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Abstract Stem cells have the ability to self-renew and differ-
entiate into specialized cell types, and, in the human body,
they reside in specialized microenvironments called “stem cell
niches.” Although several niches have been described and
studied in vivo, their functional replication in vitro is still
incomplete. The in vitro culture of pluripotent stem cells
may represent one of the most advanced examples in the effort
to create an artificial or synthetic stem cell niche. A focus has
been placed on the development of human stem cell microen-
vironments due to their significant clinical implications, in
addition to the potential differences between animal and hu-
man cells. In this concise review, we describe the advances in
human pluripotent stem cell culture and explore the idea that
the knowledge gained from this model could be replicated to
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Introduction

Culturing cells outside of the human body is inherently diffi-
cult. Biologists have dedicated decades of research to learning
what conditions are most conducive to culturing cells in vitro.
This included adaptation of substrates to allow cells to adhere
and proliferate for extended periods of time. When polystyrene
petri dishes were first implemented for cell culture, they were
unable to sustain cell growth due to insufficient cell spreading
on the surface [1, 2]. Surface modification techniques, such as
chemical treatments with sulfuric acid [1] or glow discharge
[2], were utilized to allow enhanced cell adhesion through the
negative surface charge of the polystyrene [3]. These surface
modification technologies enabled fundamental studies of how
cells interact with their environment and specifically how the
substrate affects cell behavior [4]. Surface-modified plastics
were among the first man-made microenvironments produced
for the sole purpose of culturing cells, and they paved the way
to the tissue-culture plastic which is still the gold standard in
laboratories around the world today.

The discovery of stem cells brought about a new challenge
in cell culture substrate design. Instead of simply growing
cells, specific cell properties such as self-renewal and
pluripotency or multipotency need to be maintained or con-
trolled. Maintaining these unique stem cell properties during
expansion is crucial to create sufficient populations of undif-
ferentiated cells that can then be terminally differentiated [5].
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While standard tissue culture plastic can be suitable for cul-
turing both primary cells and cell lines, they are not well-
suited for maintaining stemness for prolonged periods of time.
Recent trends in development of stem cell substrates have
focused on recapitulating the stem cell niche ex vivo in a
tissue culture environment. This has been accomplished using
strategies such as feeder cells, purified extracellular matrix
proteins (ECM), peptide conjugated surfaces or hydrogels,
and specialized synthetic polymers, to create a milieu that is
conducive to stem cell expansion and maintenance of stem
cell properties outside the body (Fig. 1). The development of
surfaces capable of preserving the pluripotency of human em-
bryonic stem cells (hESCs) and human-induced pluripotent
stem cells (iPSCs) is a major advancement toward defined
stem cell microenvironments and may serve as a blueprint
for other stem cells with high levels of phenotypic plasticity,
such as cancer stem cells or hematopoietic stem cells. This
perspective outlines current knowledge in the composition
of the stem cell niche and how the niche can be recapitulated
in vitro using engineered microenvironments. This is
highlighted by examining current trends in the expansion of
pluripotent stem cells and relating this progress to the expan-
sion of other stem cells that are difficult to culture. While this
review focuses on the development of culture substrates for
stem cells, it should be noted that the soluble factors compris-
ing the culture medium also play a significant role in the
maintenance of the stem cell phenotype. These aspects are
outside of the scope of the perspective, and we refer the inter-
ested reader to other reviews that cover this topic in detail [6].

Fig. 1 Engineered stem cell
microenvironments draw
inspiration from the in vivo stem
cell niche. In an effort to
recapitulate functional elements
of the stem cell niche, culture
substrates have been developed
using stromal cells, extracellular
matrix proteins, or peptide
conjugated polymers. Fully
synthetic hydrogels help maintain
stem cell pluripotency and self-
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The Stem Cell Niche

Stem cells have the specific function of producing and
replenishing specialized cells during the life of eukaryotic
organisms. During early mammalian development, the fertil-
ized egg divides into blastomeres with stem cell properties that
give rise to the first two cell lineages: the throphoectoderm
cells from the outer blastomeres of the embryo which will
form the placenta, and the inner blastomeres will become the
inner cell mass (ICM), a population of cells with pluripotent
properties [7]. The ICM eventually differentiates into special-
ized cell types of the three germ layers, namely the ectoderm,
mesoderm, and endoderm [7]. In vitro, this pluripotent stage
can be maintained over longer periods of time by isolating and
expanding the cells comprising the ICM, which are called
embryonic stem cells. Throughout life, fetal and adult life
stem cells, called somatic stem cells (SSC), are developed
and maintained in specialized microenvironments termed
stem cell niches. These niches serve as protective environ-
ments that provide supportive conditions to maintain stem cell
self-renewal and differentiation properties.

The niche is comprised of soluble signaling from cytokines
and growth factors, direct interactions with other cells, and the
extracellular matrix (ECM). In combination with one another,
these components activate signaling pathways involved in the
maintenance of the undifferentiated and quiescent states of
stem cells. While some signaling pathways and niche ele-
ments are commonly expressed among stem cells, there is
not a defined pathway present in all of them [8§—10].

