derivation
and culture [22].

More recently, the generation of human induced pluripotent stem (iPS) cells by defined
transcription factors has facilitated the derivation of patient-specific pluripotent stem cells
(PSCs) for regenerative medicine while eliminating the technical and ethical barriers of
human ESCs [23–25]. Many studies have continued to demonstrate the utility of human iPS
cells in disease correction and cell replacement therapy [26–29]. With extremely similar
properties including morphology, gene expression profiles and pluripotent potential, it is
quite feasible to perceive how culture platforms of human iPS cells have mirrored those of
human ESCs [30]. Although this article will not focus specifically on human iPS cells, as it
is well reviewed elsewhere [31,32], we will draw parallel comparisons in regards to relevant
tissue culture platforms and advancements. While the derivations of both human ESCs and
iPS cells have marked important breakthroughs, several key hurdles need to be addressed
before human PSCs can be utilized in clinical applications [33–39]. Perhaps the most
important challenge is to eliminate all animal products from the culture system in an effort
to derive a completely defined system. Animal products serve as a source of pathogens and
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xenogenic contaminants, which can elicit an immune response when introduced to patients.
Studies have shown that human ESCs can metabolically incorporate products available in
the culture, such as nonhuman sialic acid Neu5Gc [40]. Animal products also introduce
variability into the culture system that will hinder the reproducibility and reliability for
clinical grade manufacturing [41]. Another challenge lays in the passaging strategy of
human PSCs. In the original study by Thomson and colleagues human ESCs were passaged
as clumps of cells, a strategy that has been followed with the culture of human iPS cells.
This method has been carried forward by most laboratories, as it has been noticed that single
cell dissociation of both human ESCs and iPS cells leads to significant cell death and
genomic aberrations [42,43]. However, single cell culture is critical for clonal selection,
gene targeting and disease correction [44]. Furthermore, both human ESC and iPS cell
cultures have a propensity to differentiate and often require laborious effort in separating the
differentiated cells from the undifferentiated cell culture [45,46]. These obstacles are the
forefront research of many laboratories, and indeed will need to be addressed before the
successful transition to therapeutic applications (Table 2). In this article, we will focus on
the recent progress on the establishment of culture systems that are chemically defined,
efficient and enable single cell passaging.

Progressing towards a defined & efficient culture system
Significant progress has been made in the ultimate development of a defined human ESC
culture system [47–52]. One strategy has been to replace nonhuman products in the culture
system (i.e., animal serum and feeder cells) with more defined or human origin substitutes
such as human-derived feeder cells and human serum [53–58]. The feeder cell substitutes
include allogeneic cells derived from various human tissues as well as autogeneic cells
derived by isolating differentiated fibroblast-like cells from human ESCs [57,59]. Other
studies have attempted to eliminate the feeder cells completely by introducing either feeder
cell- conditioned medium or animal-derived surface coatings such as Matrigel™ (BD
Biosciences, Franklin Lakes, NJ, USA) [49,60]. Although both have demonstrated to be
quite effective individually or in combination, they are still animal derived and/or undefined.
In an attempt to identify the key components of conditioned medium to eliminate the need
for feeder cells, Choo and colleagues identified approximately 30 proteins that were secreted
by feeder cells derived from human fetal, mouse embryonic fibroblast and human neonates,
of which six soluble proteins were shown to support human ESC culture [61]. Suspension
cultures have also been utilized to eliminate the need for feeder cells while providing a mode
for scaling culture (see ‘Future perspective’) [62–67]. In a different approach, several
studies have replaced Matrigel with purified extracellular matrix (ECM) proteins (also see
section on ‘Developing defined surfaces’) and have substituted feeder cell-conditioned
medium with supplements such as Knockout™ Serum Replacement (Invitrogen, Carlsbad,
CA, USA), N2 supplement and B-27® supplement (Gibco®, Invitrogen) with combinations
of various cytokines and growth factors [47,48,50–52,68–72]. For example, Thomson and
colleagues aimed to identify a defined culture by optimizing the combination of the
physicochemical environment, growth factor supplements and matrix components [51].
They identified several factors that had a positive effect on the proliferation of
undifferentiated human ESCs: basic FGF (bFGF; high concentration), lithium chloride,
GABA, pipecolic acid and TGF-β. In addition, they found that the combination of collagen
IV, fibronectin, laminin and vitronectin effectively replaced Matrigel, a major step towards
establishing a fully defined culture [51]. Another important step in this study was the
derivation of human ESCs in a culture system that did not contain feeder cells [51].
Unfortunately, the derived human ESCs were not able to maintain their genomic stability in
long-term culture by gaining trisomy of chromosomes 12 and X, albeit maintaining genomic
stability in a feeder-free culture for 7 months is a remarkable accomplishment. As a sign of
increased desire for the community to progress towards a defined culture system, several of
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the above conditions have been made as commercially available products, including
StemPro® (Invitrogen) and mTeSR®1 (STEMCELL Technologies, Inc., Vancouver,
Canada, TeSR1, Figure 1a).

