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Abstract
Human livers have maturational lineages of cells within liver acini, beginning periportally in stem
cell niches, the canals of Hering, and ending in polyploid hepatocytes pericentrally and
cholangiocytes in bile ducts. Hepatic stem cells (hHpSCs) in vivo are partnered with mesenchymal
precursors to endothelia (angioblasts) and stellate cells, and reside in regulated
microenvironments, stem cell niches, containing hyaluronans (HA). The in vivo hHpSC niche is
modeled in vitro by growing hHpSC in two-dimensional (2D) cultures on plastic. We investigated
effects of 3D microenvironment, mimicking the liver’s stem cell niche, on these hHpSCs by
embedding them in HA-based hydrogels prepared with Kubota’s Medium (KM), a serum-free
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medium tailored for endodermal stem/progenitors. The KM-HA hydrogels mimicked the niches,
matched diffusivity of culture medium, exhibited shear thinning and perfect elasticity under
mechanical loading, and had predictable stiffness depending on their chemistry. KM-HA
hydrogels, which supported cell attachment, survival and expansion of hHpSC colonies, induced
transition of hHpSC colonies towards stable heterogeneous populations of hepatic progenitors
depending on KM-HA hydrogel stiffness, as shown by both their gene and protein expression
profile. These acquired phenotypes did not show morphological evidence of fibrotic responses. In
conclusion, this study shows that the mechanical properties of the microenvironment can regulate
differentiation in endodermal stem cell populations.

Keywords
maturational lineages; human hepatic stem cells; human hepatoblasts; hyaluronans;
microenvironment mechanical properties; differentiation

INTRODUCTION
The liver is one of the most complex organs in the body and is responsible for toxin
removal, production of bile and hormones, regulation of nutrients, and synthesis of serum
proteins [1]. Liver is organized in acini with a hexagonal shape and six sets of portal triads
at the vertices, each containing a single hepatic artery, portal vein and bile duct. A central
vein connected to the vena cava occupies the center of each acinus. Plates of liver cells, the
maturational lineages of the epithelia and their partner mesenchymal cells, extend from the
portal triads to the central vein. By convention, liver acini are divided into zones: zone 1 is
periportal; zone 2 is midacinar; and zone 3 is pericentral [2].

Changes in matrix chemistry parallel the progression of cell maturity across liver zones and
stabilize interactions of signals (matrix and soluble ones) with liver cells. The stem cell
niches, the canals of Hering in zone 1, host three stem/progenitor populations: hepatic stem
cells (hHpSCs), angioblasts and hepatic stellate cell precursors. These stem/progenitor
populations reside in a microenvironment of soluble paracrine signals and an extracellular
matrix of hyaluronans (HAs), an integrin α6β4-binding laminin form (presumably
laminin-5), collagen III, forms of minimally sulfated chondroitin sulfate proteoglycans (CS-
PGs) and no collagen type I or IV or heparan sulfate proteolgycans (HS-PGs) [3, 4]. As cells
transition from the stem cell niche into the hepatoblasts (hHBs) partnered with endothelial
and hepatic stellate cell precursors, the microenvironment shifts to distinct soluble signals in
association with collagen types III and IV, αVβ1 integrin-binding laminins, more highly
sulfated forms of CS-PGs and minimally sulfated forms of HS-PGS. Each successive
lineage stage involves phenotypic changes in the cells and chemical changes in the paracrine
signals [5-8]. The matrix components, particularly the PGs, form complexes with growth
factors and cytokines that signal liver cells in a stable fashion, dictating stepwise
differentiation to adult fates across the hepatic maturational gradient [9].

Although liver can regenerate within weeks after acute injury [10], organ transplantation is
the only established treatment for patients with liver failure. Therapeutic strategies under
development include transplantation of liver cells in patients through grafting and
bioartificial livers as assist devices [11]. We pursue these technologies by using purified
human hepatic stem cells (hHpSCs) and their partner mesenchymal cells, angioblasts and
hepatic stellate cell precursors, incorporated within biomaterials mimicking the stem cell
niche [11, 12]. We have shown that cell grafting helps transplanted cells remain within
target tissues, facilitates expansion and vascularization, and differentiates cells to desired
adult fates [11].
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In the past, we have analyzed the effects of matrix and soluble signals on hepatic
progenitors. We have completed multiple studies of these cells under ex vivo conditions and
in which we analyzed the biochemical effects of the niche paracrine signals [4, 9, 13-17].
Still, the effects of mechanical properties of the microenvironment on hHpSCs, hepatoblasts
(hHBs) and committed progenitors and their associated mesenchymal cells are unknown.
Understanding the role of microenvironment mechanics on hepatic stem/progenitor cell is
extremely important to liver tissue engineering for two reasons: first, it tests whether
placement of these cells ex vivo or in vivo through grafting can induce maturation of liver
tissue without fibrotic responses; and second, it determines if mechanical induction within
defined microenvironments with controllable properties is a useful approach to regulate
maturation of hepatic progenitors. Here, we studied the effects of mechanical properties of
the 3D microenvironment on embedded hHpSCs colonies. We obtain hHpSC colonies, our
experimental model of the human liver’s stem cell niche that includes hHpSCs and a small
fraction of mesenchymal partners, by culturing parenchymal fractions of digested fetal liver
on plastic with Kubota’s Medium (KM), a serum-free hormonally defined medium tailored
for endodermal progenitors [4, 14, 18-20]. Our work defines a method to assess mechanical
effects on stem cell populations within a defined 3D microenvironment that is
experimentally predictable and repeatable, which can also be extended to other determined
stem cell populations.

MATERIALS AND METHODS
This section is an abbreviated version of the experimental methods. For further details, see
Supplementary Methods (online).

Kubota’s Medium (KM)
Detailed methods for preparing KM, a tailored serum-free medium that expands stem cells
and progenitors but not mature cells [4, 14, 18, 19], are available elsewhere [20].

Hyaluronans (HA) and their cross-linker, PEGDA
Thiol-modified HA derivatives, obtained from a commercial source under the name of
HyStem Hyaluronan Hydrogels (Glycosan Biosciences, Salt Lake City, UT), include two
dry reagents: CMHA-S (Glycosil) and PEGDA as cross-linker. Specific concentrations of
CMHA-S and PEGDA were mixed in balanced KM (pH 7.4) into different KM-HA
formulations, as summarized in Table 1.

KM-HA rheometry
Cloning cylinders (Cole-Parmer, Vernon Hills, IL) were used as casts for uncured, freshly
mixed liquid KM-HAs (500-μl samples, 4 samples per KM-HA formulation). Rheological
properties of cell-free KM-HAs were tested with an AR-G2 cone-and-plate (CAP)
rheometer (TA Instruments, New Castle, DE) under oscillatory frequency sweeps (shear
stress amplitude: 0.6 Pa, 0.01 Hz – 100 Hz frequency range). Testing data was processed
with post-processing software and regression to rheological constitutive models [21].