Stem Cell Niche

Feeder
Cells

renewal by supporting matrix
proteins from the medium or

Micro-environments ' )

Engineered

secreted by cells. It has also been
demonstrated that topology or
stiffness are important
considerations when creating
stem cell microenvironments. In
the illustration, stem cells are
white, different types of stromal
cells are red and green, and ECM
proteins are yellow fibrils
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However, literature suggests that a common characteristic be-
tween stem cells and their niches can be found in the expres-
sion of a specific ECM protein, laminin, and its receptor in the
stem cells, integrin 6. The laminin and integrin «6 interac-
tion has been documented as a critical niche component in
corneal [11], colonic [12], epithelial [13], hepatic [14], sper-
matogonial [15], neuronal [16], glioblastoma [17], and embry-
onic stem cells [18]. Interestingly, laminin is one the first
ECM proteins deposited during embryo development, and it
is specifically expressed in the blastocyst stage [19], when the
ICM is formed and, as explained above, a transient state of
pluripotency exists. Human embryonic stem cells, the in vitro
counterpart of the pluripotent ICM cells, express integrin &6
[18], and specific isoforms of laminin are able to support their
self-renewal and proliferation [20]. Furthermore, although
other ECM proteins such as vitronectin [21] and fibronectin
[22] can support self-renewal of hESCs, it has recently been
shown that hESCs cultured on ECM-coated surfaces
remodeled their microenvironment by depositing their own
laminin [23¢]. Due to the similarities among pluripotent stem
cells and several somatic stem cells and their corresponding
niches, we propose that the knowledge of the in vitro culture
of human pluripotent stem cells could be exploited to bioen-
gineer stem cell niches for somatic stem cells.

Feeder Cells

The isolation and successful culture of hESCs opened an en-
tirely new outlook on the future of cell and tissue culture.
However, this early milestone came with its own set of chal-
lenges. While hESCs can adhere to normal tissue-culture plas-
tic, the unique attribute of maintaining self-renewal is lost over
time under those conditions. Thus, mitotically inactivated
feeder cell layers, a technique derived from earlier work which
successfully maintained the pluripotency of mouse embryonic
stem cells (MESCs) and mouse embryonal carcinoma cells
(mECCs) [24-26], were used to support the culture of
hESCs. A study using non-proliferative human oviductal ep-
ithelial cells as a feeder layer and human leukemia inhibitory
factor (HLIF) to culture the inner cell mass (ICM) of a human
blastocyst proved to be the first isolation and culture of human
ICM cells, although the cells differentiated toward a
fibroblast-like phenotype after two passages [27]. The first
hESC lines that could be sustained indefinitely in vitro were
cultured on feeder layers composed of mouse embryonic fi-
broblasts (MEFs) in medium supplemented with FBS [5, 7,
28]. An alternative source of human pluripotent stem cells is
provided by human fibroblasts reprogrammed into pluripotent
stem cells, termed induced pluripotent stem cells (hiPSCs)
[29]. The establishment of hESC and hiPSC lineages provided
the platform necessary to investigate (i) what microenviron-
ment is necessary to sustain these cells in a pluripotent state,

(ii) how to eliminate components within the microenviron-
ment which are undefined or derived from xenogeneic
sources, and (iii) how the physical properties of the microen-
vironment affect the differentiation and maintenance of these
cells.