Another development in the defined human PSC culture system has been the prevention of
apoptosis after single cell dissociation. As described in the original study and the commonly
used practice today, to prevent massive cell death, human ESCs and iPS cells are passaged
as clumps by various dissociation techniques including mechanical, enzymatic or both that
aim to break large colonies into smaller colonies. These techniques are not only laborious
but also require a degree of skill; if the clumps are too big the subsequent culture is prone to
differentiation and if the clumps are too small the subsequent culture will exhibit a high
degree of cell death [42,73]. Sasai and colleagues found that Y-27632, a small molecule
inhibitor of the Rho-associated kinase (ROCK) could enhance the survival of dissociated
human ESCs [74]. By simply adding the small molecule to the culture medium, the massive
cell death associated with the single cell dissociation of human ESCs during routine passage
was significantly reduced, improving cloning efficiencies from approximately 1 to 27%
(Figure 1b) [74]. The anti-apoptotic effect of Y-27632 was also demonstrated in feeder-free
culture, suggesting that it can be incorporated into defined culture [74]. Although in the
original study the exact mechanism of action was not fully understood, many studies have
now begun to shed light on the biology behind the anti-apoptotic effect of ROCK inhibition
[75–80]. Collectively, studies suggest that single cell dissociation triggers ROCK-
dependent myosin hyperactivation and cell death while inhibiting this pathway can prevent
apoptosis [78]. In a different strategy, the anti- apoptosis gene BCL2 was genetically
introduced to human ESCs to prevent cell death after single cell dissociation [81]. Even
though this strategy appears to have several advantages, it is unclear whether this pro-
survival strategy will lead to abnormal karyotype or whether it will be therapeutically
relevant as genetic modifications may lead to enhanced tumorgenic potential. Nonetheless,
with improved recovery after single cell dissociation, studies requiring rare cell selection,
such as homologous recombination, are now more feasible [82].

Unfortunately, the majority of improvements made towards generating a defined culture
system often end up not performing as well or as consistently as conventional human ESC
cultures supplemented with serum and feeder cells, with spontaneous differentiation being a
common outcome. In addition, the medium compositions and the use of supporting matrices
differ so significantly among the defined culture conditions that it questions the importance
of various components. Collectively, it has been suggested that the current defined culture
systems are far from being optimized and the ground state of human ESC has yet to be
identified [83]. However, work from the laboratory of Austin Smith once again
revolutionized the way we look at ESC culture. Traditionally it has been suggested that ESC
self-renewal is elicited with empirical combinations of inducers including cytokines, feeder
cells, fetal bovine serum and growth factors, with the removal of these key signaling cues
leading to differentiation [84]. However, through the detailed studies of the Smith
laboratory, it is now commonly accepted that self-renewal is the default pathway in mouse
ESCs and by simply blocking cues for differentiation, ESC self-renewal can be maintained
[84,85]. To this end, it has been demonstrated that by blocking differentiation propagating
pathways (i.e., ERK/MAPK, FGF4 and glycogen synthase kinase 3), the self-renewal of
mouse ESCs is maintained [84]. Through this powerful perspective the difficulty of deriving
rat ESCs has been overcome, leading to the generation of rat chimeras and germlines for
disease modeling [86–88]. Similar strategies have also been applied to human ESCs [89,90].
By surveying multiple small molecules, Jaenisch and colleagues were able to identify a
unique combination of small molecules that, in combination with transgene expression of
OCT4 and KLF2 and -4, were able to not only support human ESC culture, but also
appeared to convert them to a more ‘naive’ state, with similar properties of mouse ESCs
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[90]. These properties included high clonality and repressed Xist expression. Although the
study demonstrated the importance of key pathway inhibition, the majority of the long-term
studies were accomplished with the introduction of transgene expression, which will need to
be removed prior to clinical applications.

