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Abstract

Early embryonic stem cell (ESC) differentiation is marked by the formation of 3 germ layers from
which all tissues types will arise. While conventionally ESCs were differentiated by altering their
chemical microenvironment, recently it was established that mechanical microenvironment can
also contribute towards cellular phenotype commitment. In this study, we are reporting how the
cellular mechanical microenvironment of soft substrates affects the differentiation and phenotypic
commitment of ESCs. Mouse ESCs were cultured in a fibrin hydrogel matrix in two- and three-
dimensional culture. The gelation characteristics of the substrate were modulated by
systematically altering the fibrinogen concentration and the fibrinogen-thrombin cross-linking
ratio. Analysis of the embryonic stem cells cultured on different substrate conditions clearly
illustrate strong influence which substrate physical characteristics assert on cellular behaviors.

Specifically it was found that ESCs have a higher proliferation rate in gels of lower stiffness. Early
differentiation events were studied by analyzing the gene and protein expression levels of early
germ layer markers. Our results revealed that lower substrate stiffness elicit stronger up-regulation
of endoderm related genes Sox17, Afp and Hnf4 when compared to stiffer substrates. While both
2D and 3D cultures show a similar response, the effects were much stronger in 3-dimensional
culture as compared to 2-dimensional one. These results suggest that physical cues can be used to

modulate ESC differentiation into clinically relevant tissues such as liver and pancreas.
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1. INTRODUCTION

Embryonic stem cells (ESCs) are pluripotent cells isolated from the inner cell mass of the
blastocyst. Aside from their ability to differentiate into any tissue cell type, they can be
propagated in vitro in an undifferentiated state indefinitely which makes them perfect
candidates for use in the area of regenerative medicine and study of differentiation [De Vos
J 2009]. The first stage of embryonic stem cell differentiation is marked by the formation of
3 germ layers with distinct molecular markers from which all tissue types will arise.
Ectoderm forms mainly the skin and the nervous system. The mesoderm forms muscle,
cartilage, bone as well as hematopoietic cells while endoderm mainly forms the Gl tracts
and both liver and pancreas [Murry CE 2008].

Research in the last decade has established the possibility of differentiating ESCs in an in-
vitro setting to not only early germ layers, but to mature organ specific cells as well. Most of
these in-vitro inductions are achieved through modulations of the chemical
microenvironment. More recently, researchers are studying the effect of mechanical cues
such as matrix elasticity on stem cell differentiation [Chowdhury F 2010, Evans N 2009].
Mesenchymal stem cells, when cultured on substrates of varying stiffness were reported to
exhibit significant difference in their lineage commitment, which could be correlated to the
physiological stiffness of the differentiated phenotype [Engler AJ 2006]. Similar studies
have been performed in embryonic stem cells; however, most of these studies are targeted
toward osteogenic differentiation, hence using substrates with stiffness ranges that are a few
orders of magnitude higher than the ones used for this study [Evans N 2009].

In this paper, we are reporting how the physical microenvironment of soft substrates affects
the early differentiation and phenotypic commitment of embryonic stem cells, with
emphasis on endodermal differentiation. In order to demonstrate this effect, fibrin, a
biocompatible hydrogel was selected as the substrate for providing the desired variation in
the physical microenvironment, primarily by modification of its gelation characteristics.
Fibrin was selected primarily because of its known attributes as a biocompatible and
biodegradable scaffold, which will enable future translation into clinical studies.
Furthermore, fibrin is a biopolymer that plays a key role in the natural process of wound
healing [Mosesson M 2001] which makes it a good candidate for stem cell transplantation
[Rosso F 2005]. Moreover, it has also been recently studied as a gel carrier system for beta-
islet transplantation [Lim J-Y 2009] and can also be easily coupled with chemical cues to aid
differentiation [Kidszun A 2006], making it ideal for stem cell differentiation studies.
Additionally, the substrate chemistry of fibrin hydrogels can be easily manipulated to
achieve a broad range of soft substrates, making it suitable for the present study.

The overall objective of this study is to investigate the effect of physical properties of soft
substrates on specific characteristics of embryonic stem cells. The ESC cultures
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differentiated on fibrin gel were analyzed in detail to ascertain their proliferative potential
and differentiation patterning behavior in response to variations of substrate mechanical
properties. Two different culture configurations were analyzed: cells seeded on top of pre-
formed fibrin gel (2 dimensional) and cells embedded inside the fibrin gel (3 dimensional).
To the best of authors’ knowledge this is the first report illustrating the effect of physical
properties of soft substrates on endodermal differentiation of embryonic stem cells. This can
have a significant impact in the derivation of hepatic or pancreatic cells from ESCs, to be
used in the treatment of hepatic disorders and diabetes respectively.

2. MATERIALS AND METHODS
2.1 Gel Synthesis

Soft fibrin hydrogels comprising 1, 2, 4, and 8 mg/ml of fibrinogen, respectively, were
synthesized. The fibrinogen to thrombin ratios of 10, 2.5, and 1.25 mg/U (fibrinogen/
thrombin) were synthesized for each fibrinogen concentration as previously described [Ko
HF]and shown in Table (1). For convenience these ratios are referred to as 0.25X, 1X, and
2X respectively, corresponding to increased cross linking with increased thrombin
concentration throughout the text. The fibrinogen to thrombin ratio, rather than simply either
the fibrinogen or the thrombin concentration, was altered in order to ensure that a wide of a
range of stiffness values could be studied for the fibrinogen concentrations chosen. This was
systematically done to ensure a complete range of low, medium and high concentrations of
fibrinogen and thrombin, respectively as outlined in Table 1, 1 mg/ml representing a low
fibrinogen concentration and 8mg/ml correspondingly representing a high fibrinogen
concentration. Thrombin concentrations were selected to represent three F/T ratios of low
(1.25), medium (2.5) and high (10) corresponding to low, medium and high units of
Thrombin.

