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Abstract

Tissue engineering is a developing field which shows great potential for treatment of lesions arising from
cardiovascular disease or other pathologies. One of the main challenges that tissue engineers face is creating an
adequate vasculature to provide the constructed tissues with a sufficient delivery of nutrients and oxygen. A
very promising method to supply vasculature to engineered constructs is to create them from pluripotent stem
cells (PSCs), which have the ability to self-renew indefinitely and differentiate into any cell type of the human
body. For application in therapeutics, it is necessary to understand and have a precise control of their lineage
specification. Here we explore the roles of physio-chemical cues during mesoderm induction, namely substrate
stiffness and presence of animal serum, on the vascular differentiation of human induced pluripotent stem
cells (iPSCs) into a bicellular population of endothelial cells (ECs) and pericytes. A controlled differentiation
scheme is used, in which cells are plated on polystyrene (PS) or polydimethylsiloxane (PDMS) and cultured
for differentiation for 12 days, with a change of substrate and media on day 6. Gene expression of OCT4,
CTGF, KDR and T is followed during the first six days, and by day 12 cells are collected to observe expression
of markers for early vascular cells (EVCs). By RT-PCR and flow cytometry analysis, we demonstrate that
mesodermal commitment in the directed differentiation of human iPSCs is improved on softer substrates and/or
under serum-free conditions, leading to an enhanced endothelial population during vascular specification.
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INTRODUCTION

Vascular system and cardiovascular disease

The cardiovascular system allows circulation of blood
throughout the body, perfusing organs and tissues, and
providing them with oxygen and necessary nutrients.
It is comprised of blood, heart and blood vessels. The
latter are the vehicles through which blood circulates,
and they can be divided into three major types: arter-
ies, veins and capillaries. In general terms, veins and
arteries are composed of three layers: the outer one is
mainly composed of collagen; the middle layer is where
smooth muscle cells (SMCs) are located; the inner layer
is the endothelium, a single layer of endothelial cells
(ECs) in direct contact with the blood stream. Cap-
illaries, the smallest and thinnest of vessels consist of
a single layer of endothelial cells with contractile cells,
such as pericytes, surrounding them [1].

The endothelium is a very important part of all
blood vessels, and composed of the most relevant cell
type in this work – ECs. These cells, in addition to
forming a selectively permeable barrier between blood
and the rest of the vessel (for transfer of nutrients,
drugs and waste products), have anticoagulant proper-
ties (intervening in platelet adherence), are involved in
immune response (by controlling leukocyte interaction
with the vessel wall), among others [2]. Endothelial

cells from different portions of the vascular system can
present phenotypical differences and also express dif-
ferent markers. For this reason, there is not one single
specific marker to identify these cells, but a variety of
them. Because of these cells’ participation in a myriad
of vital processes, it is important to understand how
they work and what pathologies are associated with
them.

Cardiovascular diseases include diseases of the heart
and blood vessels, and vascular diseases of the brain [3].
Most of them are caused by a process called atheroscle-
rosis. This usually starts when there is damage to
the endothelium, namely by low density lipoproteins
(LDL) entering the endothelial wall of the artery. This
condition can lead to myocardial infarction, cerebral
vascular accident (stroke), formation of an aneurysm,
among others [4].

All of these conditions are in some way related to the
endothelium and come with severe complications, not
only directly to the heart and blood vessels, but also
to the tissues downstream. It is essential to be able
to repair injured vascular tissue, replace large portions
of other tissues or even an entire organ. This is where
tissue engineering and stem cells show great promise.

1



Stem cells and tissue engineering
Stem cells (SCs) have the ability to self-renew and dif-
ferentiate into several different cell types. Human SCs
can be embryonic, when they are derived from the in-
ner cell mass of a pre-implantation stage human em-
bryo (blastocyst), or adult, found in “stem cell niches”
(bone marrow, brain, blood vessels, among others) in-
side mature tissues, which divide or differentiate for
regeneration purposes. In terms of differentiation po-
tential, they can be classified as totipotent (capable of
producing an entire organism), pluripotent (can differ-
entiate into any cell type in the body, except extra-
embryonic structures) or multipotent (their differenti-
ation potential is limited to a specific lineage). Figure 1
clarifies this classification.
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Figure 1: Diagram that illustrates the classifica-
tion of stem cells in terms of their differentiation
potential. A sperm cell enters the oocyte, leading to for-
mation of the morula (an early-stage embryo, 3-4 days after
fertilization), which is composed of totipotent stem cells.
4-5 days post-fertilization, the blastocyst is developed, and
pluripotent stem cells can be derived from its inner mass.
If left untouched, the blastocyst would eventually develop
into a human fetus. The pluripotent cells recovered from
the inner mass will differentiate into percursor cells (mul-
tipotent, e.g. MSCs), originating different adult cell types.
Adapted from [5].