We aimed to identify a fully defined culture system to support the maintenance of human
ESCs while eliminating the need for undefined surfaces and transgene expression by using
an optimal concentration and combination of key small molecules [89]. However, it is a
formidable task to screen through a large number of combinations, even with high-
throughput approaches. Thus, we developed a feedback system control (FSC) scheme,
which can save three to four orders of magnitude of efforts to search for the optimal
combination of molecule and concentrations [91,92]. In our FSC, combinations of five small
molecules were iteratively optimized by a mathematical optimization algorithm so that
number of undifferentiated human ESCs, experimentally measured using alkaline
phosphatase and OCT4 expressions, increased after every iteration (Figure 1C). To this end,
early iterations identified a combination of three small molecules, capable of inhibiting
MEK/ERK, ROCK and glycogen synthase kinase 3, that are important for the survival and
proliferation of various human ESC lines on fibronectin- coated surface [89]. Continued
iterations further improved this unique combination with defined concentrations that
supported a nearly pure population of OCT4–GFP-positive human ESCs. However, when
the culture was continuously passaged during routine single cell culture, the undifferentiated
state of the human ESCs was compromised after several passages. With the addition of
bFGF, we observed long-term maintenance of undifferentiated human ESCs on defined
surfaces and single cell culture (Figure 1D). The long-term cultured human ESCs in defined
culture demonstrated their pluripotent potential by giving rise to all three germ layers when
introduced subcutaneously into severely immune compromised mice and genomic stability
as seen in their normal karyotype [89]. However, other biological features associated with
human ESCs, such as the status of X chromosome reactivation, was not fully explored.
Further studies will also be necessary to determine whether bFGF is a bona fide requirement
or simply a necessity of the studied human ESCs as bFGF was used in their derivation.

Developing defined surfaces
Most chemically defined media, including commercial products mTeSR1, StemPro and
Nutristem™ (Biological Industries Ltd, Kibbutz Beit Haemek, Israel), were designed to
support growth of undifferentiated human PSCs on Matrigel or other proprietary mixtures of
ECM proteins. Therefore, many of the latest developments in defined ESC culture focused
on surface substrates that can mimic the efficacy of Matrigel and ECM proteins using
chemically defined components.

Several groups studied integrin expressions on human ESCs and/or iPS cells and identified
subtypes of ECM proteins including human vitronectin [93] and human laminin [94,95].
Laminin is a major component of Matrigel, and purified laminin from human placenta was
previously shown to support long-term maintenance of human ESCs in a defined medium
[69]. Studies of integrins expressed on cell surface revealed distinct isoforms of laminin,
laminin-111, -332 and -511, which supported undifferentiated growth of human ESCs in
combination with a feeder-conditioned medium [94]. More recently, human recombinant
laminin-511 was shown to support both human ESCs and iPS cells under a completely
defined medium based on mTeSR1 [95]. Other studies of integrin protein expressions
identified human recombinant vitronectin as a defined substitute for Matrigel that can
support human ESCs [93] and human iPS cells [96] in mTeSR1 medium.
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Whilst the above recombinant vitronectin and laminin targeted integrin-mediated cell–ECM
signaling, a study by Duncan and colleagues used a recombinant E-cadherin substratum to
mimic cell–cell signaling and demonstrated maintenance of human PSCs using mTeSR1
medium [97]. This demonstration is consistent with the discovery by Ding and colleagues
that E-cadherin signaling can support survival and growth of human PSCs while minimizing
the requirement for integrin signaling [80].

Although recombinant proteins are chemically defined, their mechanism of action could be
complex due to multiple binding domains that can interact with various surface receptors.
To further dissect key substrate- mediated signaling that are essential for human PSC self-
renewal, Brandenberger and colleagues synthesized acrylate substrates conjugated with
short peptide sequences of active domains of ECM proteins and studied the efficacy of
peptides to support human ESCs [98]. Among tested peptides, including bone sialoprotein
(Ac-KGGNGEPRGDTYRAY), vitronectin (Ac-KGGPQVTRGDVFTMP), fibronectin
(GRGDSPK and Ac-KGGAVTGRGDSPASS) and laminin (KYGAASIKVAVSADR), only
bone sialoprotein- and vitronectin-derived peptides were able to support attachment and
growth of human ESCs under a defined condition. Interestingly, other peptides containing
the integrin-binding motif RGD could not support human ESC attachment, indicating that
the RGD sequence alone is not sufficient as a functional substitute for Matrigel or full ECM
proteins. More recently, through the screening of 18 bioactive peptides Kiessling and
colleagues identified a vitronectin-derived heparin-binding peptide (GKKQRFRHRNRKG)
that can support long-term maintenance of human PSCs when combined with ROCK
inhibitor or a short cyclic RGD peptide [99]. These observations indicate that a combination
of a glycosaminoglycan-binding peptide and integrin-binding peptide can functionally
replace Matrigel.