2.2 Rheology Measurements

Gel discs of 35 mm diameter, prepared as described for 2D gel synthesis, were deposited
onto glass slides which were pre-rinsed with DI water. The samples were then allowed to gel
fully at 4 °C. After complete gelation, they were fully immersed in the same media used for
differentiation studies. The glass slides were then secured to the Peltier cell of a TA
Instruments AR2000 stress-controlled rheometer, which was kept at 37 °C throughout the
measurements.

A frequency sweep was then performed, using a 25 mm stainless steel in parallel plate
geometry with sandpaper glued to the plate to avoid slippage. The samples were subjected to
an oscillatory strain described by equation (1), where yq is the amplitude of the oscillatory
strain (5%), f is the frequency and t is the time. Frequencies employed ranged from 0.1 to
100 rad/s.

Y="o cos (27 ft) (1)

The stress required to achieve the specified strain was measured and the components of the
complex modulus, the storage (G”), and loss (G”) moduli were accordingly determined.
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2.3 Scanning Electron Microscopy (SEM)

The fibrin gel microstructure was analyzed using SEM. The gels were prepared for SEM
analysis as described previously in the 2D gel synthesis section above. Preparation of
samples was performed as previously described [Ko HF]. SEM images were collected using
a Philips XL30 field emission gun SEM (FEI Company). Further image analysis was then
performed using the ImageJ software (acquired from http://rsbweb.nih.gov/ij/).

2.4 Maintenance and differentiation of ES cells

Murine ESD3 cells were cultured according to previously published methods [Banerjee |
2010].

2.5 Cell Culture in 2D

For differentiation of the ESCs on fibrin substrate, the cells were tripsynized, washed and re-
plated in appropriate configurations. For the 2D culture 30,000 cells in 200 | media were
plated on top of the pre-formed fibrin gels prepared on wells of 48 well plates and
polymerized overnight at 4°C temperature.

2.6 Cell Culture in 3D

For 3D cell culture format 100,000 cells were re-suspended in the fibrinogen solution before
adding thrombin and plated on wells of 48 well plates. The gel with the entrapped cells was
then allowed to polymerize for one hour at a temperature of 4°C , after which the culture
media was added and subsequently the culture was incubated. For both cases, the cells were
maintained in DMEM medium (Invitrogen) supplemented with 10% FBS, 4mM L-
glutamine (Cambrex) and 100U/ml penicillin, with media being changed every day. As
control embryoid bodies were formed in rotary culture by adding 100,000 cells in ultra low
attachment 35mm dishes with same media described above. The dishes were placed in a
rotator in the incubation and maintained at constant speed of 40 RMP

2.7 gRT-PCR analysis

The mouse embryonic stem cells (ESD3) cultured in the two- or three-dimensional
configurations were harvested by trypsin after five days of culture and RNA was extracted
using the NucleoSpin kit according to the manufacturer's protocol. The sample absorbance
at 280nm and 260nm was measured using a BioRad Smart Spec spectrophotometer to obtain
RNA concentration and quality. Reverse transcription was performed using ImProm 11
Promega reverse transcription kit following the manufacturer's recommendation. qRT-PCR
analysis was performed for pluripotency and early germ layer markers using the primers
listed in Table (2). Each sample was then run in replicates, and average values were
accordingly used for analysis.

2.8 Cell proliferation assay

The proliferative potential of ES cells was analyzed using the Alamar Blue assay. For the
two dimensional culture, 15,000 ESD3 cells were plated on fibrin gels of different
configurations. 24 hours after plating, the culture media was replaced by fresh media
containing 10% Alamar blue and incubated for 4 hours. Fluorescence reading was obtained
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from a multi-well reader (BioTek Synergy 2, Winooski, VT) at an excitation wavelength of
570nm and emission wavelength of 585nm according to the manufacturer's instructions.
Results were normalized with respect to the values obtained for the gels with the highest
thrombin concentration, or most cross-linked (2X) condition.

2.9 Immunohistochemical analysis

Staining was performed on differentiated cells. The fibrin gels containing cells in 3D format
were formed on cover-slips in wells of a 24 well plate. Staining was performed following
the company recommendations .The antibodies used were AFP goat polyclonal antibody and
Sox17 rabbit polyclonal antibody (Santa Cruz). The secondary antibodies used were donkey
anti-rabbit 1gG Texas Red (Santa Cruz) and Alexa Fluor® 488 donkey anti-goat 1gG
(Invitrogen). Confocal images were taken using an Olympus Fluoview 1000 system.

2.10 Statistical analysis

Each experiment was performed twice with duplicates each time. Average and standard
error were found and Student t-test was performed for significance and correspondingly,
reported in the results section.