Diffusivity assays
Uncured, freshly mixed liquid KM-HAs were casted into individual wells of a 24-well plate
(200-μl volume per formulation, sample thickness: ~ 1 mm), followed by overnight
incubation using KM supplied with fluorescein-conjugated 70-kDa Dextran (D70,
Invitrogen, Carlsbad, CA) before testing. Diffusion coefficients of KM-HA hydrogels,
measured by fluorescence recovery after photobleaching (FRAP) with a laser scanning
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confocal microscope (Zeiss LSM 510; 5 photobleaching spots, 400 μm into KM-HA), were
calculated with post-processing curve-fitting analysis routines are described elsewhere [22].

Culture selection for hHpSCs and seeding of KM-HA hydrogels
Human fetal liver obtained from an accredited agency (Advanced Bioscience Resources,
Alameda, CA) was freshly processed and cultured with KM on plastic for 3 weeks, which
resulted in culture selection for colonies of hHpSCs (2,000 – 5,000 cells/colony). These
colonies of hHpSCs were isolated by pipette aspiration and then mixed into KM-HAs by
pipetting (Table 1). Samples of hHpSC-seeded KM-HAs (0.15-ml volume, seeding density:
80 hHpSC colonies/ml) were delivered, as freshly mixed liquid KM-HAs, into 10-mm
diameter tissue inserts (Nunc, Rochester, NY; sample thickness: ~ 2 mm). KM was replaced
daily for 1 week.

Viability assays
Viability of hHpSC colonies in KM-HAs (4 samples per KM-HA lettered formulation, 0.15-
ml samples) was determined by reduction assays of alamarBlue® reagent (AbD Serotec,
Kidlington, UK) every other day starting on day 2 post-seeding after 24-hour incubation
period.

Quantitative Real Time PCR (qRT-PCR) analyses
Total RNA was extracted from positive control cell lines, hHpSC colonies grown on plastic,
freshly isolated hHBs, and hHpSCs embedded in KM-HA. Gene-specific primers
(Supplementary Table 1) were validated using positive control cell lines. Gene expression
baselines for hHBs and hHpSCs colonies were determined using data from 3 different fetal
livers. Gene expression of KM-HA-embedded hHpSCs in 6 different KM-HA formulations
(4 samples each, 0.15-ml samples) was measured with hHpSC colonies obtained from the
same fetal liver, incubated in parallel with daily KM changes, and collected after 1 week of
culture. We fully repeated this procedure for 2 different fetal human livers. Quantitative
Real Time PCR (qRT-PCR) was performed with an Applied Biosystems® 7500 Real-Time
PCR System. All measurements were normalized to GAPDH by absolute quantification
methods described elsewhere [23, 24].

Analyses of secreted factors
Culture medium of hHpSC-seeded KM-HAs was collected daily for 1 week. Hepatic
function of KM-HA-embedded hHpSCs was measured by enzyme-linked immunosorbent
assays (ELISA) for secreted AFP (ALPCO Diagnostics, Salem, NH), albumin (Bethyl
Laboratories, Montgomery, TX) and urea (Bio-Quant Diagnostics, San Diego, CA).

Histology and sectioning
Samples of hHpSC-seeded KM-HAs were fixed with 4% buffered paraformaldehyde after 1
week of culture, prepared as 15 μm – 20 μm thick cryosections, and stored frozen at −80°C
until staining. Thinner sections were not feasible due to KM-HA hydrogel handling
properties.

Immunohistochemistry
Cryosections of hHpSC-seeded KM-HAs were washed at room temeperature with PBS,
blocked with goat serum, and incubated with primary antibodies to various hHpSC
differentiation markers, followed by fluorophore-conjugated secondary antibody incubation
(fluorescence mounting media supplemented with DAPI). Relevant cell lines were used as
positive controls for primary antibody validation (Supplementary Table 2).
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Fluorescence and laser confocal microscopy
Fluorescently labeled sections of KM-HA-embedded hHpSCs were imaged by fluorescence
and laser confocal microscopy. Negative isotype controls were used to normalize
backgrounds. Imaging performed with an Olympus IX70 Inverted Fluorescence Microscope
or Leica SP2 Laser Scanning Confocal Microscope.

Statistical analysis
Mechanical characterization data reported within 95% confidence intervals per engineering
conventions. Molecular biology experiments reported as mean ± standard error of the mean
in charts or within 99% confidence intervals for side-to-side comparison (as indicated).
Significance of gene expression levels with respect to hHpSCs and hHBs (p-value: * < 0.05,
** < 0.01, *** < 0.001) was determined by two-tailed Student’s t-test. Significance across
KM-HAs also reported by both two-tailed Student’s t-test and two-tailed F-test
(Supplementary Fig. 1). All measurements were performed at least in duplicate. Principal
Component Analysis (PCA) of gene expression profile was performed using relative mRNA
expression data from hHpSCs and hHBs for all markers in logarithmic scale. Significance of
gene expression profile with respect to PC scores was evaluated for hHpSCs, hHBs and
across KM-HAs (two-tailed Student’s t-test; p-value: * < 0.05, ** < 0.01, *** < 0.001).

RESULTS
Mechanical properties of cell-free HA hydrogels

All HA-based hydrogels were mixed from equivalent components in different proportions
(Table 1) using Kubota’s medium (KM), a serum-free, hormonally defined medium tailored
to select for endodermal stem cells and progenitors in culture [4, 14, 18, 19]. From this point
forward, these hydrogels are referred to as KM-HAs to distinguish them from those
described elsewhere [25].

Stiffness, viscoelasticity and viscosity of KM-HAs depended on their chemistry (Table 1).
KM-HAs maintained a constant stiffness across broad forcing frequency ranges while
exhibiting perfect elasticity (Fig. 1a); they also exhibited shear thinning (Fig. 1b). The
concentrations of CMHA-S and PEGDA determined the mechanical properties of KM-HAs
(Fig. 2a). Also, diffusion differences between KM-HAs and KM were negligible and
statistically insignificant, with coefficients ranging between 8 and 10 μm2/s (Fig. 2b).

Stiffness of KM-HAs regulates the maturational lineage stages of hHpSCs
Size, morphology, viability and proliferation of hHpSCs in KM-HAs—2D-grown
colonies of hHpSCs have a roughly round shape and are well delimited at their edges when
cultured on plastic [14, 20]. When seeded within KM-HAs, hHpSCs abandoned their 2D flat
configurations and agglomerated into spheroids or folded into complex 3D structures (Fig.
3a). After 1 week of culture, cell morphology became diverse with some cells enlarging to
about 15 μm, a characteristic of hHBs. This occurred within all KM-HAs (Fig. 3b-c). Only
certain KM-HAs enriched viability (Fig. 3d), even though nuclear shape did not suggest cell
death in other KM-HAs.