The characteristics of SCs make them very promis-
ing for use in clinical applications, including exploring
disease mechanisms, engineering tissue, among others.
These applications fall within the scope of tissue en-
gineering. Langer and Vacanti [6] described it as “an
interdisciplinary field that applies the principles of en-
gineering and the life sciences toward the development
of biological substitutes that restore, maintain, or im-
prove tissue function”.

Great advances have been seen in recent years in
terms of developing biological substitute tissues, but
most of these engineered constructs cannot be func-
tional without an adequate vasculature to supply them
with nutrients and oxygen [7].

Two main strategies have emerged as an attempt
to create vascularized systems in constructed tis-
sues: scaffold-based and cell-based. The first is fo-
cused on the generation of vessel-like structures, using
biologically-derived or synthetic materials. The advan-

tages of this method are the biocompatibility of the
material, and the presence of physiologically relevant
geometries. However, it lacks standardization and re-
producibility, so the development of synthetic matri-
ces displaying these characteristics becomes more de-
sirable [8]. Cell-based strategies count on the abil-
ity of endothelial cells (ECs) to form new vessels,
a process known as vasculogenesis. The cells trans-
planted need to be immunologically compatible, other-
wise there might be rejection, i.e., the immune system
of the host recognizes the inserted cells as foreign and
attacks them, in an attempt to destroy them. A com-
bination of both methods and addition of the appro-
priate growth factors constitutes the general approach
to tissue engineering, as is illustrated in Figure 2.
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Figure 2: Tissue engineering involves the combined
use of cells, scaffold and growth factors. Cells (stem
or mature) are collected from the patient, isolated, and ex-
panded in vitro. Then, these cells are collected, seeded onto
an engineered scaffold with the addition of the appropriate
growth factors, and the tissue is developed until ready for
implantation. Adapted from [9].

iPSCs: a new era in stem cell research
Despite the great potential of embryonic stem cells
(ESCs), their use raises some ethical issues, because
it involves destruction or manipulation of an embryo.
Furthermore, their use in therapy is limited because
there is a risk of immune rejection by the patient [10].
To circumvent these issues, Kazutoshi Takahashi from
Shinya Yamanakas lab at Kyoto University came up
with a method of generating pluripotent stem cells
(PSCs) from adult cells by delivery of a cocktail of
“reprogramming factors”, originally the genes OCT4,
SOX2, c-MYC, and KLF4, to mouse adult fibroblasts
[11]. These cells were denominated induced pluripotent
stem cells (iPSCs), and they presented characteristics
similar to the ones observed in ESCs, namely unlim-
ited self-renewal and ability to differentiate into cells
from the three germ layers. Since these first-generation
iPSCs, the same authors have succeeded in obtaining
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them also from adult human fibroblasts, which opens
the way for use in therapy [12]. These patient-specific
cells, which have a lower likelihood of causing immune
rejection upon transplantation, have the potential to
be used in gene repair and cell replacement therapies,
disease modeling and drug screening.

Human PSCs can be maintained on a feeder layer of
murine embryonic fibroblasts (MEFs) or on extracellu-
lar matrix (ECM) proteins, in media which help main-
tain their pluripotency. To determine pluripotency of
the cells, there are various markers (either transcrip-
tion factors or cell-surface markers) whose expression
can be analyzed. One of the most common is tran-
scription factor octamer-binding transcription factor
4 (OCT4), a gene which codes for a protein involved in
the self-renewal of undifferentiated (pluripotent) stem
cells.

Differentiation of iPSCs

Pluripotent stem cells (PSCs) can differentiate into
derivatives of any of the three germ layers of the early
embryo: ectoderm, mesoderm and endoderm. Dur-
ing the process of mesoderm induction, it is pertinent
to analyze expression of kinase insert domain recep-
tor (KDR), connective tissue growth factor (CTGF)
and brachyury (T), using reverse transcriptase poly-
merase chain reaction (RT-PCR).

KDR is a gene that encodes for one of the two sur-
face receptors of the vascular endothelial growth fac-
tor (VEGF) – a signal protein produced by cells that
stimulates vasculogenesis and angiogenesis – and it is
vital in the proliferation and differentiation of ECs.
It is a known marker for vascular progenitors derived
from ESCs [13], therefore it is interesting to explore
its potential up-regulation during mesoderm induction
on varying substrates. Another relevant gene to ana-
lyze is CTGF, which encodes for a protein known to
mediate cell adhesion in many cell types, i.e., connect
cells to the microenvironment they are in [14]. It is
expressed when the YAP/TAZ complex is localized to
the nucleus. Lastly, Brachyury is a protein encoded
by the gene T in humans. It binds to a specific DNA
site and promotes transcription of genes necessary for
mesoderm formation and early differentiation [15], and
it is therefore an early mesoderm marker.