3. RESULTS

3.1 SEM Characterization of Fibrin Microstructure

Appropriate characterization of the ESC interaction with substrate microenvironment
requires a thorough understanding of the microstructural features of the substrate under
these varying conditions. Figure (1, A and B), illustrates SEM images of the fibrin gels
taken at two extreme values of fibrinogen concentration, 1mg/ml and 8mg/ml, respectively
selected as representative concentrations. It is observed that for a fixed fibrinogen
concentration, as the thrombin concentration is increased (Figure (1A (a), (b), and (c))),
there is a decrease in fiber diameter and the fibers appear to be less bundled. It can also be
seen that there is no significant difference in fiber diameter between 1X and 2X, when
compared with 0.25X. The difference in diameter also appears to become less drastic as the
fibrinogen concentration is increased.

As the fibrinogen concentration is decreased, for a fixed fibrinogen to thrombin ratio, the
fibers form more bundle type thicker structures, as can be seen in Figure (1LA-e) compared to
(1A-b). Therefore each fibril appears to have a larger fiber diameter, ~ 0.5-0.75 um for
1mg/ml fibrinogen compared to ~ 0.1 pm, for a fibrinogen concentration of 8mg/ml at a
fixed fibrinogen to thrombin ratio of 1X.

Furthermore, at a fixed fibrinogen concentration, as the thrombin concentration is decreased
from 2X to 1X and 0.25X, the substrate appears to have a more open pore structure with a
larger pore size as can be seen for both 1 mg/ml and 8 mg/ml fibrinogen concentration in
Figure (1B (a)-(c) and (d)-(f)) respectively. To better analyze the effect of thrombin
concentration on the porosity of the substrate, ImageJ software was used to quantify the
average pore sizes of the gel at fixed fibrinogen concentrations. SEM images were first
made binary and the ImageJ software was used to estimate the average size of spaces
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between fibers. This value was taken for each fibrinogen concentration and was normalized
to the values obtained for gels synthesized with the same fibrinogen concentration with a 2X
fibrinogen to thrombin ratio. As illustrated in Figure (2), for both 1 mg/ml and 8 mg/ml
values of fibrinogen concentrations the pore size decreased with increasing thrombin
concentration. However, the effect of thrombin concentration on pore size is much stronger
between 0.25X and the higher ratios, while between 1X and 2X the changes are minimal, as
can be seen in Figure (1).

3.2 Rheological Characterization of Fibrin Hydrogels

The effect of microstructural variations of the gel on the macroscopic property of the gel
substrate is investigated by conducting a rheological characterization of the gel. Table (3A)
accordingly illustrates the storage modulus (G”), a measure of energy stored by the sample
under oscillatory deformation conditions, while Table (3B) illustrates the loss modulus (G”),
a measure of energy dissipated under vibratory conditions. Both the storage and loss
modulus showed little dependence on the frequency of oscillation indicative of a solid-like
behavior, therefore, their values at a frequency of 0.5 Hz was arbitrarily chosen as a
representative value.

After being cleaved by plasmin, fibrinogen is converted into the monomeric form of fibrin
and self assembles to form an insoluble fibrin clot which is stabilized by the crosslinking of
factor XII1. In this study, the scaffold storage modulus was varied by three orders of
magnitude, from 4 Pa, corresponding to a fibrinogen concentration of 1mg/ml and
fibrinogen/thrombin ratio of 0.25X to 247 Pa, corresponding to a fibrinogen concentration of
8 mg/ml and fibrinogen/thrombin ratio of 2X. Furthermore, upon increasing thrombin
concentration for a fixed fibrinogen concentration, gel stiffness increased by as much as 76
Pa (8 mg/ml of fibrinogen for fibrinogen to thrombin ratios of 0.25X and 2X). Mechanical
stiffness was varied by either keeping the fibrinogen concentration fixed as well as by
selecting four different fibrinogen concentrations, 1 mg/ml representing the low range and
8mg/ml representing the high range. Similarly, for a fixed fibrinogen concentrations, the
thrombin concentration was varied corresponding to the fibrinogen to thrombin ratios of
0.25X, 1X, and 2X representing a low, medium and high units of thrombin. Following this
rationale it was thus possible to prepare fibrin gels which will exhibit a whole range of
mechanical stiffness.

Moreover, despite altering the fibrinogen/thrombin ratio, conditions with the same thrombin
concentration and different fibrinogen concentrations also existed. Similarly, upon
increasing fibrinogen concentration, gel stiffness also increased by as much as 95 Pa
(compare 4 mg/ml of fibrinogen with fibrinogen to thrombin ratio of 2X and 8 mg/ml of
fibrinogen with fibrinogen to thrombin ratio of 1X). For the three cases in which fibrinogen
concentration was doubled (1 mg/ml of fibrinogen with fibrinogen to thrombin ratio of 2X
and 2 mg/ml of fibrinogen with fibrinogen to thrombin ratio of 1X; 2 mg/ml of fibrinogen
with fibrinogen to thrombin ratio of 2X and 4 mg/ml of fibrinogen with fibrinogen to
thrombin ratio of 1X; and 4 mg/ml of fibrinogen with fibrinogen to thrombin ratio of 2X and
8mg/ml of fibrinogen with fibrinogen to thrombin ratio of 1X) while keeping the thrombin
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concentration fixed, gel stiffness also near doubled, except at low fibrinogen concentrations,
as is illustrated in Table 3A.

In comparing this trend to the conditions where thrombin concentration was doubled for a
fixed fibrinogen concentration, (1X — 2X for all fibrinogen concentrations) a much lower
relative increase in storage modulus was observed, except at lower fibrinogen
concentrations. This result suggests that fibrinogen concentration was more influential in the
manipulation of gel modulus except under dilute conditions.