Functional assays of hepatic metabolism for KM-HA-embedded hepatic stem
cell colonies—The hHpSCs embedded in different formulations of KM-HA hydrogels
(Table 1) secreted AFP and albumin at increasing concentrations into medium throughout
culture, whereas urea synthesis equilibrated by day 7 (Fig. 4). Distinctive estimates of these
properties are calculated by normalizing to cell viability (Fig. 3d). AFP and albumin
secretion rates always increased, and did so faster in KM-HAs with 1.2% CMHA-S or less.
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In contrast, urea secretion rates only increased in KM-HAs with 1.2% CMHA-S or less, and
equilibrated or decreased in KM-HAs with 1.6% CMHA-S (Fig. 4). Overall minimum
secretion rates at day 7 corresponded to KM-HAs with 1.6% CMHA-S and 0.4% PEGDA
(lettered formulation E, Fig. 2e), which also exhibited the highest viability (Fig. 4).

Gene expression in KM-HA-embedded hepatic stem cell colonies—The cells in
KM-HA hydrogels transitioned to a phenotypic profile intermediate between that of hHpSCs
and that of hHBs, as evidenced by increased expression of AFP and lowered levels of both
E-cadherin (CDH1) and NCAM. The mRNA expression profiles in KM-HA-embedded
hHpSCs were significantly different from those of hHpSCs on plastic and in KM but not
from that of freshly isolated hHBs. For example, AFP was not expressed at all in freshly
isolated hHpSCs or in those under self-replication conditions on plastic and in KM, whereas
hHpSCs embedded in KM-HA hydrogels contained cells expressing AFP but at levels much
lower than found in freshly isolated or cultured hHBs. EpCAM mRNA expression in cells in
KM-HA hydrogels was significantly higher than both hHpSCs and hHBs on culture plastic
and in KM. Similarly, levels of mRNA expression of NCAM and CDH1 were significantly
different from those of hHpSC colonies on plastic and in KM (Fig. 5 and Supplementary
Fig. 1). CD44 expression varied across KM-HAs but within statistical boundaries of that of
hHpSCs and hHBs, which overlapped (Fig. 5). In summary, the mRNA expression profiles
of hHpSC colonies embedded in KM-HA hydrogels were intermediate between that in
hHpSCs and hHBs.

Principal Component Analysis (PCA) of the mRNA expression profile data (Fig. 6) included
assayed surface markers unique to hHpSCs (NCAM), those unique to hHBs (AFP) and those
common to both hHpSCs and hHBs (CD44, EpCAM and CDH1). This analysis showed that
two principal components (96% cumulative variance) sufficiently described expression
variation in the hHpSC-to-hHB differentiation phenomenon (Fig. 6a). Principal Component
1 (PC1) prescribed a longitudinal variation that was parallel to the differentiation trajectory
in the PC plane, and accounted for 77% of the total variance. Principal Component 2 (PC2)
prescribed the lateral variation orthogonal to differentiation, thus characteristic of intra-
phenotypic variation, and accounted for 19% of the total variance (Fig. 6a). On the one
hand, marker contributions to PC1 revealed that EpCAM, NCAM, CDH1 and AFP equally
described the differentiation process (PC1) of hHpSCs into hHBs on an individual basis
under a quantitative scheme, as shown by the eigenvector of PC1. On the other hand, the
PC2 eigenvector revealed that CD44 alone accounted for all of the intra-phenotypic
variation (PC2).

Data from hHpSC colonies in KM-HA hydrogels in the PC1-PC2 plane confirmed their
genetic expression profile as an intermediate state between that of hHpSCs and hHBs, and
revealed that the highest variations across KM-HAs were orthogonal to the differentiation
direction (Fig. 6b and Supplementary Fig. 2). Data for embedded hHpSCs was significantly
distinct from the hHB lineage stage, and also significantly distinct from the hHpSC lineage
stage for KM-HA formulation C (Fig. 6c and d). When compared amongst each other, gene
expression profiles for KM-HA-embedded hHpSCs distributed in the PC plane distinctively
with respect to the CMHA-S content of each KM-HA formulation, most significantly in
PC2. In other words, the amount of HA in KM-HAs contributed in dictating intra-
phenotypic variation for hHpSCs grown in different KM-HAs (Supplementary Fig. 3b and
c).

Intra-phenotypic variation (PC2) for KM-HA-embedded hHpSCs has a nonlinear
dependence on stiffness. The gene expression had increasing PC2 scores for KM-HA
formulations with |G*| < 200 Pa and decreasing PC2 scores for stiffer KM-HA hydrogels
(Figure 6d and Supplementary Fig. 3a). In the experiment, PC2 score peaked at KM-HA
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formulation C (|G*| = 165 Pa). This trend was similar in the PC1 differentiation score
(Figure 6c and Supplementary Fig. 3a).

In summary, this analysis showed that KM-HA-embedded hHpSCs acquired comparable
intermediate phenotypes in their differentiation progression from hHpSCs to hHBs within
certain KM-HA hydrogel formulations. When compared across KM-HA formulations, gene
expression levels of KM-HA-hydrogel embedded hHpSCs were most distinct with respect to
their intra-phenotypic variation, which was mainly dominated by CD44 expression and
maximally expressed with hydrogel stiffness in the middle of the experimental range as in
KM-HA formulation C (|G*| = 165 Pa).

Protein expression in KM-HA-embedded hepatic stem cell colonies—AFP
protein detection by immunostaining was scarce or null in KM-HA-grown hHpSCs, which
agreed with low mRNA expression (Fig. 4). Due to this resolution constraint, ELISAs were
used to compare AFP secretion with mRNA expression in KM-HA-embedded hHpSCs,
showing qualitative correlation at day 7 for all KM-HAs (Fig. 7).

Fluorescence microscopy with thick sections (3-4 cell diameters) helped determine
cumulative protein expression of EpCAM, NCAM, CD44 and CDH1 in KM-HA-embedded
hHpSCs. All KM-HAs hydrogels contained EpCAM+, NCAM+ and CD44+ cells; however,
CD44+ cells were enriched in KM-HA hydrogels with 1.2% CMHA-S or less, whereas
EpCAM+ and NCAM+ cells were evident in every formulation of KM-HA hydrogels.
CDH1 protein expression paralleled mRNA expression in KM-HAs with |G*| < 200 Pa, and
was undetectable at higher stiffness levels (Fig. 7).