Similarly, feeder cells and cocultures of stem cells
with somatic cells are also used in the expansion and
maintenance of human hematopoietic stem cells (HSCs).
HSCs are a relatively rare cell type located primarily
within the bone marrow, peripheral blood, or umbilical
cord blood and are capable of differentiating into all
mature blood cells of the human body. HSCs play a
critical role in bone marrow transplants used in clinical
treatments for hematological disorders such as leukemia,
lymphoma, and sickle cell anemia [30]. Ex vivo expan-
sion and maintenance of these rare cells could therefore
provide an attractive platform for improving the treat-
ment of several debilitating diseases. Engineering a cul-
ture substrate capable of expanding long-term
repopulating hematopoietic stem cells began by examin-
ing the niche in which they reside. This led to coculture
of isolated human HSCs with stromal cells associated
with the bone marrow microenvironment and cells
which secrete a specific set of cytokines and growth
factors which have been attributed to maintaining
HSCs [31-35]. Human feeder cells, such as osteoblasts
[36] and mesenchymal stem cells [37-39], as well as
porcine endothelial cells [40], mouse fetal liver [41],
and mouse stromal cells [33], are some examples of
the types of feeder cells associated with the expansion
of human HSCs in vitro. While the interactions between
these supporting cells and HSCs have not been fully
characterized, the ability of feeder cells to promote
HSC expansion in vitro has shown some degree of suc-
cess (Table 1). The direct clinical relevance of HSCs to
the treatment of blood disorders has led to the extensive
use of human feeder cells to provide a microenviron-
ment free from xenogeneic contamination, as opposed
to MEFs used in early hESC microenvironments. This
has contributed to successful human trials which have
demonstrated that ex vivo expansion of HSCs can pro-
vide an effective means of improving engraftment effi-
ciency over standard cord blood transplants [76]. While
in vitro expansion over short periods of time have dem-
onstrated successes, long-term maintenance of HSCs has
yet to be achieved, as it is possible for hESCs. Despite
the successes provided by feeder cells to the culture of
both hESCs and HSCs, the unknown interactions be-
tween the cells in coculture systems contributed to a
desire for feeder-free cell culture systems with fully de-
fined media components. Such a culture platform would
be used to directly study how the composition of the
microenvironment affects stemness.
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Table 1  Representative list of stem cell culture substrates
Culture substrate Cell type Highlighted results Reference
Xenogenic feeder cells
MEF feeders ICM of blastocyst (derived lines Continuously cultured and remained undifferentiated 71
H1, H7, H9, H13, H14) for over 8 months
MEF feeders iPSC Remained undifferentiated and proliferated for at least [29]
4 months
MEF feeders hESC (derived HES-1, HES-2) Sustained culture for up to 64 passages [5]
Mouse fetal liver feeders (AFT024) CD34+ UC-HSPC More efficient engraftment in mice than human BM [41]
stromal cell monolayers
PMVEC CD34+ UC-HSPC 470-fold increase in CD34+ CD38~ population compared [40]
to stroma-free culture
Human feeder cells
Human Oviductal epithelial feeders ICM of blastocyst All cells differentiate after second subculture [27]
Human AFT epithelial feeders hESC (HES-3, HES-4) Self-renewal maintained for at least 20 passages [42]
Human FM feeders hESC (HES-3, HES-4) Self-renewal maintained for at least 20 passages [42]
Human FS feeders hESC (HES-3, HES-4) Self-renewal maintained for at least 20 passages [42]
Human foreskin fibroblast feeders hESC (derived lines HS181, HS207) Self-renewal maintained for over 40 weeks [43]
hMSC feeders CD34+ UC-HSPC ~Twofold to 7-fold increase LTC-IC population [44]
Human osteoblast feeders CD34+ BM-HSPC Eightfold increase in CD34+ population [36]
BM stromal feeders CD34+ BM-HSPC Supported HSPC culture for 5 weeks and maintained [45]
LTC-IC populations
Human prostate CAF PC3 Enriched CD44"/CD24'"° CSC population [46]
Primary colonic human myofibroblasts Primary human colon carcinoma CSC differentiation prevented in 2D culture [47]
BM-hMSC SUM159, SUM149, MCF-7 Threefold increase in cancer stem cell population to [48]
14 % of total population
ECM coatings/gels
Matrigel hESC (H1, H7, H9, H14) Sustained culture for up to 21 passages in defined media [49]
Combination of laminin, collagen hESC (H1, H9; derived WA1S, WA16)  Sustained culture for up to 7 months in defined media [49]
1V, fibronectin, vitronectin
Matrigel hESC (HI1, H7, H9, H14) Undifferentiated cells maintained for over 6 months with [18]
conditioned media
Laminin hESC (H1, H7, H9, H14) Undifferentiated cells maintained for at least seven [18]
passages with conditioned media
Collagen IV hESC (H1, H7, H9) Some undifferentiated colonies present after six passages [18]
with conditioned media
Fibronectin hESC (H1, H7, H9) Some undifferentiated colonies present after six passages [18]
with conditioned media
Vitronectin hESC (HUESI1, HES2, HESC-NL3) Sustained culture for up to 12 weeks in defined media [21]
Laminin hESC (HUESI1, HES2, HESC-NL3) hESC growth not supported in defined media [21]
Fibronectin hESC (HUESI, HES2, HESC-NL3) hESC growth not supported in defined media [21]
Collagen IV hESC (HUESI, HES2, HESC-NL3) hESC growth not supported in defined media [21]
Fibronectin hESC (13, 16, H9) Sustained undifferentiated hESCs for up to 38 passages [50]
with growth factor addition
Chitosan/alginate scaffold hESC (BGO1V) Maintained for 21 days in culture in defined media [51]
Gelatin hESC (I3, 16, H9) 70 % more differentiation after 6 days compared to [50]
fibronectin coating
Laminin-511 hESC (HS420, HS207, HS401), Self-renewal maintained for over 4 months [52]
iPSC (BJ#12, LDS1.4)
Laminin-521 + E-Cadherin hESC (H1, HS401) Efficient derivation and self-renewal of hESCs for over [53]
20 passages with high cloning efficacy
A variety of ECMs and sera hESC (HS237, HS293, HS360, All substrates tested were significantly inferrior to Matrigel [54]
coatings HS401, Regea 06/105, HS237) in maintaining hESC cultures
Vitronectin coated TCPS hESC (H9, H14), IPSC (iPS Maintained for nine passages [55]
(IMR-90)-3, iPS(IMR-90)-
4, iPS(foreskin)-2)
Vitronectin coated UVPS iPSC Sustained culture for up to 2 months [56]
Puramatrix™ Synthetic ECM + hMSC feeders CD34+ BM-HSPC Increased LTC-IC population [57]
Fibrin gel + hMSC feeders CD34+ UC-HSPC More efficient CD34+ population enhancement than collagen [58]
I or polymer scaffolds
Fibronectin conjugated PET film CD34+ UC-HSPC 19-fold increase in CD34+ cells [59]
Fibronectin adsorbed PET fibers CD34+ UC-HSPC 2-fold increase in CD34+ cells [59]
Fibronectin conjugated PET fibers CD34+ UC-HSPC 100-fold increase in CD34+ cells, with 45-fold increase in [59]
LTC-IC population
Collagen conjugated PET fibers CD34+ UC-HSPC 73-fold increase in CD34+ cells with 4-fold increase in [59]
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Table 1 (continued)