This differentiation can be achieved with the widely
used MEM alpha (minimum essential medium al-
pha), which contains no proteins, lipids or growth fac-
tors. Therefore, it needs to be supplemented with fe-
tal bovine serum (FBS) which, being animal-derived,
presents variability between batches and can cause dif-
ferences in results from replicate experiments. An al-
ternative is the Essential 6 (E6) medium, consisting of
insulin, transferrin, selenium, and L-ascorbic acid in
DMEM/F12, with pH adjusted by NaHCO3. Being
completely defined, this medium does not present un-
known sources of variability between different batches.

After germ layer induction, the obtained cells can be
conditioned to differentiate into various lineages. One

of the options is guiding them to follow the path of
vascular differentiation and give rise to early vascular
cells (EVCs), a bicellular population of endothelial cells
(ECs) and pericytes.

In previous works [16], the markers used to identify
ECs and pericytes were, respectively, vascular endothe-
lial cadherin (VECad) and platelet-derived growth fac-
tor receptor beta (PDGFRB). VECad is an endothe-
lial specific adhesion protein which can be found at
junctions between endothelial cells. PDGFRB is a cell
surface receptor for PDGFB (present in ECs), which
promotes migration and recruitment of pericytes to the
proximity of endothelial cells, and is thus essential for
blood vessel development [17]. In brightfield images,
ECs appear with smaller and darker nuclei, elongated
bodies and a cobblestone-like appearance, organized in
round colonies. They are usually surrounded by differ-
ent looking cells, supposedly the pericytes, which are
thicker and grow on top of each other. In immunoflu-
orescence images of the cells after 12 days of differ-
entiation, it is possible to see the VECad-expressing
cells organized in round colonies surrounded by the
PDGFRB-expressing cells.

Biomaterials
The stiffness of the material on which cells are cultured
is an important factor to be considered. This property
can be quantified through the Young’s elastic modu-
lus (E), which defines the relationship between stress
(force per unit area) and strain (proportional defor-
mation, adimensional) in a material [18]. It is usually
reported in units of Pascal (Pa).

The Young’s moduli for glass (50−90×106 kPa) and
polystyrene (PS) (3×106 kPa) differ greatly from those
of soft tissues found inside the human body (1 − 10
kPa). This raises the concern that many of the behav-
iors attributed to cells in culture may not be an accu-
rate representation of reality, thus making this type
of culture physiologically irrelevant. Therefore, the
materials used should mimic the body’s environments,
which can be achieved by the use of polydimethylsilox-
ane (PDMS), hydrogels, collagen gels, and others [19].
PDMS, in particular, is cheap and biocompatible [20]
and its stiffness is easily tunable by simply changing the
ratio of two components. Another advantage is that it
is a transparent material, which is convenient for direct
observation of seeded cells under a microscope.

Motivation and hypothesis
Previous work with different types of cells has shown
that they can sense the mechanical properties of the
matrix they are on, and act accordingly, changing their
shape, cytoskeletal organization, and other characteris-
tics. Dupont et al. [21] proposed the model presented
in Figure 3 for the way cells behave on soft or stiff
substrates.

McBeath et al. [23] have previously delved into this
idea, identifying cell shape as a regulator of the com-
mitment of human mesenchymal stem cells (MSCs) to
the osteoblast or adipocyte lineages. They used mi-
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Figure 3: Diagram showing cell spreading and
actin filaments’ organization on soft and stiff sub-
strates. On a soft matrix, cells present a rounder shape, no
stress fibers and few focal adhesions. On the other hand,
cells on a more rigid matrix develop cytoskeletal tension
by pulling on the substrate, become more spread out, have
more focal adhesions and the actin filaments bundle to cre-
ate stress fibers (adapted from [21] and [22]).

cropatterns to alter cell shape and cell spreading with
great precision, by varying seeding density, and con-
cluded that the aforementioned regulation is perpe-
trated by the action of RhoA (a protein known to be
associated with cytoskeletal regulation) on cytoskeletal
tension effected by ROCK (a protein that induces cy-
toskeletal tension, promotes stress fiber formation, cell
adhesion and motility [24]). It has also been shown
that Rho activity is decreased under serum-free con-
ditions; when serum is added, Rho activity increases,
and focal adhesions and stress fibers are readily formed
[25]

Dupont et al. [21] suggest that lineage commitment
is made on MSCs via the YAP/TAZ complex: its local-
ization in the nucleus is controlled by cytoskeletal ten-
sion, and in turn causes certain genes to be expressed,
which will influence cell fate. More specifically, cells on
stiffer substrates, which have this complex localized to
the nucleus, will be more prone to proliferation, rather
than differentiation. In terms of lineage commitment,
it has been shown by Engler et al. [26] that MSCs dif-
ferentiate preferentially into neurons, adipocytes or os-
teoblasts when cultured on in vitro environments that
mimic the physiological stiffness of the natural niche of
each of these cell types.