Confocal microscopy, which can elucidate whether changes in marker expression are
general or exclusive to subpopulations of cells in the embedded hHpSC colonies, was
performed both across KM-HA-hydrogel embedded hHpSC colonies and within their cells
across optical planes less than a single cell diameter. Overall, there was little co-localization
of EpCAM with all other surface markers (NCAM, CD44 and CDH1). Subsets of cells
expressing all markers were at external colony surfaces in contact with KM-HA material. In
addition, heterogeneous distribution of surface markers other than EpCAM in KM-HA-
embedded hHpSCs exhibited some degree of cell sorting with respect to their cell surface
marker profile (Fig. 8). Within individual cells, EpCAM showed preference towards
homotypic cell-cell interactions; NCAM and CDH1 appeared in contact with KM-HA
hydrogel and without intracellular co-localization with EpCAM (Fig. 9).

DISCUSSION
To date, there is limited information about the effects of mechanical properties of a
microenvironment on differentiation of cells from soft tissues like liver. Soft tissues are
composed of maturational lineages of cells and gradients in the components, matrix and
soluble signals, of the microenvironment. These gradients result in changes with respect to
mechanical properties, depending partly on sulfation levels and patterns in the
glycosaminoglycans (GAGs) amongst other matrix components [3]. The mechanical
properties of the microenvironment regulate cellular functions via mechanotransduction
during signaling, transport, and regenerative processes [26-28] and influence tissue
assembly [29]. These types of mechanisms are increasingly understood in mesodermal
derivatives: for example, substrate stiffness can induce differentiation in mesenchymal stem
cells [30] and regulate formation of capillary-like structures from endothelial colony-
forming cells on HA substrates [31]. In fact, progressing compliance of such HA substrates
also influences maturation of chicken embryonic myocardial precursors [32].
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Hyaluronic acid (HA) is a key component in the matrix chemistry of the hepatic stem cell
niche. HA belongs to the glycosaminoglycan (GAG) family, and is formed by disaccharide
units linked with alternating β-1,4 and β-1,3 glycosidic bonds between glucosamine and
glucuronic acid structures. HA is found in matrix on cell surfaces and inside cells [33]. HA
is conserved across all species, is biocompatible and elicits no inflammatory, immunologic
or toxic responses [34]. Due to these properties along with high water saturation, HA is a
great building block for biomaterials [35, 36]. HA can be modified easily, and is more cost-
effective than other matrix molecules [25, 34, 37-39].

HA is a natural candidate for stem cell grafting, as it is abundant during embryogenesis,
wound repair, and organ regeneration. Neural crest cell migration, cardiac development and
prostate duct formation involve HA function as a scaffold component [40-43]. Rapidly
dividing epithelial cells increase binding towards HA, and it is possible epithelial-
mesenchymal transitions occur through interactions mediated by HA binding [44, 45]. In
hepatic tissues, HA interacts with liver progenitors through two HA receptors that mediate
attachment to matrix: hHpSCs express CD44, and hABs express LYVE-1 [46-48]. In fact, in
primary cultures and in liver injury, hepatic stellate cells produce HA, which increases in
parallel with CD44 expression, and results in increased HA in the blood that correlates with
hepatic regeneration in vivo [49].

Tissue engineering needs to replicate biochemical and mechanical properties of the cell
environment [50, 51] but also needs to discriminate between biochemical and mechanical
induction of differentiation, since cells require microenvironments with satisfactory
mechanical properties for survival [52-56]. We have used HA hydrogels previously [25, 34,
37-39] and found empirical evidence that hHpSCs differentiated when seeded in
mechanically stiff grafts [12, 57]. In this work, we formally determined mechanical
properties of KM-HA hydrogels and their effects on differentiation of hHpSCs by
maintaining all other conditions (matrix components, diffusivity and culture media)
equivalent.

Several KM-HA hydrogels, varying in levels of stiffness, had identical concentrations of
either HAs or of their cross-linker, PEGDA (Table 1), allowing us to distinguish between
biochemical and mechanical regulation of gene expression. These HA hydrogels, when
mixed in buffered distilled water with different compositions, yield shear moduli ranging
from 11 to 3500 Pa [25]. The results of KM-HA rheometry show that preparing these
hydrogels in KM – in order to ensure seeded cells have nutrient access and optimal culture
conditions during hydrogel mixing – changes the absolute values of their properties but still
replicates expected rheological behavior qualitatively (e.g. stiffness linear in PEGDA
concentration, no viscoelastic damping), confirming that the hydrogel chemistry is robust
[25]. Added to their predictable stiffness (Fig. 2a), KM-HA hydrogels can transmit external
forces to embedded cells without temporal damping, as the mechanical properties are
dominated by the elastic component of the shear modulus |G*| across a broad frequency
range where the viscoelastic damping |G”/G’| ≈ 0 (Fig. 1a). KM-HA hydrogels also exhibit a
shear-thinning response to oscillatory shear forcing (Fig. 1b), which would allow delivering
cell-seeded KM-HA hydrogels by extrusion in grafting applications for tissue engineering.
KM-HAs also have, for signals 70 kDa in size or less, diffusivities matching culture
medium, thus providing a 3D environment with unhindered diffusion (Fig. 2b) [22].

The markers chosen to define gene expression in the stem cell niche populations are a subset
of those identified for the three lineage stages of stem/progenitors: hHpSCs, hHBs and
committed progenitors [58]. Many are expressed by all three stages including cytokeratins 8
and 18, Sonic and Indian hedgehog proteins, CXCR4, various transcription factors (e.g.
SOX 9 and 17, HES1), and two chosen for these studies: epithelial cell adhesion molecule
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(EpCAM) and hyaluronan receptors (CD44). Yet, some uniquely identify one or another
stage. The hHpSCs express neural cell adhesion molecule (NCAM) and high levels of
CDH1, but do not express alpha-fetoprotein (AFP), ICAM-1 or any of the known P450s
[14]. The hHBs strongly express AFP, P450A7, and ICAM-1 but not NCAM and express
much lower levels of CDH1.

The conditions required for ex vivo maintenance of one lineage stage versus another are
known. [20]. Self-replication of hHpSCs ex vivo requires KM [4, 18] and cells on culture
plastic, on feeders of angioblasts, [14], on substratum of purified type III collagen [59], in
uncross-linked HAs [4] or in mixtures of these. Lineage restriction to hHBs occurs in KM
and on type IV collagen, laminin, highly cross-linked HA hydrogels or a mixture of these
[4]. The cells in KM-HA hydrogels transitioned to cells ranging from these two and with
most being intermediate in the phenotypic profile between hHpSCs and hHBs.