Culture substrate Cell type Highlighted results Reference
Fibrin gel A2780, HepG2, primary patient Formed spheroids indicating enrichment of CSC [60]
Laminin—coated TCPS Primary brain tumors Supported cell lines consisting mostly of glioma neural stem [61]

(derived G144, G166, G179) cells
Collagen scaffold MCF-7 Increasedangiogenic GF and MMP expression and enhanced [62]
CD44+/CD24— population
Fibronectin-coated PDMS SUM159, MDA-MB-468 No enrichment of CSCs, not affected by stiffhess [63]
BSA-coated PDMS SUM159, MDA-MB-468 More than doubled CSC population, not affected by stiffness [63]
Collagen-coated PDMS SUM159, MDA-MB-468 No enrichment of CSCs, not affected by stiffness [63]
Laminin-511 coating CDA44+/CD24— Src-transformed Increased adhesion and enhanced TAZ gene expression [64+]
MCF10A, SUM 1315
FBS-coated PCL fibers MCF-7, T47D, SK-BR-3 Threefold increase in proportion of ALDH+ cells, increased [65]
mammosphere formation

Peptide modified surfaces

BSP-PAS hESC (H1, H7) Undifferentiated cells maintained for over 16 passages in [66]
defined media
VN-PAS hESC (H1, H7) Undifferentiated cells maintained for over 16 passages in [66]
defined media
sFN-PAS hESC (H1, H7) No cell adhesion observed [66]
IFN-PAS hESC (H1, H7) No cell adhesion observed [66]
LM-PAS hESC (H1, H7) No cell adhesion observed [66]
Peptide SAM microarray hESC (H1, H9) Cell adhesion observed with integrin-binding peptides, but [67]
these peptides did not effectively maintain hESCs. Heparin-
binding peptide sequences bound cells and allowed for self-
renewal.
GKKQRFRHRNRKG SAM hESC (H1, H7, H9, H14), iPSC Heparin binding peptide SAM sustained undifferentiated cells [67]
(IMR-90, DF19-9 7 T) for 2-3 months
Amine functional TCPS modified hESC (H9, H14) Continuously cultured and remained undifferentiated for at least [68]
with CRGD ten passages. Superior cell adhesion compared to linear RGDS
sequence.
VN-pDA-PS hESC (H9), iPSC Sustained culture for over 3 months in defined media [69]
FN-patterned PEGDA CD34+ UC-HSPC Enhanced adhesion, no effect on stemness [70]
OPN-patterned PEGDA CD34+ UC-HSPC Enhanced adhesion, no effect on stemness [70]
RGD-patterned PEGDA CD34+ UC-HSPC Enhanced adhesion, no effect on stemness [70]
RGDSK-PEG-Acrylate CD34+ UC-HSPC Increased expansion, CD34+ expression, and early progenitor [71]
hydrogel + hMSC feeders cell population:
RGD-conjugated PEGDA 4 T1, MCF-7 Decreased CD44"/CD24" subpopulation of breast cancer cells [72]
FHBP-conjugated PEGDA 4 T1, MCF-7 Enriched CD44"/CD24° subpopulation of breast cancer cells [72]
CD44BP-conjugated PEGDA 4 T1, MCF-7 Decreased CD44"/CD24™ subpopulation of breast cancer cells [72]

Fully synthetic polymer hydrogels

PMEDSAH hESC (BGO1, H9) Pluripotency maintained for over 20 passages, up to [73]
10 passages in defined media

APMAAmM hESC (H1s, H9-hOct4-pGZs) Sustained culture for over 20 passages in defined media [74]

PMVE-alt-MA hESC (HUES1, HUESY), iPSC Increased endogenous ECM production, maintained [75]

pluripotency for five passages

The strategies outlined in the table have been used to create microenvironments, which expand stem cell populations while preserving their phenotype.
Comparing the strategies of culturing different types of stem cells reveals common elements, indicating that advances in culturing one type of stem cell
may have implications in other stem cell fields as well. However, it should be noted that the use of different growth factors, medias, or culture techniques
may contribute to some of the observed results. However, the purpose of this table is to highlight the different substrates and the similarity between
different stem cell types, used in culturing of a variety of stem cells.