Even more defined substrates are the ones based on fully synthetic plastic coatings. Such
plastic substrates can be manufactured at a much larger scale and at a much lower cost than
either recombinant proteins or peptide- based substrates. Recently, a fully synthetic polymer
coating, poly[2-(methacryloyloxy) ethyl dimethyl-(3-sulfopropyl)ammonium hydroxide],
was reported to support attachment and growth of undifferentiated human ESCs using a
feeder-conditioned medium [100]. However, this substrate supported only one of two tested
human ESC lines under StemPro medium but not under mTeSR1 medium, implying it might
be missing some essential signaling cues. Another group performed a high-throughput
screening of 450 polymer surfaces (90 distinct polymers at five concentrations each) and
found that poly(methyl vinyl ether-alt-maleic anhydride) supported the attachment and
growth of three undifferentiated human PSCs (two human ESC lines and one human iPS cell
line) for five passages under a chemically defined StemPro medium [101]. Poly(methyl
vinyl ether-alt-maleic anhydride) not only supported initial cell attachment, but also
promoted endogenous expression of both integrins and ECM proteins of human PSCs,
presumably helping these cells create their own microenvironments needed for the long-term
growth and maintenance [101].

In a recent study by Anderson and colleagues, screening of 496 distinct synthetic polymer
coatings prepared from 22 acrylate monomers identified several surfaces that supported
clonal growth of human PSCs [102]. These substrates did not directly present surface
receptor-binding ligands, but rather optimized absorption of vitronectin from fetal bovine
serum or human serum precoating. Interestingly, colony-formation frequency, a measure of
clonal growth, was strongly affected by the substrate wettability, roughness and elastic
modulus of the polymer coating [102]. Notably, mechanical properties of substrates have
previously been found to have strong impacts on self-renewal of mouse ESCs [103] and
differentiation of mesenchymal stem cells [104]. It is anticipated that optimizing mechanical
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properties of synthetic polymer coatings can lead to further improved fully synthetic
substrates for human PSCs.

Future perspective
The development of a fully defined human PSC culture platform is critical to the clinical
production of specialized cells for regenerative medicine. Currently, there are several
strategies to tackle this challenge. Most recently, it has been shown that small molecules
inhibiting pathways of differentiation and cell death may be the best option in developing a
defined system that is reproducible while promoting a homogeneous population of
undifferentiated cells. Although small molecules in combination with a single ECM protein
has been demonstrated [89], the next challenge will be to combine small molecule cocktails
with completely synthetic surfaces. Of course many challenges lay in this path. For example,
genomic instability is seen to readily generate in systems where enzymatic dissociation and
feeder-free culture create a harsh environment, permitting the proliferation of human PSCs
that have gained a selective advantage thorough chromosomal aberrations, especially those
pertaining to chromosomes 8, 12, 17, 20 and X [105,106]. Furthermore, large libraries of
small molecules should be tested; however, unlike previous methodologies, the experiments
should be conducted in a combinational manner. To further optimize this search, better
understanding of all regulatory pathways associated with human PSC survival and self-
renewal will be required to create ‘smart’ libraries of relevant small molecules. Lastly, a
FSC scheme should be implemented to facilitate the search for optimal concentrations and
combinations (Figure 2).