Distinct metabolic activities in KM-HA-hydrogel embedded cells (Fig. 4) depend on KM-
HA composition. Secretion rates of hepatic factors (AFP, albumin and urea) increased in
KM-HA hydrogels with low HA but were paralleled by decreased cell viability. By contrast,
secretion rates were lower in KM-HA hydrogels with higher levels of HA, conditions that
resulted in higher viability and in increased growth of the cells (see results in the
formulation E in Fig. 3d). Since hHpSCs and hHBs exhibit different phenotypic properties,
the shift in the proportion of the cells with the hHpSC phenotype towards higher numbers
with a hHB phenotype suggests that specific formulations of the KM-HA results either in
differentiation of the hHpSCs to hHBs or selective expansion of hHBs.

Gene expression analyses of KM-HA-embedded hHpSCs colonies (Fig. 5) revealed
distinctive patterns depending on which formulation of KM-HA hydrogel was used.
EpCAM is a common marker of hHpSCs and hHBs and to less extent on the committed
progenitors and is found characteristically in homotypic cell-cell interactions [4, 14, 20].
EpCAM mRNA expression in all KM-HA-embedded hHpSCS increased significantly above
levels found in hHpSC or hHB colonies on plastic and in KM. We attribute this to the
acquisition of a 3D morphology when embedded within KM-HAs, necessitating additional
homotypic interactions for colony cohesion.

CD44, another surface marker common to hHpSCs, hHBs and committed progenitors (Fig.
5), is enriched at the edges of the colonies at sites where there is heterotypic cell-cell
interactions and is enriched in KM-HAs with low concentrations of HA (Fig. 7). We surmise
that CD44 localization to cells in direct contact with HA reflects its function as a HA
receptor. The heterogeneous distribution of CD44 within KM-HA-embedded hHpSC
colonies (Figs. 8 and 9) elicits cell sorting for cells positive for CD44 as being adjacent to
the HA. Therefore, these results could suggest that the heterogeneous distribution of cell
surface markers in hHpSCs within KM-HAs may arise from differential adhesion amongst
HA material and cells in hHpSC colonies. This phenomenon, historically known as the
differential adhesion hypothesis [60], has been previously shown for other progenitor cells
from developing tissues [61, 62].

NCAM, unlike EpCAM, is expressed by hHpSCs but not by hHBs or committed hepatocytic
or biliary progenitors. Colonies of hHpSCs expressed NCAM at colony edges enabling
heterotypic cell-cell interactions with angioblasts that also express it [4, 14, 20]. KM-HA-
embedded hHpSC colonies expressed NCAM (Fig. 7), distributed heterogeneously and
preferentially on the outer boundaries of the colonies and on the apical surfaces of the
external cells, sites for heterotypic cell-cell interactions (Figs. 8 and 9).

CDH1 is a marker for germline stem cells, induced pluripotent stem (iPS) cells [63-65] and
is expressed by hHpSCs [20]. It is a cell surface protein that establishes homophilic
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adhesions between cells, induces mechanical responses through intracellular signaling
cascades, and coordinates collective cell responses to mechanical forcing [66]. The effects
of KM-HA hydrogel properties are drastic for CDH1: protein expression depends on KM-
HA stiffness (Fig. 7). For KM-HA-embedded hHpSCs, there is a transition around |G*| =
200 Pa for CDH1 protein expression, which is present in KM-HAs with |G*| < 200 Pa and
null for |G*| > 200 Pa. This trend is exclusive to CDH1 at the translational level, since
CDH1 mRNA expression levels are comparable amongst KM-HAs across the experimental
range of stiffness (Figs. 5 and 7). In other words, protein expression of CDH1 in KM-HA-
embedded hHpSC colonies exhibits a stiffness-dependent trend that is absent at the gene
expression level. Hence, the mechanical properties of the microenvironment can also dictate
changes in hHpSC phenotype. The distribution of CDH1 within KM-HA-embedded hHpSCs
is also heterogeneous: it is expressed at apical surfaces of cells in outer surfaces of colonies
exposed to HA (Figs. 8 and 9). We believe these exposed cells coordinate mechanical
signals to adjacent cells, also exposed, through CDH1. By showing that translational control
of CDH1 expression depends on environmental stiffness, we link signaling within hHpSCs
with adaptation to the stiffness of the microenvironment. In summary, the data shows that
some translational processes in hHpSCs obey a stiffness-dependent bifurcation, as
confirmed by KM-HAs with equal concentrations of CMHA-S, PEGDA or comparable
mRNA expression levels (Table 1, Figs. 3 and 4).

AFP is expressed uniquely by hHBs and to some extent by committed hepatocytic
progenitors and, therefore, is a representative early hepatocytic lineage stage function [9, 14,
58, 67]. It is a secreted protein involved as a serum carrier molecule for diverse factors
(lipids, steroids, various proteins), and its functions are replaced in more mature liver cells
by albumin having distinct binding properties to those of AFP [68]. We show that AFP
mRNA expression levels vary across KM-HAs and that AFP mRNA and protein expressions
correlate (Fig. 7).

Changes in gene expression for hHpSC colonies cultured in KM-HA hydrogels suggest
modest influence towards differentiation occurring within these 3D environments. These
gradual differentiation results in heterogenous cell populations ranging in phenotypes
between that of the hHpSCs (intrahepatic lineage stage 1), hHBs (lineage stage 2) and,
possibly, committed progenitors (lineage stage 3). This is indicated by the increase in the
number of cells expressing AFP, loss of NCAM and, overall, in a multivariate scheme as
shown by PCA (Fig. 6). The main source of gene expression variability across KM-HA
formulations is orthogonal to the differentiation phenomenon. Most importantly, the
resulting genetic expression profiles fall predominantly within an intermediate state between
purified populations of hHpSCs and hHBs (Fig. 6b).

The PCA data shows that only one of the four differentiation markers tested (AFP, EpCAM,
NCAM or CDH1) suffices to distinguish hHpSCs from hHBs, since their contribution to the
multivariate expression profile variation is equal in magnitude. In addition, the sign of this
contribution is concomitant with the direction that marker expression follows upon
differentiation for all markers. This information is represented by the components of the
PC1 eigenvector (Fig. 6a).

Gene expression assays of KM-HA embedded hHpSC colonies, both in an individual marker
basis (Fig. 5) and through multivariate marker analysis (Fig. 6), can only evaluate the
cumulative expression profile within the entire cell population in KM-HAs. In other words,
the gene expression assays in this experiment do not discriminate against expression
heterogeneity within hHpSC colonies because they average the expression profile across
cells in populations that may be heterogeneous. In that respect, these gene expression results
suggest that differentiation measurements intermediate between hHpSC colonies and hHB
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populations correspond to heterogeneous collections of hepatic progenitors. In other words,
this interpretation suggests that hHpSCs within colonies grown in KM-HAs differentiate
into hHBs individually. By reporting the relative amount of genetic expression for
differentiation markers, the data also depicts a rate of conversion of an isolated population of
hHpSCs towards that of hHBs by single stochastic differentiation events. This interpretation
is supported by heterogeneity in both cell morphology (Fig. 3) and protein expression in
KM-HA-embedded hHpSC colonies (Figs. 8 and 9). Therefore, we conclude that
differentiation is responsible for our genetic expression observations, that our measurements
depict the pace at which it occurs within each KM-HA formulation, and that this pace
depends on the properties of KM-HAs.