MEF mouse embryonic fibroblast, /CM inner cell mass, #ESC human embryonic stem cell, /PSC induced pluripotent stem cell, UC umbilical cord,
HSPC hematopoietic stem progenitor cell, PMVEC porcine microvascular endothelial cell, £ fetal skin, FM fetal muscle, ZMSC human mesenchymal
stem cell, BM bone marrow, LTC-IC long-term culture initiating cells, CAF cancer-associated fibroblast, CSC cancer stem cell, TCPS tissue culture
polystyrene, PET polyethylene terephthalate, GF* growth factor, MMP matrix metalloprotease, ECM extracellular matrix, PDMS polydimethylsiloxane,
UVPS ultraviolet-ozone-treated polystyrene, BSA bovine serum albumin, BS fetal bovine serum, PCL polycaprolactone, BSP bone sialoprotein-derived
peptide, VN vitronectin-derived peptide, sFN short fibronectin-binding peptide, /FN long fibronectin-binding peptide, LM laminin-derived peptide, PAS
peptide-acrylate surface, OPN osteopontin, FN fibronectin, SAM self-assembled monolayer, pDA polydopamine, PS polystyrene, PEG polyethylene
glycol, FHBP fibronectinheparan-binding peptide, CD44BP CD44-binding peptide, PEGDA polyethylene glycol diacrylate, PMVE-alt-MA poly(methyl
vinyl ether-alt-maleic anhydride), APMAAm aminopropylmethacrylamide hydrogel, PMEDSAH poly[2-(methacryloyloxy)ethyl dimethyl-(3-
sulfopropyl)ammonium hydroxide]
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Feeder Free Culture Using Purified Extracellular
Matrix Proteins

While the expansion of stem cells on human [42, 43] and
xenogenic feeder layers has shown success in maintaining
pluripotent stem cells for prolonged culture times and multi-
plying adult human HSCs for therapeutic use, these systems
lack control over which signals stem cells are exposed to.
Deconstruction of the stem cell niche has led to ECM-based
microenvironments that provide an adhesive substrate that
interacts directly with cells through integrin signaling, which
is suspected to contribute to stem cell maintenance. However,
the biological activity of the ECM is more complex than a
simple adhesive substrate, as it provides a reservoir for growth
factors which can alter their release or presentation, contains
cryptic signaling domains, modulates the mechanical stiffness
of a substrate, and can be remodeled by cells based on envi-
ronmental cues. A major advance in the development of more
defined microenvironments using ECM coatings came with
the first “feeder-free” hESC culture system [18]. This study
demonstrated that feeder layers could be eliminated through
use of various matrix proteins, either a product of Engelbreth-
Holm-Swarm mouse sarcoma cells (Matrigel) or purified ma-
trix proteins laminin, collagen IV, or fibronectin coated on
tissue-culture plastic in conditioned medium supplemented
by human basic fibroblast growth factor (hbFGF).

While the feeder-free systems were able to successfully
eliminate the complexity and inconsistency associated with
feeder cells, the reliance on MEF conditioned medium
remained a source of xenogeneic contamination and unknown
composition. Nevertheless, the concept of coating tissue-
culture plastic with matrix proteins and utilizing conditioned
medium both continue to be a popular technique for stem cell
culture, including both pluripotent stem cells and adult stem
cells. Development and validation of the first defined hESC
media, TeSR1, on a substrate coated with purified human
matrix proteins marked a significant progression toward the
ultimate goal of obtaining a fully defined microenvironment
that preserves the pluripotency of hESCs and hiPSCs [49].
Initial work with TeSR1 demonstrated that hESCs could be
grown on a matrix coating consisting of collagen IV, fibronec-
tin, laminin, and vitronectin, an ECM combination that was
determined through a screening process. Further studies have
demonstrated the ability to maintain pluripotent stem cells on
substrates coated with purified fibronectin [50], laminin [52,
53], or vitronectin [21, 56]. Although these ECM-coated sur-
faces can maintain hESC and iPSC stem cells, not all surfaces
coated with these purified ECM components are successful in
maintaining the pluripotent stem cell phenotype [21, 54]. This
could be explained in part by the conformational changes of
ECM proteins on the coated substrates, which have been dem-
onstrated to depend significantly on the underlying substrate
and been shown to impact integrin-binding interactions

@ Springer

[77-81]. Therefore, proteins adsorbed onto different surfaces
could express differences in its ability to support pluripotent
stem cell culture [56]. Specifically, in the case of pluripotent
stem cells, different conformations of Matrigel coated on
glass, polystyrene, or tissue culture surfaces have been shown
to drastically alter ESC proliferation and differentiation [82].
Similarly, conformational change in osteopontin (Osp) by
thrombin-cleavage (tc) results in an inhibitory effect on pro-
liferation and differentiation of human HSCs (CD34 + CD38—
cells) compared to native Osp-coated surfaces, which induce
apoptosis in these cells [83]. Interestingly, the effect of tc-Osp
is lost in committed hematopoietic progenitor cells (CD34 +
CD38+).