In line with the same hypothesis, and to assess if
YAP/TAZ activity is regulated by stiffness, the same
authors tested its effects on expression of the CTGF
gene, which is regulated by YAP/TAZ. They grew
non-tumorigenic human breast cells (MCF10A) on stiff
(40 kPa) and soft (0.7 kPa) hydrogels under dense and
sparse conditions. At a sparse density, cells spread on
the stiff substrate, which causes YAP/TAZ to be in the
nucleus (high levels of CTGF expression); on the softer
substrate, cells are more rounded, cytoskeletal tension
is lower, so YAP/TAZ migrates to the cytoplasm to
be degraded, causing lower levels of CTGF expres-
sion. When the cell seeding density is higher (dense),
a similar effect is observed, but cells are more tightly
packed, so they have less space to spread. In this case,
cadherin-mediated intercellular junctions are promoted
over integrin-mediated substrate adhesion [27], i.e., the
cells are sensing each other more than they are sensing

the substrate, so the differences between soft and stiff
are less noticeable. When a ROCK inhibitor, Y-27632,
was used, cytoskeletal tension lowered, which led to
degradation of YAP/TAZ and low levels of CTGF.

The use of a ROCK inhibitor (Y-27632) has been
shown to have protective effects on human embryonic
stem cells (hESCs), preventing apoptosis and enhanc-
ing their survival [28]. On the other hand, because it
interferes with the cytoskeletal tension (reduces it, re-
laxing the cells), it has been shown to have an effect
on the lineage commitment of cells [23].

Yang et al. [29] explored the concept of mechanical
memory, i.e., if stem cells (SCs) can remember physical
signals that they have been subjected to in the past,
and whether or not these can be used to dose them me-
chanically. Particularly, based on the work by Dupont
et al. [21], they hypothesized that the YAP/TAZ com-
plex might be the sensor which enables cells to retain
mechanical memory. Human MSCs were cultured on
soft (2 kPa) hydrogels after being primed for 1 to 7 days
on PS (3 GPa), to determine if the past physical en-
vironment could override present mechanical cues and
what the role of YAP/TAZ is in this process. The
authors found that larger mechanical dosing times re-
sulted in longer permanence of the YAP/TAZ complex
in the nucleus, after transfer of the cells to the soft
deactivating hydrogel. Furthermore, they created a
material that can be transformed from an activating
to a deactivating substrate, i.e., from a stiff (10 kPa)
to a soft (2 kPa) hydrogel, thus eliminating possible
interferences caused by having to collect the cells and
manually transfer them to a different substrate. They
used this tunable hydrogel to mechanically dose MSCs
on a stiffer substrate, and then soften it and look at
YAP/TAZ localization. The results showed that dos-
ing the cells for 10 days on the stiff hydrogel caused
them to retain YAP/TAZ in the nucleus even 10 days
after softening.

We set out to determine if differentiating iPSCs have
a similar response to the one observed on MSCs and
MCF10A, both to changes in substrate and to the addi-
tion of Y-27632. The hypothesis is that differentiating
human iPSCs retain memory of previous culture con-
ditions. Therefore, mechanical dosing with different
stiffness substrates would have distinct effects on the
differentiating state of cells, which would in turn drive
lineage specification.

We also reason that the use of non-defined animal
serum can lead to inconsistencies in the results, so
priming the cells in chemically defined serum-free con-
ditions might have different effects on lineage commit-
ment. Additionally, the use of serum has been shown to
increase rho-associated, coiled-coil-containing protein
kinase (ROCK) activity [25], which we believe might
be detrimental to the endothelial lineage commitment,
based on the conclusions by Engler et al. [26] and Yang
et al. [29] about cells’ memory and preferential differ-
entiation on substrates mimicking natural niches.

The end goal of this line of research is to be able
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to control and direct lineage specification and obtain
a population of mature ECs, which can be confidently
used for tissue engineering applications.

MATERIALS AND METHODS
Stem cell culture
6-well plates (Greiner CELLSTAR) were coated
overnight with gelatin (from porcine skin, Sigma
G1890) in DI water (Gibco), and MEFs (GlobalStem
CF-1 IRR 2M) were retrieved from cryopreservation,
thawed, and cultured on the plates in MEF medium
(Gibco DMEM (-) sodium pyruvate and FBS HI (fetal
bovine serum, heat-inactivated)).

The human iPSCs are from the BC1 line (passages 41
through 83), provided by the Johns Hopkins University
School of Medicine, derived from CD34-positive bone
marrow samples and induced by an episomal plasmid
expressing OCT4, SOX2, KLF4, c-MYC and LIN28
[30]. These iPSCs were cultured on the MEF plates
in DMEM/F-12 medium (Dulbecco’s Modified Eagle
Medium + Ham’s F-12, Globalstem) with Knockout
Serum Replacement (Gibco 10828) and supplemented
with 0.01 µg/mL of basic fibroblast growth factor
(bFGF) (Invitrogen). Medium was changed every day.