While it may be hoped that KM-HA moduli would correlate to a clear differentiation effect,
or even single out an optimal modulus for differentiation, the situation is far more nuanced.
For one, this experiment shows that KM-HA seeding with hHpSC colonies leads to
heterogeneous constructs of hepatic progenitors. Additionally, this experiment shows that,
for some markers, protein expression does not correlate with mRNA expression and depends
on KM-HA stiffness, as happens with CDH1 (Fig. 7). In conjunction, these results suggest
that KM-HA hydrogels induce hHpSCs to reconstitute the architecture of their stem cell
niches, and that the effects of KM-HA hydrogel properties operate at both transcriptional
and translational levels on hHpSCs. Therefore, the acquired heterogeneity of hHpSC
colonies seeded in KM-HA hydrogels might be preferred for tissue engineering since tissues
require heterogeneous populations in vivo, both within stem cell niches that undergo
regenerative processes and in mature tissues that perform specialized functions.

Fate determination comprises chromatin modifications such as methylation of chromatin
followed by regulation of tissue-specific genes through classic signal-transduction pathways.
Surveys of cells indicate that fate determination results qualitatively in the ability to express
a given gene. Yet, the level of a given gene’s expression – and its ability to be regulated by
specific signals – occur as secondary events, often at later lineage stages of the cells. Only
then, we can observe full expression and regulation of the gene in a given
microenvironment. In other words, cell determination describes the degree to which cells
acquire functions that their microenvironment requires, while complying with restrictions on
gene expression imposed by their differentiated state. For example, the difference between
genetic expression of AFP in hHpSCs and hHBs in these experiments is, on a first-
impression basis, insurmountable exclusively through KM-HA hydrogel seeding (Fig. 5).
Even though the genetic expression assays for hHpSCs in KM-HA hydrogels suggest
stochastic differentiation events within colonies, we cannot predict how effectively
differentiated hHpSCs acquire functional characteristics of hHBs with this information
alone, even though they might have a gene expression profile able to comply with hHB
function.

The microenvironment dictates a cell’s fate both qualitatively and quantitatively, and once
fate is defined, also regulates its growth and tissue-specific gene expression at any given
stage of the maturational process. Fate determination involves key chromatin modifications
such as methylation processes, and only these can distinquish fate determination events from
routine regulation; by contrast, changes in tissue-specific gene expression would occur both
from fate determination events and/or regulation. Future differentiation studies with our
KM-HA hydrogels could define factors involved in epigenetic phenomena and
distinquishing these separable mechanisms. These alternative markers would allow rapid
screening of hHpSC differentiation using only gene expression assays.

In practical terms, we have confirmed that the mechanical properties of a controllable
microenvironment can be exploited to optimize 3D cultures of determined stem cell
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populations. For example, hHpSCs seeded in KM-HA formulation E hydrogels (CMHA-S
1.6%, PEGDA 0.4%) reside within a microenvironment with stiffness below the bifurcation
of CDH1 expression, which supports increasing viability and, compared to other KM-HAs,
yields the lowest levels of mature hepatic metabolism. In addition, the PCA scores reflect
that, even though gene expression falls at an intermediate state between hHpSCs and hHBs,
the location in the PC1-PC2 plane of the heterogeneous hHpSC colonies lies on the
differentiation trajectory between both lineages and has an intraphenotypic variation with
little excursion orthogonal to the differentiation path. Thus, we believe the best culture
condition for hHpSC colonies sustainability in KM-HAs is formulation E. In the end, our
experiments with KM-HA grown hHpSCs lead to one fundamental conclusion: that the
mechanical properties of the microenvironment can also regulate differentiation processes in
determined stem cell populations of endodermal origin.

CONCLUSIONS
In summary, we demonstrate that both the composition and mechanical properties of the
microenvironment can regulate phenotypic changes and differentiation in human hepatic
stem and descendent lineages of cells from parenchymal tissues such as liver. This study
quantifies differentiation in a determined endodermal stem cell population embedded in a
3D microenvironment. Most notably, the experiment explores relations between
differentiation, which occurrs in the absence of further biochemical supplementation in our
model, and the controllable mechanical properties of the 3D microenvironment. Our work
defines candidate ex vivo models for mechanotransduction research on stem cell
populations. This model can study stem cell functions in 3D cultures, unlike other methods
currently available, with straightforward control over their mechanical properties.
Ultimately, our findings elucidate an approach to analyze the controls on expansion and
differentiation in stem/progenitor cells from soft organs, such as liver, that incorporate both
biochemical and mechanical properties in a separable fashion, which have an impact on
parenchymal tissue engineering, cell-based therapies and development of bioreactors.
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AFP α-fetoprotein