The reason for the success of these substrates is not clearly
understood. However, speculation over integrin binding with
matrix molecules [21, 55] and several cell-signaling pathways
are suggested to play a role in stem cells retaining their
pluripotency. Nevertheless, limited success of culturing plu-
ripotent stem cells on collagen substrates [84], which contain
integrin-binding domains complementary to receptors found
on the surfaces of hESCs, leads to questions as to what spe-
cific interactions are necessary to preserve the cell’s ability to
self-renew. One interaction to note that is found in hESCs and
hiPSCs is integrin 631, which binds to different subtypes of
the laminin family of ECM proteins [17], and recently has
been associated with maintaining stemness of pluripotent stem
cells and other stem cells. Furthermore, it has recently been
shown that integrin &6 can be used as a marker to identify
long-term repopulating human hematopoietic stem cells from
other multipotent progenitors within a cord blood sample [85].
Integrin «6 has also been implicated as an important regulator
of glioblastoma cancer stem cell self-renewal, proliferation,
and tumor formation capacity [17]. This has led to recent
successes of laminin-coated culture substrates in maintaining
the cancer stem cell (CSC) phenotype [61]. Primary brain
tumor cells cultured on laminin coated tissue culture flasks
led to the isolation of multiple glioma neural stem cell lines,
a significant achievement in the field of cancer stem cells.
Laminin has also been identified as an important ingredient
in the expansion of CSCs from other tissue types as well,
including breast cancer where laminin 511 has been linked
to enhanced CSC adhesion and growth [64¢]. With the dem-
onstrated similarities between the transcriptional factors and
signaling pathways associated with hESCs and cancer stem
cells [86], it is not surprising that similar culture methods for
maintaining these stem cells have been achieved. These re-
sults indicate that ECM coatings have some ability to mimic
the stem cell niche, without the integration of stromal cells.

The importance of the elimination of the feeder cells, in
terms of contributing to basic understanding of stem cell
pluripotency, cannot be overstated simply due to the reduction
of variables within the culture system. Despite the successful
elimination of the unknowns contributed by the feeder cells,
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conditioned media, and xenogenic materials through the use
of matrix coated substrates, the inherent complexity of these
systems continues to mask the mechanism of how these sys-
tems work. This has led to the development of newer surfaces
through peptide modified hydrogel substrates which can be
utilized to examine specific details and interactions between
cells and their microenvironment.

Peptide-Conjugated Polymer Substrates

It has been demonstrated that proteins bind to cells through
specific oligopeptides, often consisting of only a few amino
acid units. This concept was first demonstrated with the dis-
covery that the peptide sequence RGD is responsible for cell
attachment to the extracellular matrix protein fibronectin [87].
Since then, additional peptide sequences have been discov-
ered within other ECM proteins, such as laminin and collagen,
and include KQAGDV, YGYGDALR, FYFDLR, KRLDGS,
and LDV [81]. These binding motifs have been found to as-
sociate with different integrins on the cell surface, making
these peptide sequences a potentially powerful tool to study
how integrin binding affects the fundamental stem cell char-
acteristics of self-renewal and differentiation. However, stud-
ies using peptide sequences for binding have found that the
conformation can drastically alter how the peptides interact
with their corresponding integrin [88]. These types of confor-
mational changes that alter cell binding to peptides may also
explain some of the discrepancies seen in the protein coatings
on the substrates. This concept has been demonstrated in plu-
ripotent stem cell culture through the attachment of a cyclic-
RGD peptide to an amine-modified tissue culture plate [68].
Coupling of an NHS-PEG-maleimide linker to the surface
allowed for the immobilization of cyclic-RGD through a
Michael addition reaction. As result, it was shown that the
cyclic-RGD surfaces were capable of expanding pluripotent
stem cells, while the non-cyclic form of the RGD was not.
Attaching adhesion peptide sequences to other types of
substrates has also been explored. Modification of bioinert
substrates, such as polyethylene glycol (PEG), with adhesion
peptides has been proposed as a method for modifying culture
surfaces to create tunable tissue engineering substrates [89].
Attachment of adhesion peptides to bulk hydrogels, or to self-
assembled monolayers, provided a new method for creating
bioinspired synthetic substrates for pluripotent stem cell ex-
pansion. The first example of these types of substrates were
acrylate gels modified with peptide sequences from either fi-
bronectin, vitronectin, bone sialoprotein (BSP), or laminin,
and were studied in parallel to determine which surface was
superior in pluripotent stem cell maintenance [66].
Interestingly, each of the peptide sequences studied contained
an RGD sequence motif; however, only the BSP and
vitronectin modified acrylate gels were capable of sustaining