For the first stage of differentiation, the iPSC
colonies were collected by digestion with ethylenedi-
aminetetraacetic acid (EDTA) (Promega), separated
into individual cells using a 40 µm mesh cell strainer
(BD) and then plated onto collagen IV (Col-IV) coated
24-well plates at a cell density of 1.05 × 105 cells/
cm2 in alpha-MEM differentiation medium (Minimum
Essential Medium alpha (Invitrogen), 1% FBS (fi-
broblast growth factor, HyClone) and 0.1 mM beta-
mercaptoethanol (Gibco)), with addition of ROCK in-
hibitor Y-27632 (dihydrochloride, STEMCELL Tech-
nologies) at 10 µM. Y-27632 was removed after 24h
and medium was replaced every 2 days. On day
6, cells were collected through digestion with Try-
pLE (Gibco TrypLE Express Enzyme (1X), no phe-
nol red), separated using a 40 µm mesh cell strainer
and seeded at a concentration of 3.16 × 104 cells/
cm2 on 6-well plates previously coated with Col-IV.
EC differentiation medium, composed of Endothelial
Growth Medium with EC supplement (PromoCell), 1%
PenStrep (penicillin streptomycin, Gibco), 50 ng/mL
VEGF and 10 µM transforming growth factor beta
(TGF-b) inhibitor, was changed once every two days.
For serum-free differentiation, the cells were cultured in
E6 (Gibco Essential 6TM Medium, Life Technologies)
for the first 6 days.

The humidified incubator where the cells were kept
was maintained at 37◦ C, with 5% CO2.

Mature cells
Mature human umbilical vein endothelial cells
(HUVECs) (Promocell) were thawed from cryopreser-
vation and seeded on tissue culture flasks for expan-
sion until confluence. Cells were collected by diges-
tion with Trypsin-EDTA (0.05%, phenol red, Gibco)
in HUVEC medium (endothelial cell growth medium,

Promocell). To get the desired seeding densities (200
000 or 40 000 cells per well), cells were counted us-
ing a hemacytometer. They were seeded on 24-well
plates previously coated with collagen, with addition
of ROCK inhibitor, Y27632 (at 10 µM) on some of the
wells, as will be described in the Results section. Cells
were cultured for 24h, and collected by digestion with
Trypsin-EDTA.

RT-PCR
Cells on days 2, 4 and 6 were collected and resuspended
in TRIzol® (Ambion). RNA extraction was performed
according to the TRIzol manufacturer’s protocol. The
desired RNA amount for each sample is 1000ng, which
was mixed with UltraPure DNase/RNase-Free Dis-
tilled Water (Invitrogen) to make up 20 µL and pro-
ceeded to complementary DNA (cDNA) preparation.
In this step, a mix of RNase-Free water, Random
Primers (Promega), dNTPs (Invitrogen), MgCl2 25
mM (Promega), RNaseOUT Recombinant Ribonucle-
ase Inhibitor (Invitrogen), M-MLV (Moloney Murine
Leukemia Virus) Reverse Transcriptase (Promega) and
M-MLV RT 5x Buffer (Promega) was added to each
tube. Samples were then incubated at 37◦ C for 1
hour to allow for the synthesis of first-strand cDNA
from the RNA template. For setting up the RT-PCR
plate, each well contained 1 µL of the cDNA sam-
ple, 10 µL of Mastermix (TaqMan Gene Expression,
Applied Biosystems), 1 µL of the required primer –
GAPDH (human, AB) as endogenous control, and T,
KDR, OCT4 and CTGF (AB) as targets – and 8 µL
of DNase/RNase-Free Water. Negative template con-
trol (NTC) wells were also created, in which cDNA was
omitted. BC1 iPSCs were used as reference sample for
all the runs. The PCR reaction occurred inside the the
thermocycler (Applied Biosystems StepOne Real-Time
PCR System).

Flow cytometry
Differentiated cells on day 12 were collected by di-
gestion with TrypLE and resuspended in 0.1% bovine
serum albumin (BSA) (Sigma-Aldrich). The conju-
gated antibodies were added in a concentration of 1:100
(VECad-PE – BD Pharmingen, PDGFRB-PE – BD
Pharmingen) and the stained cells were incubated on
ice for 45 minutes. After 3 washing steps with 0.1%
BSA, the resuspended cells were taken to a BD FAC-
SCalibur flow cytometer. All analyses were performed
using immunoglobulin G - phycoerythrin conjugated
(IgG-PE) (BD Pharmingen) isotype control.

Preparation of PDMS substrates
PDMS substrates were prepared by mixing elastomer
base to curing agent in a 10:1 ratio (Dow Corn-
ing Sylgardr 184) [31] or parts A and B (base and
crosslinker) in a 1:1 ratio (Dow Corning CY 52-276 Kit)
[32]. The PDMS mixes were poured into 24-well plates
(BD Falcon) – 0.5g in each well – which were placed
in a vacuum desiccator to eliminate air bubbles and
then cured at 65◦ C for 1 hour (Sylgard) or 70◦ C for
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30 minutes (CY). Sterilization was performed by UV-
light exposure for 15 minutes, followed by two washing
steps, with ethanol and Dulbecco’s phosphate-buffered
saline (DPBS) (1X, Gibco). The wells were coated with
Col-IV (from murine Engelbreth-Holm-Swarm tumor,
Cultrex; later Corningr Collagen IV Mouse 1 mg, same
origin, frozen in 0.05 M hydrochloric acid) to promote
adhesion, and left overnight to settle.