ALB albumin

hABs angioblasts, human

CS-PG chondroitin sulfate proteoglycan

CD common determinant

CK cytokeratin

DS-PG dermatan sulfate proteoglycan

CDH1 E-cadherin

EpCAM epithelial cell adhesion molecule

HS-PG heparan sulfate proteoglycan

HP-PG heparin proteoglycan

hHBs hepatoblasts, human

hHpSTCs hepatic stellate cells, human

hHpSCs hepatic stem cells, human

HA hyaluronan

CD44 hyaluronan receptor

ITGB1 integrin sub-unit β1

ITGB4 integrin sub-unit β4

ICAM intercellular adhesion molecule

NCAM neural cell adhesion molecule

PG proteoglycan
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Figure 1.
Rheological measurements on KM-HAs. a) The shear modulus |G*| of KM-HAs, a
measurement of mechanical gel stiffness, remains constant, whereas viscoelastic damping |
G”/G’|, a measurement of deformation response delay upon external forcing, is negligible
within the 0.1 Hz – 10 Hz forcing frequency range for each of the formulations tested. Error
bars: 95% confidence interval of measurements at each frequency tested. b) KM-HAs
exhibit shear thinning, i.e. decrease in viscosity with increasing forcing frequencies, across
experimental 0.6 1/s – 60 1/s shear rate range [0.1 Hz – 10 Hz forcing frequency]; upper and
lower limits: power law model-based 95% confidence interval (Cox-Merz rule assumption,
R2 > 0.993 for all formulations in the 0.3 1/s – 30 1/s shear rate range [0.05 Hz – 5 Hz
forcing frequency]). Rheological measurements performed only on lettered formulations
shown in Table 1.
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Figure 2.
Mechanical characterization of KM-HAs. a) Stiffness of KM-HAs is controllable and
depends on CMHA-S and PEGDA contents. The average shear modulus |G*| increases with
increasing CMHA-S and PEGDA contents following a power-law behavior, thus providing
direct control of the final mechanical properties of KM-HAs during the initial hydrogel
mixing; rheological measurements performed only on lettered formulations shown in Table
1. Error bars: ± 1 standard deviation for measurements in the 0.05 Hz – 5 Hz forcing
frequency. b) Diffusion in KM-HAs. Measurements of diffusivity within KM-HAs by FRAP
(70 kDa fluorescein-labeled dextran) do not differ significantly from Kubota’s medium
alone; diffusivity measurements performed on all formulations shown in Table 1. Error bars:
95% confidence interval of measurements.
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Figure 3.
Size, morphology and proliferation of hHpSCs in KM-HAs. Colonies of hHpSCs acquire
three-dimensional configurations and exhibit a) spheroid-like agglomeration (bottom left) or
folding (middle, top right) upon seeding in KM-HAs [image frame: 900 μm × 1200 μm].
Confocal microscopy on histological sections of hHpSC-seeded KM-HAs reveals mixed cell
morphology phenotypes after 1 week of culture, with cell sizes of b) about 7 μm, or c) up to
10-15 μm amongst parenchymal cells [cell nuclei in blue from DAPI counterstaining,
EpCAM in red for both b) and c), green for either b) CD44, or c) CDH1; image frames b)
and c): 150 μm × 150 μm; white highlight in b) and c): 15 μm × 15 μm]. d) Viability of
hHpSCs in KM-HAs, measured by alamarBlue metabolic reduction, reveals functional
recovery and proliferation in KM-HA hydrogels with 1.6% (w/v) CMHA-S and 0.4% (w/v)
PEGDA (formulation E, Table 1) throughout 1 week of culture; alamarBlue reduction
measurements after 24-hr incubation, normalized with respect to measurements at 2-3 days
post-seeding; data reported as mean ± standard error.
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Figure 4.
Secretion of human AFP, albumin and urea by hHpSCs seeded into KM-HAs. Colonies of
hHpSCs in KM-HAs exhibit some hepatic function with increasing concentrations of human
AFP and albumin found in culture media (KM) and equilibration of urea synthesis by day 7
post-seeding. The metabolic secretion rates of human AFP, human albumin and urea are
distinctive by day 7 post-seeding amongst KM-HA formulations, with minimum rates for
AFP, albumin and decreased urea synthesis in KM-HAs with 1.6% (w/v) CMHA-S and
0.4% (w/v) PEGDA (formulation E, Table 1). Left column: metabolite concentration in
culture media collected daily after 24-hr incubation for each lettered formulation (Table 1).
Right column: metabolite mass secretion rate per hHpSC colony in culture media after 24-hr
incubation; total metabolite mass in media is normalized to number of functional hHpSC
colonies at each interval as calculated by viability assay with alamarBlue reduction (Figure
3d; approximate number of colonies seeded per sample: 12). Significance levels for
secretion rates of hepatic factors per hHpSC colony (p-value: * < 0.05, ** < 0.01, *** <
0.001) are reported with respect to secretion rates at the 2 – 3 day interval for each KM-HA
formulation (two-tailed Student’s t-test). All data reported as mean ± standard error.
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Figure 5.
Gene expression levels by qRT-PCR for hepatic progenitor markers in KM-HA-embedded
hHpSCs after 1 week of culture (previous page). Comparisons between the mRNA
expression levels of markers for hHpSCs and their immediate descendents hHBs (hepatic-
specific AFP, EpCAM, NCAM, CD44 and CDH1) show that KM-HA-embedded hHpSCs
acquire early hHB characteristics at the transcriptional level in passive culture for 1 week.
The expression ranges in hHpSCs and freshly isolated hHBs for CD44 are comparable; the
expression levels for the remaining markers are statistically distinct, with approximately 2-
fold decrease in EpCAM, 3-fold decrease in CDH1, NCAM silencing and AFP enrichment
upon hHpSCs differentiation into hHBs. In all KM-HAs, mean expression levels of seeded
hHpSCs for AFP, NCAM and CDH1 shifted outside the hHpSC range towards the hHB
range, while EpCAM expression is enriched throughout, after 1 week of culture. KM-HA
formulations ordered by stiffness |G*| (Pa): A (25), B (73), E (140), C (165), D (220), F
(520). Expression levels (mean ± standard error) were normalized with respect to GAPDH.
Measurements in lettered KM-HA formulations (Table 1) compared to hHpSC colonies
(green) and freshly isolated hHBs (red) for significance (two-tailed Student’s t-test).
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Figure 6.
Principal Component Analysis (PCA) of gene expression profile. a) Two principal
components (PCs) account for 96% of variance in gene expression profile between hHpSCs
and hHBs with respect to hepatic progenitor markers (hepatic-specific AFP, EpCAM,
NCAM, CD44 and CDH1); principal component 1 (PC1) describes differentiation and
depends mostly on differences between hHpSCs and hHBs lineages with respect to
differentiation markers (AFP, EpCAM, NCAM and CDH1) as shown by PC1 eigenvector;
PC2 describes intra-phenotype variation and depends almost exclusively on CD44
expression. b) KM-HA-embedded hHpSCs show an intermediate phenotype between
hHpSCs and hHBs in PC space. Gene expression profiles in KM-HA-embedded hHpSCs
exhibit differences from hHpSCs and hHBs c) in PC1, and d) in PC2. The expression in
KM-HA-embedded hHpSCs, as shown in c) and d), exhibits a trend with respect to KM-HA
stiffness. Measurements in lettered KM-HA formulations (Table 1) compared to hHpSC
colonies (green) and freshly isolated hHBs (red) for significance (two-tailed Student’s t-
test). Expression profile scores in PC space (error bars: mean ± standard error) for lettered
KM-HA formulations (Table 1) are plotted in c) and d) against normalized KM-HA shear
modulus |G*|/G0 (G0 = 100 Pa) and compared to threshold ranges of expression in hHpSCs
(green area, mean ± standard error) and freshly isolated hHBs (red area, mean ± standard
error).
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Figure 7.
Protein expression of differentiation markers in KM-HA-seeded hHpSCs after 1 week of
culture. Colonies of hHpSCs exhibit differential levels of expression for differentiation
markers in hHpSCs at the translational level depending on KM-HAs properties. Metabolic
secretion rates of human AFP correlate mRNA expression levels across KM-HA
formulations. All KM-HAs exhibit NCAM expression, while CD44 expression is richest in
KM-HAs with CMHA-S contents of 1.2% (w/v) or less (lettered formulations A, B, C, D;
Table 1). KM-HA hydrogels with |G*| < 200 Pa express CDH1, whereas CDH1 protein
expression is null for KM-HA hydrogels with |G*| > 200 Pa. Data for human AFP secretion
rate reported as mean ± standard error. Immunohistochemical staining for EpCAM, NCAM,
CD44 and CDH1 performed on 15 – 20 μm sections (~2 to 3 hHpSCs thick; hHpSC
diameter: 5-7 μm) and imaged by fluorescence microscopy [image frames: 100 μm × 100
μm]. KM-HA formulations ordered by stiffness |G*| (Pa): A (25), B (73), E (140), C (165),
D (220), F (520).
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Figure 8.
Co-localization of differentiation markers in KM-HA-seeded hHpSC colonies. Colonies of
hHpSCs exhibit low expression levels of AFP by immunohistochemistry. Co-localization of
EpCAM with other cell surface differentiation markers (NCAM, CD44, CDH1) is low or
null across cells within KM-HA-seeded hHpSC colonies. Staining for AFP, EpCAM,
NCAM, CD44 and CDH1 performed on 15 – 20 μm sections and imaged by laser confocal
microscopy. Images depict average fluorescence collected across 11 confocal optical
sections of 0.407 μm [mean filtering, total optical slice: 4.07 μm; image frames: 300 μm ×
300 μm]. KM-HA formulations sorted and displayed with respect to increasing shear
modulus |G*|.
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Figure 9.
Cellular distribution of cell surface differentiation markers in hHpSCs seeded in KM-HA
hydrogels. EpCAM is expressed in individual cells at “inner” surfaces of hHpSC colonies
with homotypic cell-cell interactions. NCAM (left frame, KM-HA formulation F from
Figure 8) and CDH1 (right frame, KM-HA formulation B from Figure 8) are expressed only
in cells at “outer” surfaces of hHpSC colonies, in direct contact with KM-HA hydrogels, and
exposed to heterotypic cell-cell interactions. CD44 (middle frame, KM-HA formulation A
from Figure 8) is expressed in a subset of cells having the smallest cell sizes, poor co-
localization with EpCAM expression, and in contact with KM-HAs (folded colony). Sagittal
projections of full optical sections (Z-stack total optical slice: 4.07 μm) show enriched
EpCAM expression on the basal surfaces of individual cells; NCAM and CDH1 expression
is exclusive to apical surfaces of individual cells. Staining for EpCAM, NCAM, CD44 and
CDH1 performed on 15 – 20 μm sections and imaged by laser confocal microscopy. Images
depict sagital projections (X and Y, through white crosshairs) of collected fluorescence
across a Z-stack of 11 confocal optical sections of 0.407 μm [cell nuclei in blue from DAPI
counterstaining; Z-view frames: 225 μm × 225 μm, confocal section 6 of 11].