the stem cell self-renewal, providing further evidence for the
importance of the adhering peptide conformation. This study
led to the first commercialized biosynthetic substrate,
Synthemax™, which promotes the sustained self-renewal
and proliferation of human pluripotent stem cells. Other
peptide-conjugated substrates have also been reported, includ-
ing those which do not contain the well-documented RGD
sequence [67]. A notable example is the heparin-binding pep-
tide GKKQRFRHRNRKG, which when bound to the surface
using self-assembled monolayers (SAMs), was able to main-
tain the pluripotency of multiple hES and iPS cell lines for 1—-
3 months. This peptide is thought to interact with the glycos-
aminoglycans on the surface of the cells, facilitating adhesion
to the substrate and aiding in the maintenance of the stem cell
phenotype. The peptide conjugated onto the surface was
found to have superior performance compared to surfaces
with integrin-binding RGD sequences by instead interacting
with the glycosaminoglycans on the cell surface. Performance
of these surfaces could be further enhanced through
copresentation of RGD containing peptides and the glycos-
aminoglycan binding regime, suggesting that both adhesion
and integrin interactions contribute to the success of this type
of surface modification. Therefore, while integrin interactions
play an important role in pluripotent stem cell maintenance,
there may be other signaling pathways involved. Peptide-
conjugated polymers in defined conditions allow for studying
these alternative interactions, demonstrating the power of this
technique.

Current trends in stem cell culture have expanded the use of
biofunctional hydrogels into 3D culture matrices, with the
goal to mimic functional aspects of the extracellular matrix.
A 3D polyethylene glycol diacrylate hydrogel conjugated
with the heparin-binding peptide WQPPRARI, similar to the
SAM surface that was able to expand pluripotent stem cells,
was utilized for the proliferation of CD44+/CD24— breast
cancer stem cells in vitro [72]. Other peptides, such as an
integrin-binding peptide or CD44 binding peptide, conjugated
to the PEGDA hydrogel led to decreased CD44 expression,
indicating a reduction in the CSC population. Similar peptide
conjugation strategies that utilize integrin-binding peptides,
such as RGD, have also been implemented in 3D hydrogels
for culturing HSCs [71]. However, these studies often demon-
strate little efficacy in expanding stem cell populations.
Current research in tuning the hydrogel mechanics without
altering the ligand density [90], as well as creating enzymati-
cally degradable hydrogels, is leading the way toward fabri-
cating synthetic ECM mimics which can study specific inter-
actions of cells and their environment [91]. Peptide-
conjugated hydrogels therefore provide the ability to probe
whether specific cellular interactions are required or sufficient
to promote stem cell self-renewal and expansion, making
them a unique tool to study specific interactions in the stem
cell microenvironment.
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Fully Synthetic Polymer Substrates

While bioinspired culture platforms provided a means for ex-
amining how specific interactions affect stem cell culture, the
surfaces are costly and have limited shelf-life. Therefore, the
development of a fully synthetic surface for pluripotent stem
cell culture could result in affordable culture surfaces for
scaled up cell expansion of stem cells in an environment never
exposed to undefined biological components [6, 73]. This
could lead to widespread use and implementation resulting
in consistent and comparable results, unlike the ECM-coated
surfaces that have shown conflicting reports due to batch-to-
batch inconsistency. The first fully synthetic surface for plu-
ripotent stem cell culture, which contains no biological moie-
ties, was a zwitterionic hydrogel, with negatively charged sul-
fate groups and positively charged ammonium groups, called
PMEDSAH, short for poly[2-(methacryloyloxy)ethyl dimeth-
yl-(3-sulfopropyl)Jammonium hydroxide] [73]. This hydrogel
is attached to culture surfaces using surface initiated atom
transfer radical polymerization (ATRP) and has been shown
to maintain multiple human iPSC [92] and hESC lines[73], for
extended number of passages in both chemically defined me-
dium or medium conditioned by human feeder cells. A recent
report of iPS cell lines derived on PMEDSAH, and subse-
quent maintenance of their pluripotency for over 9 months
of continuous culture, demonstrates that this platform is a
cost-effective and consistent alternative to recombinant pro-
tein coatings for the derivation and long-term culture of
hiPSCs [93¢]. The mechanism for how these surfaces work
is not yet fully understood. However, despite the non-fouling
nature of the PMEDSAH surfaces, a possible protein interac-
tion on the surface of the zwitterionic hydrogel has been pro-
posed in which the sulfate groups of PMEDSAH act as a
mimic of heparan sulfate [84]. The mechanism proposes that
the surface would sequester bFGF from the growth media,
effectively concentrating it on the surface and protecting it
from degradation, thereby enhancing the performance of the
surface in maintaining stem cell pluripotency [84]. The role of
PMEDSAH in supporting pluripotent stem cells is refined
further in recent work investigating how PMEDSAH proper-
ties affect pluripotent stem cell growth and maintenance [94¢].
The conformational state of the PMEDSAH was demonstrat-
ed to play an important role in the growth of pluripotent stem
cells. At intermediate hydrogel thicknesses, the hESCs studied
show a significantly higher growth rate of undifferentiated
colonies when compared to thin or thick coatings of
PMEDSAH. It is thought to be due to a combination of dif-
ferent properties including hydrophilicity, surface charge, and
the number of interchain interactions of the hydrogel brush.
Since the development of PMEDSAH, there have been
other synthetic hydrogel systems developed for culturing plu-
ripotent stem cells. A poly(aminopropylmethacrylamide) sur-
face has been used to maintain cell pluripotency in the defined
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medium, mTESR-1 [74]. Analysis of its surface dynamics
suggests that adsorption of bovine serum albumin (BSA) from
the culture media plays a role in the attachment of hESCs on
the culture surface. Advancement of high throughput micro-
array screening platforms has led to the development of addi-
tional synthetic hydrogel substrates capable of supporting plu-
ripotent stem cell self-renewal and pluripotency [75].
Screening of polymer arrays for cell adhesion, proliferation,
and differentiation potential capabilities determined that 16
polymers could sustain short-term maintenance of pluripotent
stem cells. However, only the poly(methyl vinyl ether-a/f-ma-
leic anhydride) polymer was capable of supporting pluripotent
stem cell growth over five passages [75].