RESULTS

Studying the effects of substrate stiffness
and cell seeding density on the expression
levels of CTGF in HUVECs

As a proof of concept, based on the work by Dupont
et al. [21], we set out to explore potential changes
in CTGF gene expression as a function of substrate
stiffness (3 GPa and 50 kPa) and cell seeding den-
sity (200 000 or 40 000 cells per well). With this
goal, we used human umbilical vein endothelial cells
(HUVECs), which are mature endothelial cells, and
grew them for one day on two different substrates (PS
and PDMS 50 kPa), each of these with three different
conditions: 200 000 cells per well, 40 000 cells per well,
and 40 000 cells per well + addition of ROCK inhibitor,
Y-27632.

After 24h, the cells were collected for RNA extrac-
tion and RT-PCR, to determine expression of CTGF.
The results are shown in Figure 4, using PS with high
cell seeding density as the reference sample.
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Figure 4: RT-PCR of HUVECs on day 1, on different
seeding conditions (200k cells/well, 40k cells/well and 40k
cells/well with addition of Y-27632) and substrates (PS and
PDMS with a ratio of base to curing agent of 50:1). Nor-
malized to PS 200k (FD=1). Representative data from 2
independent biological trials performed, error bars repre-
sent SD (n=3 internal replicates). ∗p < 0.05.

CTGF expression in cells cultured on PS was not
responsive to changes in density nor to the addition of
Y-27632. This might mean that 3 GPa is outside the
sensing range for these cells.

On the other hand, cells cultured on the 50 kPa
PDMS showed a higher variation between conditions.
When the cell density was higher, meaning that the
cells are more closely packed and have less space to
spread, there was a lower CTGF expression. This could
be explained by the fact that their cytoskeleton is more
relaxed (since it does not have space to spread) which

causes Yes-associated protein and transcriptional co-
activator with PDZ-binding motif (YAP/TAZ) to be
phosphorylated and degraded, thus lowering expres-
sion of CTGF. On the other hand, when cell den-
sity is low, the cells have more space to spread, which
causes cytoskeletal tension to increase. This leads to
YAP/TAZ being localized to the nucleus, and CTGF
being expressed. With low cell density and addition
of Y-27632, which relaxes the cytoskeleton, behavior
is mixed: the cells are not relaxed because they are
allowed to spread, but Y-27632 causes some degree of
relaxation, so CTGF expression has an intermediate
value.

It is worth pointing out that the range of stiffness val-
ues used here was different from the one that Dupont
et al. [21] used in their studies. In order to replicate
the experiment more accurately, we could compare re-
sults from the same experiment on PDMS 50 kPa and
PDMS 3 kPa.

Differentiation of iPSCs on PS or PDMS with
aMEM medium for the first six days

All the following differentiations were executed accord-
ing to the 12-day protocol presented in Figure 5.
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Figure 5: Schematic of the differentiation protocol,
showing the media and substrate changes.
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Figure 6: A. Cell attachment on the different substrates
(scatter dot plot, each dot represents one measurement and
the line is the mean.); B. cell count per area, mean ± SEM
(n=3). Significance set at ∗p < 0.05 and ∗∗p < 0.01.

Firstly, the medium used for the first six days was
aMEM. The cells show better attachment and prolifer-
ation on the 3 kPa PDMS, as seen in Figure 6. Taking
into account the error bars, proliferation seems to be
almost nonexistent on 1.7 MPa and PS.
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tative data from 3 independent biological trials conducted,
error bars are SD (n=3 internal replicates). ∗∗p < 0.01 and
∗∗∗p < 0.001.

Looking at gene expression in Figure 7, we see that
OCT4 expression is lower than the reference for all
the conditions, which means the cells are losing their
pluripotency, i.e., differentiating. T is highly expressed
on the 1.7 MPa PDMS, and its expression on the other
two substrates is low in comparison, even though on
3 kPa it is still 20 times higher than on the SCs, so
it can be considered significantly higher. As an early
mesoderm marker, it was expected that its expression
levels would be higher in the beginning, as is observed
for 3 GPa and 1.7 MPa. However, on the 3 kPa, T
expression remains constant. CTGF expression is also
significantly higher on the 1.7 MPa PDMS. Mature
cells should present higher expression levels of CTGF
on stiffer substrates, but this was not the case with the
HUVECs on PS. It was speculated that this stiffness
value might be outside of the sensing range for those
cells, and perhaps it is the same for SCs, as CTGF has
a lower expression on PS than on 1.7 MPa. Comparing
with 3 kPa, however, it is clear that expression is in-
deed lower on this softer substrate, as the cells should
present a lower cytoskeletal tension. These results give
strength to the possibility that 3 GPa is a stiffness
outside of the sensing range. KDR expression is signif-
icantly higher on day 2 of the 1.7 MPa PDMS, but then
it decreases and is not biologically significant on any
other day or condition (FD<2). As mentioned before,
KDR is a marker for endothelial progenitor cells, so its
expression could be higher. However, since this is the
mesoderm induction phase, it might only be expressed
later on, after the mesoderm has been formed.