Although optimization of combinatorial soluble and surface cues will elucidate a set of key
signaling steps required for self-renewal by the specific human PSC line used during
individual tests, such an optimized culture condition may not necessarily support the
survival and growth of the other human PSC lines. Indeed, a recent study by the
International Stem Cell Initiative Consortium tested eight serum-free and feeder-free culture
conditions for their ability to support ten distinct human ESC lines, and only two culture
conditions based on the two commercial media, mTeSR1 and StemPro, were able to support
healthy growth of the most cell lines for ten continuous passages [107]. These two
commercial formulations, in combination with Matrigel or Geltrex™ (Invitrogen; as
discussed earlier, both are poorly defined extracts from mouse tumor cells containing
multiple ECM proteins and growth factors), effectively covered multiple cell lines by
presumably providing complex growth factor combinations and ECM proteins. Given the
current diversity in protocols for human ESC derivation and human iPS cell reprogramming
strategies combined with various genetic backgrounds of the starting cell lines, developing a
single fully defined system that can robustly support tens or even hundreds of human PSC
lines will be extremely challenging. However, it is likely that such a robust system could be
realized by intentional redundancy of soluble and surface cues. In other words, series of
culture optimizations using tens of representative human PSC lines will lead to a knowledge
base, from which we can formulate a redundant but robust culture system for variety of
human PSC lines (strategy X, Figure 2). Alternatively, by elucidating the molecular
mechanisms governing universal ‘ground state’, a concise culture platform can be derived to
support the majority of human PSC lines (strategy Y, Figure 2). Indeed, both strategies have
their advantages and disadvantages. For example, in strategy X many of the current cultured
lines can be readily adapted to and carried forward in such a medium formulation that
encompasses many factors to support maintenance and growth. However, such a culture
system will be rather expensive as it may contain a number of cytokines, small molecules
and ECM proteins. Aided by a few small molecules that target the key pathways, strategy Y
will be an inexpensive formulation. However, currently cultured lines may not readily adapt
to a culture system that favors cells in a ground state, as it is believed that many of today's
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human ESCs and iPS cells are in a prime state culture and will differentiate if transitioned to
a medium that supports the ground state. No matter which model provides the most promise
and usefulness, for future studies to be most comparable, a commonly used culture platform
would be most advantageous.

Human PSC lines intended for clinical applications should be derived and propagated under
a defined and unified culture system in order to circumvent problems associated with the
existing lines. To this end, a recent study has systematically re-examined each component of
human PSC culture to generate a minimal medium formulation in which all factors are
deemed necessary and chemically defined, termed E8 [108]. This systematic study
demonstrated that many components are not critical, including serum albumin [108]. In fact,
albumin only appears to be important when β-mercaptoethanol was added to the formulation
and removal of β-mercaptoethanol appears to negate the value of albumin [108].
Interestingly, the combination of E8 with a vitronectin-coated surface yielded improved
derivation efficiencies of human iPS cells, providing further evidence that systematic
methods and FSC strategies can greatly improve current culture systems. Indeed, it will be
interesting to determine whether the addition of small molecule inhibitors of differentiation
to E8 will further enhance this defined culture system.

This article mainly focuses on the recent development of a 2D adherent culture for
expanding undifferentiated human PSCs. Although such a development has continuously
improved the quality and reproducibility of culture, the issue of scalability, a key technical
hurdle against large-scale production of clinically relevant PSCs, had not been addressed
until very recently. With the emergence of commercially available defined media such as
mTeSR1 and supplements of ROCK inhibitors allowing robust handling of single cells,
several groups are studying various forms of suspension cultures that are more scalable
compared with their 2D adherent counterparts. For instance, microcarriers provide a surface
to which PSCs can attach and grow into colonies while increasing the density of cultured
cells in a culture vessel [109–113]. Although a general consensus has been that PSCs require
attachment to a surface in order to efficiently maintain their undifferentiated status and that
spherical aggregation induces differentiation as is the case for embryoid body-mediated
differentiations, recent studies showed that efficient expansion of undifferentiated PSCs in
suspended aggregates without microcarriers is possible [65–67]. Among them, Reubinoff
and colleagues demonstrated the derivation, propagation and controlled differentiation of
human ESCs all in suspension culture systems [67]. Interestingly, their culture medium
contains a rather empirically selected combination of neurotrophic factors, growth factors
and ECM protein components in an attempt to provide a wide range of supposedly important
signaling cues. Further refinement of such a suspension culture again presents extensive
combinatorial possibilities, where the optimization approach suggested above could play an
important role in identifying essential signaling cues required for a robust suspension culture
of human PSCs.
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Executive summary

Human pluripotent stem cells

■ With distinct abilities for both unlimited self-renewal and differentiation potential
into all specialized cell types, human embryonic stem cells and induced pluripotent
stem cells offer great promise in developmental and therapeutic applications
including pharmaceutical drug screening, disease modeling and regenerative
medicine.