Interestingly, the storage modulus for all conditions was not exclusive and an overlap in
storage modulus was observed between two conditions. More specifically, the moduli of
gels prepared with 1 mg/ml fibrinogen and a 1X fibrinogen/thrombin ratio and 2 mg/ml
fibrinogen with a 0.25X fibrinogen/thrombin ratio were both ~14 Pa indicative of the
influence of other microstructural aspects also affecting the mechanical stiffness such as the
fiber diameter, porosity, and fiber orientation.

3.3 Effect of Substrate Properties on Embryonic Stem Cell Proliferation

The ESCs when plated on soft fibrin substrates were found to attach well in all the chosen
substrate conditions, and were alive and proliferating. However, the cells did not spread out
appreciably and retained a spherical, clumped-up morphology. Observation of the cells after
3 days of culture consistently showed formation of cell clusters as shown in Figure (3).
When the cell morphology was compared across substrates of different thrombin
concentrations for the same fibrinogen concentration, it was typically observed that
substrates with lower thrombin concentrations result in larger cell clusters compared to their
more cross-linked counterparts.

Since the difference in cell cluster size can be attributed to difference in cell proliferation
rate, proliferation analysis was performed by alamar blue assay 24 hours after plating the
cells on fibrin gels. The time frame of 24 hours was chosen primarily to minimize the effect
of fibrin degradation by the cells and to avoid the effect of differentiation on proliferation.
The effect of thrombin concentration of the substrates on cellular proliferation is illustrated
in Figure (4). For each fibrinogen concentration the proliferation rate is normalized with
respect to the condition with the lowest fibrinogen/thrombin ratio. It is consistently observed
that for a specific fibrinogen concentration, ESCs cultured on lower crosslinked substrates
exhibit a higher proliferation rate compared to parallel cultures on a more crosslinked
structure.

3.4 Effect of Substrate Physical Properties on Embryonic Stem Cell Differentiation

Substrate Stiffness—The ESCs were plated on the gels and allowed to spontaneously
differentiate for 5 days, following which the cell samples were analyzed by gRT-PCR, for
three different markers for each of the germ layers and pluripotency assessment. The chosen
markers were Rex1, Oct4 and Sox2 (undifferentiation markers) [Ellis P 2004, Jin GP 2002,
Palmqvist L 2005], AFP, Sox17 and Hnf4 (early endoderm markers) [Dziadek M 1978,
Hudson C 1997, Weber H 1996] Brachyury T, Gsc and Fgf8 (early mesoderm markers)
[Blum M 1992, MacArthur CA 1995, Wilkinson DG 1990] and Nestin, Fgf5 and BMP4
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(early ectoderm markers) [Lobo MT 2004, Monsoro-Burq AH 1996, Rathjen J 1999].
During the course of differentiation the cells were cultured in DMEM/ FBS media without
any other lineage specific induction. The effect of substrate properties on ESC
differentiation is analyzed by comparing the relative variation of all germ layer markers
across the entire range of substrate stiffness considered. Figure (5A) illustrates the
sensitivity of each germ layer along with pluripotency to changes in substrate stiffness.
Overall it was observed that pluripotency markers maintained similar expression levels in all
the different substrates considered. Regarding individual germ layers, Figure (5A) shows
that mesoderm and ectoderm markers were relatively insensitive to changes in substrate
stiffness in the specific stiffness range considered in this study. Endoderm markers,
however, were found to respond strongly to changes in substrate property It was observed
that substrates of lower stiffness, around the range of 13 Pa were resulting in a stronger
endoderm upregulation. However, the higher range of stiffness of 171 Pa was also observed
to upregulate both AFP and Sox17. Interestingly, the other germ layers were also slightly
elevated under higher stiffness condition, indicating an overall increase in differentiation
under those stiffness conditions. Moreover, preferential upregulation of endoderm marker
was observed only at lower stiffness conditions. Of the endoderm markers, while both
Sox17 and AFP elicited a similar trend in expression, the magnitude of upregulation of AFP
was thousands of folds stronger than that of Sox 17.

Substrate Composition—As detailed earlier, fibrin substrate properties were modified
by changing both fibrinogen concentration and fibrin to thrombin ratio. Hence it will be
important to analyze the effect of gel composition on stem cell differentiation.
Differentiation pattern is thus compared across different thrombin concentrations for a fixed
value of fibrinogen concentration (Figures 6 a,b). Extreme fibrinogen concentrations of
1mg/ml and 8mg/ml were chosen to assess differentiation patterning across a wide spectrum
of fibrinogen concentrations. For ease of comparison the fold changes in gene expression
levels are represented by normalizing with respect to 2X crosslinking for each fibrinogen
concentration.

Analogous to Figure (5) the mesoderm and ectoderm markers were found to be relatively
insensitive to changes in crosslinking ratio in the 1mg/ml fibrinogen concentration (Figure
6a). In contrast, the endodermal markers, particularly Sox17 and AFP, were found to be
extremely sensitive to changes in crosslinking ratio. For 1mg/ml fibrinogen concentration
we observed approximately 5 and 9 folds increase in AFP expression levels for softer gel
conditions of ratios 0.25X and 1X respectively, compared to the stiffer gels synthesized at
ratios of 2X. The Sox17 expression levels exhibited a moderate 3-fold and 5-fold increase
when the thrombin concentration was lowered from 2X to 1X in both fibrinogen
concentration groups respectively. Similar patterns were found across all fibrinogen
concentrations where lowering the crosslinking ratio resulted in stronger expression of
endoderm markers (Supplementary figures 1 and 2).