Lozoya et al. Page 25

Biomaterials. Author manuscript; available in PMC 2012 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Lozoya et al. Page 26

Ta
bl

e 
1

Fo
rm

ul
at

io
ns

 u
se

d 
in

 m
ec

ha
ni

ca
l c

ha
ra

ct
er

iz
at

io
n 

ex
pe

rim
en

ts
 fo

r K
M

-H
A

s i
n 

te
rm

s o
f t

he
ir 

pr
e-

m
ix

 C
M

H
A

-S
 a

nd
 P

EG
D

A
 so

lu
tio

ns
. F

in
al

 K
M

-H
A

co
m

po
si

tio
n 

fo
r e

ac
h 

fo
rm

ul
at

io
n 

w
as

 a
ch

ie
ve

d 
by

 m
ix

in
g 

th
e 

C
M

H
A

-S
 a

nd
 P

EG
D

A
 so

lu
tio

ns
 a

t a
 4

:1
 ra

tio
. A

ll 
K

M
-H

A
 fo

rm
ul

at
io

ns
 sh

ow
n 

w
er

e 
us

ed
in

 d
iff

us
io

n 
co

ef
fic

ie
nt

 m
ea

su
re

m
en

ts
; o

nl
y 

le
tte

re
d 

fo
rm

ul
at

io
ns

 (A
, B

, C
, D

, E
, F

) w
er

e 
us

ed
 fo

r r
he

om
et

ry
 a

nd
 se

ed
in

g 
of

 h
H

pS
C

 c
ol

on
ie

s.

Fi
na

l c
on

te
nt

s
(4

:1
 a

pp
or

tio
nm

en
t)

PE
G

D
A

 in
iti

al
 so

lu
tio

n 
co

nt
en

t (
1 

pa
rt

)

2.
0%

 (w
/v

)
4.

0%
 (w

/v
)

6.
0%

 (w
/v

)
8.

0%
 (w

/v
)

C
M

H
A

-S
in

iti
al

so
lu

tio
n

co
nt

en
t

(4
 p

ar
ts

)

1.
0%

(w
/v

)
Fo

rm
ul

at
io

n 
A

C
M

H
A

-S
 0

.8
%

 (w
/v

)
PE

G
D

A
 0

.4
%

 (w
/v

)
C

M
H

A
-S

 0
.8

%
 (w

/v
)

PE
G

D
A

 0
.8

%
 (w

/v
)

C
M

H
A

-S
 0

.8
%

 (w
/v

)
PE

G
D

A
 1

.2
%

 (w
/v

)
Fo

rm
ul

at
io

n 
B

C
M

H
A

-S
 0

.8
%

 (w
/v

)
PE

G
D

A
 1

.6
%

 (w
/v

)

1.
5%

(w
/v

)
C

M
H

A
-S

 1
.2

%
 (w

/v
)

PE
G

D
A

 0
.4

%
 (w

/v
)

Fo
rm

ul
at

io
n 

C
C

M
H

A
-S

 1
.2

%
 (w

/v
)

PE
G

D
A

 0
.8

%
 (w

/v
)

Fo
rm

ul
at

io
n 

D
C

M
H

A
-S

 1
.2

%
 (w

/v
)

PE
G

D
A

 1
.2

%
 (w

/v
)

C
M

H
A

-S
 1

.2
%

 (w
/v

)
PE

G
D

A
 1

.6
%

 (w
/v

)

2.
0%

(w
/v

)
Fo

rm
ul

at
io

n 
E

C
M

H
A

-S
 1

.6
%

 (w
/v

)
PE

G
D

A
 0

.4
%

 (w
/v

)
C

M
H

A
-S

 1
.6

%
 (w

/v
)

PE
G

D
A

 0
.8

%
 (w

/v
)

C
M

H
A

-S
 1

.6
%

 (w
/v

)
PE

G
D

A
 1

.2
%

 (w
/v

)
Fo

rm
ul

at
io

n 
F

C
M

H
A

-S
 1

.6
%

 (w
/v

)
PE

G
D

A
 1

.6
%

 (w
/v

)

Biomaterials. Author manuscript; available in PMC 2012 October 1.