By day 12, cells present a specific morphology, which
differs between conditions. At this point, they were col-
lected for flow cytometry, to determine the percentage
of population expressing VECad and PDGFRB. Both

the brightfield images and flow cytometry histograms
can be seen in Figure 8.

57.57%49.94%

63.67% 36.27%

3 
G

Pa
1.

7 
M

Pa
3 

kP
a

Brightfield PDGFR-b VECad

56.48% 32.26%

100 μm

100 μm

100 μm

Figure 8: Brightfield images of the cells on day 12, with
red arrows pointing to typical EC morphology. Flow cytom-
etry histograms on day 12 show percentages of population
expressing the markers PDGFRB and VECad for each con-
dition. Plots in black line represent the IgG-PE negative
control. All cells differentiated with aMEM medium for the
first 6 days.

On 3 GPa (PS), the brightfield image does not show
the typical EC morphology previously described.

The histograms show the number of cells in the pop-
ulation expressing each marker, and the respective lev-
els of expression. When a distinct peak of expression
appears on the histogram, it means that the cell popu-
lation is more mature. Because VECad and PDGFRB
are markers of mature ECs and pericytes, it is possi-
ble to say that the presence of a peak of expression of
these markers is indicative of maturity of cells in the
population.

Looking at the histogram for VECad expression on 3
GPa in Figure 8, even though the percentage of VECad
is higher for this condition, the absence of a clear peak
suggests immaturity of the population, which is cor-
roborated by the brightfield image. It is possible that
there is an overlay in the expression of these two mark-
ers on the same cells, when they have not yet matured
enough. Therefore, the presence of a clear peak of high
intensity is more informative than looking at the per-
centages of expression.

On both the PDMS (1.7 MPa and 3 kPa) substrates
it is possible to see EC morphology, and the VECad
histograms have clear peaks of high intensity. This
suggests that these populations are more mature.

The histograms which show a distinct peak of
VECad expression are the ones from the two softer
substrates, on which a higher expression of gene T was
observed. This apparent correlation between T expres-
sion and maturity of the obtained population will be
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corroborated by next experiments.

Differentiation of iPSCs on PS or PDMS with
E6 medium for the first six days

The next step was to explore the role of serum during
mesoderm induction.
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Figure 9: A. RT-PCR of iPSCs grown on PS, with E6
medium; reference sample is BC1 (FD=1), representative
data shown as mean ± SD (n=3 internal replicates). ∗∗∗p <
0.001. B. Brightfield image of the cells grown on PS, with
E6, on day 12; red arrows point to ECs. C. Flow cytometry
histograms on day 12, black line is IgG-PE negative control.

The results on aMEM suggested that there might be
a correlation between T expression and the maturity of
ECs obtained on day 12. Similarly, it is possible to ob-
serve cells with EC morphology on both the brightfield
images in Figure 9, which correspond to high expres-
sions of T. Also, the flow cytometry histograms show
the same distinct peaks of high expression of VECad.
Another independent trial performed in the same con-
ditions (not shown) presented no ECs on the bright-
field image, no clear peak of VECad expression, and
also lower expression of T. These results once again
suggest a correlation between T expression levels and
EC maturity.

The next idea was to determine if the positive effects
of E6 medium and PDMS on the EC yield of differen-
tiation are cumulative, by combining them.

Figure 10 shows that expression of T is high on day
4, therefore if a correlation between T expression and
EC yield exists, it is expected that the percentage of
population expressing VECad is also high.

By observation of the brightfield images on Fig-
ure 10, it is possible to observe a great number of
colonies composed of cells presenting typical EC mor-
phology. The flow cytometry histograms show a per-
centage of VECad expression higher than in any other
condition, for both the PDMS substrates. Further-
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Figure 10: A. RT-PCR of iPSCs grown on PDMS, with
E6 medium; reference sample is BC1 (FD=1), representa-
tive data shown as mean ± SD (n=3 internal replicates).
∗p < 0.05. B. Brightfield image of the cells grown on
PDMS, with E6, on day 12; red arrows point to ECs. C.
Flow cytometry histograms on day 12, black line is IgG-PE
negative control.

more, all display clear peaks of high expression for both
markers, which is evidence of two populations: one ex-
pressing VECad and the other expressing PDGFRB.