While the above analysis concentrates on the effect of changing crosslinking ratio for a fixed
fibrinogen concentration, it will be worthwhile to compare the effect of changing fibrinogen
concentration for a fixed cross-linking ratio since both cases result in differences in substrate
stiffness (Table 3A). Figure (9) represents the changes in gene expression levels when the
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ratio of fibrinogen/thrombin is maintained constant (1X) but the concentration of fibrinogen
is varied at 1 mg/ml and 8 mg/ml (Figure 9A). Overall it is observed that lower values of
fibrinogen concentration preferentially favor endoderm differentiation.

Substrate Microstructure—In all of the above mentioned analysis we consistently
observed that endoderm upregulation correlated with lower substrate stiffness conditions,
achieved either by lowering crosslinking ratio for fixed fibrinogen concentration or by
lowering fibrinogen concentration for fixed crosslinking ratio. In order to further analyze if
substrate stiffness is uniquely controlling the differentiation patterning, we considered two
fibrin substrates of similar stiffness but varying fibrinogen and thrombin concentration, and
analyzed the ESC differentiation patterning on them. As illustrated in Table (1) and Table
(3A), gels synthesized with 1mg/ml fibrinogen with a fibrinogen to thrombin ratio of 1X and
2mg/ml fibrinogen with a fibrinogen to thrombin ratio of 0.25X result in a similar gel
stiffness value of ~14 Pa. ESCs differentiated on these two conditions were analyzed for
their differentiation patterning, as illustrated in Figure (10). Quite interestingly it is observed
that the mesoderm and ectoderm markers elicited quite a similar behavior under these two
conditions, although the endoderm markers were strongly altered. These results indicate that
while substrate stiffness is strongly influencing differentiation patterning, clearly it is not the
sole player in this complex process. Careful observation of the fibrin gel under these two
conditions by SEM (Supplementary Figure 3) revealed significant differences in their
microstructural characteristics in spite of comparable stiffness values. Analysis revealed that
some of the major structural differences include difference in fiber density, fibrin diameter
and pore size. Following this analysis it is reasonable to suggest that along with macroscopic
stiffness, microstructural features are also likely to influence differentiation patterning. A
more detailed characterization of the gel microstructural features and its possible correlation
with ESC differentiation is currently being investigated by our group.

Culture Configuration—The above experiments were performed by plating cells on pre-
formed fibrin gels, in 2-dimensional configurations. However, in order to better elucidate the
effects of stiffness, composition and microstructure in ESC differentiation, the ESCs were
also cultured in three dimensional configurations where ESCs were suspended within the
fibrin substrate during the synthesis of the gels.

Similar to 2D experiments, the effect of substrate properties on ESC differentiation was
analyzed by comparing the relative variation of all germ layer markers across the entire
range of substrate stiffness considered. Figure (5B) illustrates the sensitivity of each germ
layer along with pluripotency to changes in substrate stiffness. Akin to 2D configurations,
pluripotency, mesoderm and ectoderm markers were relatively insensitive to changes in
substrate stiffness in the specific stiffness range considered in this study. Endoderm markers
were found to respond strongly to changes in substrate property. It was observed that
substrates of lower stiffness, around the range of 13 Pa were resulting in a stronger
endoderm upregulation. In contrast to 2D configurations, the positive effect of higher
stiffness range was less obvious in the 3D cultures, where the strongest effect was in the
lower range of 13Pa. Both Sox17 and AFP elicited a similar trend in expression; the
magnitude of upregulation of AFP was thousands of folds stronger than that of Sox 17, with
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the upregulation under 3D culture being more dominant than 2D configuration. An
additional control of ESC differentiation through EB formation was included in the 3D
cultures to account for the possible effect of biochemical induction arising from differential
swelling of the gels. As illustrated in Fig (5) the magnitude of upregulation in softer
substrates were much stronger than that of EB which suggests that the substrate is playing a
more significant role than biochemical induction through the media.

We also studied the effect of substrate composition in 3D configurations (Figure 7). When
the fibrinogen concentration was maintained constant and we varied thrombin ratios, the 3-
dimensional culture resulted in a much stronger effect on Sox17 expression levels, which
was up-regulated by 3 and 7 folds for gel conditions of 0.25X and 1X respectively, as
compared to the stiffer gels synthesized at a ratio of 2X for the 1mg/ml fibrinogen gels. In
the case of the 8mg/ml gels an even more pronounced effect was found with 5 and 15 fold
upregulation in the 1X and 0.25X conditions respectively. Furthermore, in the 8mg/ml
fibrinogen conditions the endoderm marker Hnf4 also exhibited a significant upregulation
comparable to Sox17. Additionally, while the 2-dimensional cultures leads to somewhat
elevated expression levels of many of the germ layer markers; the 3-dimensional cultures
were consistently more specific for endoderm markers, along with Fgf and Nestin. Hence
while the overall effect of softer substrate (~13Pa) was more pronounced than the stiffer
ones, in the entire range of substrate stiffness considered in this study, lower crosslinking
always resulted in stronger endoderm expression as compared to higher crosslinking, for
invariant fibrinogen concentration.

In order to further analyze the differentiated cell population for its protein expression levels,
immunohistochemical analysis was performed for the case eliciting the strongest up-
regulation in gene expression: the 3-dimensional culture for Sox17 and AFP expression. As
illustrated in Figure (8), the differentiated cells cultured in the softer substrates that resulted
in highest upregulation of both AFP and SOX17 (1mg/ml, 1X) stained strongly for both
Sox17 and AFP. High co-expression of these markers is also observed in the cell clusters
formed. Parallel analysis of differentiated cells on gels of higher thrombin concentrations of
2X showed negligible stain (data not included).