Despite the successes of synthetic culture surfaces in main-
taining pluripotent stem cells, reports of culturing other diffi-
cult to culture stem cells, such as cancer stem cells or hema-
topoietic stem cells, on these types of surfaces are scarce in the
current literature. A recent study documenting the importance
of laminin and integrin interactions demonstrated that the abil-
ity of these surfaces is at least partially due to their ability to
support cell-secreted laminin [23¢, 93¢]. With laminin and
integrin «6 being crucial components in different types of
stem cells, fully synthetic hydrogel surfaces could potentially
provide a culture platform for expanding and maintaining
stem cells beyond just pluripotent stem cells.

Future Perspectives

The ability to preserve the phenotype of stem cells in vitro has
been a major challenge over the last few decades. This is true
for pluripotent stem cells including embryonic stem cells and,
more recently, induced pluripotent stem cells, as well as some
difficult to culture adult stem cells, such as cancer stem cells
and hematopoietic stem cells. Expansion and preservation of
these rare stem cells are critical for tissue engineering or re-
generation, in vitro drug testing, and treatment of many dis-
eases. While each of these stem cells reside in unique micro-
environments in the body, their niche components each con-
sist of extracellular matrix, stromal cells, and soluble signals.
This has led to similar in vitro culture strategies for the main-
tenance of each of these stem cell types. Interestingly, tech-
niques, which have been successful in maintaining pluripotent
stem cells, have also been found useful in culturing other types
of stem cells. These platforms typically utilize specific ele-
ments of the niche to recapitulate specific functions or signals
thought to be important in maintaining stem cells. This in-
cludes implementation of feeder cells, laminin-coated sub-
strates, and peptide-conjugated hydrogels to engineer micro-
environments suitable to human stem cell preservation.

The development of pluripotent stem cell culture platforms
has provided great insight into the necessary interactions to
preserve the stem cell phenotype and has been instrumental in
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developing techniques useful in culturing other types of stem
cells. It has been revealed that there are many similarities
between the preservation of pluripotent stem cells and other
adult stem cells. One such commonality includes signaling
through the laminin binding «6 integrin, which is expressed
by stem cells ranging from hematopoietic stem cells, cancer
stem cells, and pluripotent stem cells [17, 18, 61, 64+, 85].
This expression has led to many successful culture techniques
using laminin-coated surfaces. However, it should be empha-
sized that the success of these coating technologies relies on
maintaining the conformational state of the protein, which has
been demonstrated to affect pluripotent stem cells cultured on
Matrigel-coated surfaces [82]. Therefore, exploring how
ECM conformation affects stem cell maintenance may reveal
new strategies for their expansion and preservation. Another
consideration to be taken into account is the effect of substrate
topography and mechanical properties on stemness, with re-
cent reports demonstrating that both roughness and stiffness
affect the self-renewal capabilities of hESCs [95-97]. With
this in mind, the creation of a 3D extracellular matrix micro-
environments engineered into natural conformational states
could provide a unique culture environment that could be used
to study stem cell interactions with specific matrix
components.

Implementation of synthetic hydrogels, often in conjunc-
tion with conjugated peptides, has also shown promise in
expanding a variety of stem cell populations. With laminin
being naturally secreted by embryonic stem cells and cancer
stem cells, a culture surface that can properly support the
secreted laminin could possibly be able to support stem cells
in vitro. For example, synthetic culture surfaces, such as
PMEDSAH, which do not directly interact with cell signaling
receptors but provide a conductive environment for cells to
create their own niche [23¢], could result in more accurate
models of in vivo stem cell niches. Expanding the use of these
fully synthetic hydrogel surfaces to other types of stem cells,
beyond pluripotent stem cells, will be an important step to-
ward scalable stem cell technologies required for therapeutic
uses or in vitro drug testing. In conjunction with the important
progress with fully defined media, the work on synthetic sub-
strates will play a critical role in controlling stem cell differ-
entiation and widespread implementation.
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