Conventional culture of human pluripotent stem cells

■ Traditional and most commonly used culture methods of human pluripotent stem
cells (PSCs) consist of feeder cells, serum and clump passaging.

■ Feeder cells and serum are possible sources of variability, xenogeneic
contaminations and animal-derived pathogens, which impede the translation of
human PSCs towards clinical applications. However, culture systems absent of these
factors often result in spontaneous cell death and cell differentiation.

■ Clump passaging is an inefficient and laborious strategy for manufacturing scale
expansion. However, single cell culture leads to significant cell death and
chromosomal aberrations.

Progressing towards a defined & scalable culture

■ Media formulations have incorporated cytokines and growth factors to replace
serum in culture.

■ Feeder cells have been substituted by more defined extracellular components or
synthetic surfaces.

■ Single cell passaging has been made more efficient by targeting the Rho kinase
pathway.

■ Small molecules targeting pathways of differentiation hold great promise in the
development of a defined culture platform amenable to human PSCs.

■ Suspension cultures in various bioreactor formats are important key steps toward
industrial scale manufacturing of clinical grade human PSCs.
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Figure 1. Improving human pluripotent stem cell culture toward chemically defined systems that
can support routine single cell passaging
(A) The first fully defined culture was achieved by combining a set of soluble factors and
four human recombinant proteins [51]. (B) Addition of Rho-associated kinase inhibitor
significantly improved survival of human embryonic stem cells upon enzymatic dissociation
into individual cells, thus enabling routine passaging of single cells on substrate coated with
MEF cells or Matrigel™ (BD Biosciences, Franklin Lakes, NJ, USA) [74]. (C & D) An
engineering closed-loop optimization of small molecule inhibitors of key signaling pathways
was used to quickly identify the optimal combination and concentrations that can enable
robust culture of human embryonic stem cells initiating from single cells on fibronectin-
coated substrate [89]. bFGF: Basic FGF; hPSC: Human pluripotent stem cell; LiCl: Lithium
chloride; MEF: Mouse embryonic fibroblast; PA: Pipecolic acid.
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Figure 2. Strategies to develop universal ‘ground state’ defined culture that can support many
different human pluripotent stem cell lines under an identical formula
Optimization of a combinatorial small molecule library and surface cues using a human PSC
line will lead to a set of necessary cues to maintain undifferentiated status of that specific
line. Repeating the same process on a number of representative cell lines (e.g., 20 human
PSC lines from various sources) will lead to the same number of cell line-specific
customized culture systems and a systematic knowledge base on necessary signaling cues of
various lines. Such a knowledge base could be used to develop a robust defined culture
system by summing up small molecules and surface cues required by various human PSC
lines, providing a wide range of signaling, that is, strategy X. On the other hand, detailed
investigations of individually customized culture could lead to elucidation of molecular
mechanisms governing the universal ‘ground state’ of human PSC lines. Such a discovery
will then lead to identification of novel small molecules and surface cues that, when
combined together, can be used to develop a robust defined culture with minimal number of
components, that is, strategy Y.
PSC: Pluripotent stem cell.
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Table 1

Definition of stem cell potency.

Category Differentiation potential Examples

Totipotent Ability to give rise to all cell types of the embryonic and extra-embryonic
lineages

Blastomeres

Pluripotent Ability to give rise to the embryo proper Human embryonic stem cells and human
induced pluripotent stem cells

Multipotent Ability to give rise to multiple cell types Adult stem cells including hematopoietic
and neural

Oligopotent Ability to give rise to few cell types Myeloid stem cells

Unipotent Ability to give rise to a single cell type Hepatocytes
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Table 2

Components of conventional culture.

Factor Pros Cons

Feeder cell • Supports the maintenance of both human ESCs and iPS
cells
• Enhances seeding efficiency during both clump and single
cell passaging

• A source of xenogeneic contamination
• A source for animal-derived pathogens

Serum • Provides known and unknown factors in supporting the
growth and proliferation of human ESCs and iPS cells

• Animal derived
• Lot-to-lot variation
• Undefined

Clump passage • Maintains viability during passages
• Reduces the potential for genomic aberrations

• Impedes scale-up expansion at manufacturing level
• Laborious and time consuming
• Prevents single cell cloning strategies such as genetic
modifications and disease correction

ESC: Embryonic stem cell; iPS: Induced pluripotent stem.
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