When the cross linking ratios were maintained constant, while the fibrinogen concentrations
were modified, we once again found that lower values of fibrinogen concentration (Figure 9
b) preferentially favor endoderm differentiation, and such effect is more accentuated in the
3-dimensional culture as compared to the 2-dimensional culture with upregulation of
endoderm Afp and Sox17 being 4 and 17 higher in Img/ml fibrinogen gels respectively.

4. DISCUSSION

In this paper we present an analysis of the effect of mechanical microenvironment on the
embryonic stem cell (ESC) culture and differentiation. ESCs were maintained on soft fibrin
substrates of varying physical characteristics, modulated by altering both of its components
— fibrinogen and thrombin involved in the formation of fibrin gels.
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Analysis of the microscopic architecture of the fibrin gels using SEM reveal a strong effect
of both fibrinogen concentration and crosslinking on fiber diameter, fiber bundling and
relative pore size, as demonstrated in Figure (1) and (2). Such findings are in agreement with
previously published data [Blombéck B 2004, Weisel JW 2004]. Mechanical
characterization of the fibrin gels was performed using plate rheometer to measure both the
storage and loss modulus as summarized in Table (3). In comparing Table (3A) and (3B), it
should be noted that G’>>G” for all of the samples considered which suggests as expected a
more solid-like than liquid-like behavior for all the conditions consistent with low loss
characteristics of the solids. The results illustrate that increase in fibrinogen or thrombin
concentration results in an increase in substrate stiffness. While a higher response is
observed by increasing the fibrinogen concentration, chemical variation is also greater,
which lead us to focus on the effects of varying thrombin concentration for most of our
observations.

The ESCs were cultured for 5 days on these substrates, at the end of which the cells were
analyzed for their proliferative and differentiation potential. Since we are interested in early
germ layer commitment, differentiation was performed over a relatively short period of
time. Our first observation after cell plating was that instead of spreading out, the cells form
clusters which vary in size depending on the thrombin concentration, as seen in Figure (3).
An explanation can be that the fiber thickness decreases as the substrate becomes more
cross-linked, thus decreasing pore size, and exhibiting a higher modulus as shown in Figures
(1) and (2), and Tables (3A) and (3B). A similar trend is consistently observed across all
four fibrinogen concentrations analyzed.

Cell proliferation assay also confirmed that gels synthesized with lower thrombin
concentrations facilitated increased proliferation in comparison to stiffer substrates (Figure
(4)). A similar trend has also been reported with mesenchymal stem cells and fibroblasts
grown in fibrin gels [Duong H 2009, Ho W 2006]. Studies using neural stem cells showed
that when plated in 3D hydrogel cultures, there was a significant increase in proliferation as
the stiffness of the scaffolds decreased [Banerjee A 2009]. Similar results were obtained for
neural cells in 2D matrices with varying elasticity [Engler AJ 2006]. Analysis of
differentiation patterning of the cells cultured on the substrates revealed that while
mesoderm and ectoderm remain relatively insensitive to changes in substrate physical
properties, the endoderm markers elicit quite a strong response. More specifically, substrates
in the range of 13Pa show strongest preferential upregulation of the endoderm markers
under both 2D and 3D culture configurations. The overall effect of the substrate, however,
was more pronounced in 2D than in 3D cultures. At this point we would like to note that a
similar study has been recently reported, however, the mentioned study used substrates with
stiffness ranges that were four orders of magnitude higher, and their results were targeted
towards osteogenic differentiation [Evans N 2009]. While evaluating the effect of the
substrate composition, it was observed that for a fixed fibrinogen concentration, softer gels
are preferentially up-regulating endoderm related markers as compared to more cross-linked
counterparts. Figures (6-7) are extreme representative case study for fibrinogen
concentration of 1 mg/ml and 8mg/ml while similar analysis on substrates of different
fibrinogen concentrations consistently exhibited a similar trend of softer substrates leading
to a stronger upregulation of endoderm related markers. Notwithstanding the variability in
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the extent of the particular effect, overall there was remarkable consistency in preferential
upregulation of endodermal expression in less crosslinked substrates for both two- and
three-dimensional culture configurations. For 2D configuration, the ESCs cultured on 0.25X
showed stronger upregulation compared to 1X, while the difference between 1X and 2X is
more subtle. The three dimensional culture overall shows a clearer trend of higher
upregulation with softer substrates.

A careful observation of the gels synthesized with lower thrombin concentrations show that
even though no mesoderm markers exhibit significant upregulation, in some cases FGF8 is
quite strongly upregulated. An explanation can be that FGFs, apart from being a mesodermal
marker, also plays a role in the endothelial development and are important angiogenic
factors [Antoine M 2005, West AF 2001]. The upregulation of these markers can probably
be attributed to differentiation into endothelial cells, explained by the fact that softer
matrices result in larger cell clusters. Larger cell clusters results in insufficient transport of
nutrients and oxygen to the center of the structures, which results in hypoxia and may trigger
the creation of blood vessels, resulting in upregulation of FGF markers. Overall we
consistently observe that for a particular fibrinogen concentration, gels obtained at lower
thrombin concentrations favor endodermal differentiation of the cultured embryonic stem
cells. As revealed by the microstructural characterization of the gels, increasing the
concentration of thrombin results in a dense network of thinner fibers which are less bundled
(Figure (2)). Such microstructural features manifest in increased substrate stiffness as a
result of increased cross-linking for the same fibrinogen concentration (Table (3A)). Based
on the mechanical characteristics of the gel and the biological characterization of the cells
on the fibrin substrates, it is reasonable to suggest without any uncertainty that lower
substrate stiffness values preferentially favor ESC differentiation towards the endodermal
lineage.

Even though substrate stiffness is clearly playing an important role in cellular lineage
commitment, it is certainly not the only factor, as revealed in Figure (10). Comparison of
two substrates of varying fibrinogen concentration and fibrinogen to thrombin ratios but
comparable substrate stiffness revealed that mesoderm and ectoderm markers were almost
invariant under these two conditions, indicating these germ layers to be insensitive to the
substrate properties at the initial stage of differentiation and within the substrate ranges
presented in this study. Endoderm layer however varied significantly between these
conditions, which establish that substrate stiffness, although important, is not the sole player
in the process of germ layer commitment. Careful analysis of the substrate micorstructural
features revealed that even though the macroscopic stiffness properties are similar, the gels
differ substantially in their microstructural features. These results warrant a more detailed
analysis of the effect of substrate microstructural features on differentiation, which are
currently being investigated by the authors. It is important to note that there is variability in
the results obtained from different experiments as observed by the error bars attributed to
population heterogeneity and variable response to global inductive cues [Canham MA 2010,
Gibson JD 2009]. However, despite the variability, all experiments consistently showed the
similar trend of softer substrates preferentially favoring differentiation towards endodermal
lineage.
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5. CONLCUSION

This paper presents a thorough analysis of the effects of varying substrate mechanical
properties on the embryonic stem cell proliferation and differentiation potential. The
mechanical properties of the fibrin substrate are varied by systematically altering (i) the
fibrinogen concentration and (ii) the thrombin concentration. SEM analysis of the
synthesized gels illustrate the variation of microscopic gel microstructure, such as the fiber
thickness, porosity and the overall effective area of fibrin strand available for cell anchorage
as a result of altered fibrinogen and thrombin concentrations . Detailed mechanical
characterization of the different substrates reveals that variation of substrate concentration or
cross-linking results in substantial modulation of the substrate stiffness. Analysis of the
embryonic stem cells cultured on different substrate conditions clearly illustrate the strong
influence which substrate mechanical properties assert on cellular proliferation and
differentiation potential. Overall, the ESCs cultured on softer substrates, as a result of lower
thrombin concentrations, were found to be more conducive to proliferation as well as
differentiation. For both the 2-dimensional and 3-dimensional culture configurations
analyzed in this work, the substrates with lower thrombin concentrations elicited a
somewhat elevated expression level of most of the gene expression markers tested.
However, the level of up-regulation strongly depended on the specific germ layer. It was
consistently observed that differential expression of endodermal markers are the strongest in
gels obtained with lower cross-linking compared to highly cross-linked gels, an effect which
was further accentuated in 3-dimensional culture as compared to 2-dimensional culture. The
presented results are indicative of the fact that lower substrate stiffness values are favoring
the preferential differentiation of the ESCs towards endodermal lineage. However, substrate
stiffness is not the sole player controlling differentiation, which is probably dependant on
both gel microstructure and chemical composition. Furthermore, among the germ layers
tested, early mesoderm and ectoderm layers were found to be less responsive to substrate
properties.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A)Effect of varying the fibrinogen concentration as well as the fibrinogen to thrombin

ratios on the microstructure of the gels imaged at a high magnification of 20KX. In (a)-(c) 1
mg/ml of fibrinogen at fibrinogen to thrombin ratios of 0.25X, 1X, and 2X respectively. In
(d)-(f) 8 mg/ml of fibrinogen at fibrinogen to thrombin ratios of 0.25X, 1X, and 2X
respectively. (B) Effect of varying the fibrinogen concentration as well as the fibrinogen to
thrombin ratios on the microstructure of the gels observed at a low magnification of 5KX. In
(a)-(c) 1L mg/ml of fibrinogen at fibrinogen to thrombin ratios of 0.25X, 1X, and 2X,
respectively. In (d)-(f) 8 mg/ml of fibrinogen at fibrinogen to thrombin ratios of 0.25X, 1X,
and 2X, respectively.
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Figure2.
The average pore size calculated using ImageJ for 1 mg/ml and 8 mg/ml fibrinogen

concentrations and all three fibrinogen to thrombin ratios normalized to 2X for both
fibrinogen concentrations. * p<0.05 compared to highest stiffness group.
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Fibrin 4mg/ml 0.25X Fibrin 4mg/ml 2X

Figure3.
Representative images of cells plated on gels of identical fibrinogen concentration, but

varying cross-linking fibrinogen/thrombin ratio: 0.25X (Left) and 2X (Right). Cells attach,
but do not spread out, instead, they form cell clusters. Cell cluster size greater in gels with
lower cross-linking ratio.
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Figure4.
Comparison of the proliferation of mouse ES cells plated on gels of different fibrinogen

concentration and varying cross-linking ratio after 24 hours of plating. Y-AXis represents
alamar blue fluorescence. All results normalized with respect to the lowest cross-linking
ratio for each group. At all fibrinogen concentrations proliferation was found to decrease as
the cross-linking increased. * p<0.05 compared to highest stiffness group.
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Figureb.

The effect of changing substrate stiffness on the embryonic stem cells pluripotency and

germ layer commitment in 2-dimensional (a) and 3-dimensional (b) configurations. Results

are normalized with respect to undifferentiated cells. Most significant effect was observed in
the up-regulation of endoderm markers SOX17 and AFP in lower range stiffness gels. Effect
was more prominent in 3-dimensional configurations.
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Figure6.
The effect of changing substrate cross-linking ratios on the embryonic stem cell

pluripotency and germ layer commitment, analyzed at extreme fibriniogen concentrations of
Img/ml (a) and 8mg/ml 1mg/ml (b) in 2-dimensional configuration. Results are normalized
with respect to highest cross-linking ratio of 2X. Most significant effect was observed in the
up-regulation of endoderm markers when compared between cells differentiated on gels of
lower cross-linking (0.25X, 1X) and higher cross-linking (2X) ratio. * p<0.05 compared to
highest stiffness group.
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Figure7.
The effect of changing substrate cross-linking ratios on the embryonic stem cell

pluripotency and germ layer commitment, analyzed at extreme fibriniogen concentrations of
1Img/ml (a) and 8mg/ml 1mg/ml (b) in 3-dimensional configuration. Results are normalized
with respect to highest cross-linking ratio of 2X. Most significant effect was observed in the
up-regulation of endoderm markers when compared between cells differentiated on gels of
lower cross-linking (0.25X, 1X) and higher cross-linking (2X) ratio. * p<0.05 compared to
highest stiffness group.
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SOX17 AFP SOX17/AFP/DAPI

Figure8.
Immunocytochemistry images of cells plated at 1mg/ml and 1X. High expression of

endoderm markers AFP (Red) and Sox17 (Green) was observed in the cell clusters which
were also found to be highly co-expressed.
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Figure9.
Pluripotency and germ layer markers of ES cells differentiated in substrates of varying and

extreme fibrinogen concentration but same cross-linking ratio of 1X, in (A) 2-dimensional
and (B) 3-dimensional culture. Significant upregulation of endoderm markers was found
when cells were differentiated on gels obtained at lower fibrinogen concentration. * p<0.05
compared to highest stiffness group.
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Figure 10.

Marker expression comparison between 1mg/ml fibrinogen obtained at fibrinogen/thrombin
cross-linking ratio of 1X and fibrinogen concentration of 2mg/ml obtained atfibrinogen/
thrombin cross-linking ratio of 0.25X. Figure shows expression of most markers to be
equivalent in both groups except for that of endoderm markers. Results normalized with
respect to 1mg/ml Fibrinogen 1X cross-linking ratio.
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Concentration of thrombin in NIH units of activity per ml for all fibrin hydrogel conditions

025x” X %@
1 mg/ml 0.1 0.4 0.8
2mg/ml 0.2 0.8 1.6
4 mg/ml 0.4 1.6 3.2
8 mg/ml 0.8 3.2 6.4

*
Fibrinogen/Thrombin = 10

#Fibrinogen/Thrombin =25

@Fibrinogenﬂ'hrombin =1.25

J Tissue Eng Regen Med. Author manuscript; available in PMC 2016 January 01.

Table 1

Page 26



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuely Joyny vd-HIN

Jaramillo et al. Page 27

Table 2
Primers used for gPCR experiments
TISSUE NAME DIR SEQUENCE
Control B-Actin L cagcagttggttggagca
R tgggagggtgagggactt
PLURIPOTENCY rexl L aaggtcatccacggcaca
R tgggagtcatcgcttggt
Oct4 L ggagaagtgggtggaggaa
R gctgattggcgatgtgag
S0X2 L ctggactgcgaactggaga
R ttggatgggattggtggt
Mesoderm Brachyury T L aagaacggcaggaggatg
R gcgagtctgggtggatgta
FGF8 L acggcaaaggcaaggact
R tgaagggcgggtagttga
GSC L gcaccgcaccatcttca
R tegcttetgtegtcteca
Endoderm Sox 17 L atccaaccagcccactga
R acaccacggaggaaatgg
AFP L ctetggegatgggtgttt
R aactggaagggtgggaca
HNF4 L catcgtcaagccteectet
R ccctcageacacggtttt
Ectoderm Nestin L ggaggatgtggtggaggat
R ttccegtetgctetggtt
FGF5 L ttcaagcagtccgagcaa
R taggcacagcagagggatg
BMP4 L atctggtctcegteectga
R cgctecgaatggeacta
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Table 3

(a) G’ values in Pa for various fibrinogen concentrations and all three cross-linking ratios, at a frequency of
0.5 Hz. (b) G” values in Pa for various fibrinogen concentrations and all three cross-linking ratios, at a
frequency of 0.5 Hz.

Table3A.
0.25X 1X 2X

mgml 40109"  141+40  248%45
2mgml 100, 00" 358+87  420+7.1
amgml oL oo 89.2+91  97.9+119
8moml 17114203 1039x177 2473E1SS
Table 3B.

0.25X X 2X
Imgml oo, 0" 1503 27:06

2mg/ml 33+04 46+16 4817
4 mg/ml 94+14 10.8+3.0 115%25

8 mg/ml U7+ 4.6* 282+28 337%39

*
p<0.05 compared to highest stiffness group.

1duasnuely Joyny vd-HIN

1duasnuely Joyny vd-HIN

J Tissue Eng Regen Med. Author manuscript; available in PMC 2016 January 01.