Differentiation of iPSCs on PS with mainte-
nance of Y-27632

It was hypothesized that the addition of Y-27632 could
have the same effect as culturing the cells on a softer
substrate, since this drug causes relaxation of the cy-
toskeleton. Being true, this would mean that addi-
tion of ROCK inhibitor would lead to a more mature
population of ECs at the end of differentiation. To
determine if this was the case, BC1 p.74 iPSCs were
cultured on a PS plate coated with Col-IV and sub-
jected to the previously used differentiation protocol.
However, Y-27632 was kept throughout the whole dif-
ferentiation (by new addition at a concentration of 10
µM every two days, with medium change), instead of
being removed after 24h.

The presence of Y-27632 does not seem to affect loss
of pluripotency, since expression of OCT4 is decreasing
over time, as expected with differentiating cells. How-
ever, expression of mesoderm markers CTGF and T is
very low, comparing to all the other experiments. The
brightfield image in Figure 11 does not show cells with
typical EC morphology and the flow cytometry his-
togram does not show distinct populations with high
expression of VECad. These results are consistent with
the low levels of T expression observed.

Maintenance of Y-27632 in the medium does not
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Figure 11: A. RT-PCR of iPSCs grown on PS, with
E6 medium and maintenance of Y27632; reference sample
is BC1 (FD=1), representative data shown as mean ± SD
(n=3 internal replicates). ∗p < 0.05. B. Brightfield image
of the cells on day 12; no visible ECs. C. Flow cytometry
histograms on day 12, black line is IgG-PE negative control.

seem to promote differentiation into ECs by mimicking
the effect of softer substrates, as was initially proposed.
Looking at the results obtained with the HUVECs, it
is possible to see that a similar effect happens on PS:
addition of Y27632 does not cause variation of CTGF
expression. Therefore, since we assumed that this was
because a stiffness of 3 GPa is outside the sensing range
for those cells, perhaps we can extrapolate that the
same thing happens in this case. PS may have such a
high stiffness value that the cells cannot sense the ef-
fect of the ROCK inhibitor Y27632, at least not enough
that they activate the expected pathway to adjust to
the mechanical cues of their environment. In order to
assess if this is in fact the case, future work could focus
on repeating the experiment on a softer substrate.

CONCLUSIONS AND FUTURE WORK

It has been extensively shown that cells, and stem cells
in particular, can sense the mechanical characteristics
of the substrate they are seeded on. Studies with MSCs
and mature cells showed the role of cell confinement
and substrate stiffness on differentiation, lineage com-
mitment and expression of mechano-sensing factors.

With this work, we showed that differentiating iPSCs
can also sense the effects of the substrate. Priming
these cells with different substrate and media condi-
tions gives alternative differentiation outcomes. The
cells that begin the differentiation process on sub-
strates softer than the common tissue culture PS seem
to give origin to more mature populations of ECs and
mural cells (pericytes). We also hypothesize that ex-
pression of T during the mesoderm induction phase of
differentiation is related to the maturity of ECs ob-
tained at the end of it. The derived populations were

more mature when higher levels of this gene were ob-
served during the first six days.

Comparing the effects that mechanical cues have on
the expression of gene CTGF in the mature HUVECs
and in the differentiating cells, we observe similar re-
sults, with expression lower on the softer PDMS when
compared to the stiffer one. However, the results ob-
tained on PS do not fit the model for mechanical sens-
ing presented in Figure 3. CTGF is related to cy-
toskeletal tension, so it should be higher on the stiffer
substrates, which is not observed. Therefore, we hy-
pothesized that PS is outside of the sensing range, i.e.,
that it has a stiffness value that is excessively high for
cells to be able to sense and adapt to by activating the
expected pathways.

Regarding the effects of animal serum, first of all it
seems to promote proliferation. However, this could
not be ascertained, since the Col-IV coating proto-
col was changed for these experiments, which led to
a seemingly better initial attachment. The use of this
medium showed an ability to promote the formation of
a mature population of ECs on PS, even though this
was not observed in all the replicates performed.

The most promising results were the ones ob-
tained when combining the influences of substrate and
medium. The positive individual effects of using a soft
substrate or a medium without animal serum seem to
complement each other when both conditions are used
at the same time. The combination of PDMS and use
of E6 resulted in two distinct populations at the end of
12 days of differentiation, one expressing VECad and
the other expressing PDGFRB. Levels of T expression
obtained during mesoderm induction were high, in line
with the hypothesis that these correlate with maturity
of the population.

Ultimately, the goal of studying the effects of these
factors on differentiation is to arrive at a method which
yields the greatest amount of mature ECs, that can be
used in tissue regeneration. Despite the promising re-
sults obtained, there is still much work to be done,
since it is essential to have precise control of the dif-
ferentiation process. Being able to better understand
the pathways involved in mechanical sensing and con-
sequent fate decision is an important step to improve
the process and make progress in the use of iPSCs for
tissue engineering.

Possible future work includes exploring the dynam-
ics of mechanical sensing, i.e., using different mechan-
ical dosing lengths by culturing the cells on the softer
substrate for a period of time different than six days.
Another idea is to apply a softer regime to the second
half of differentiation, as well as to the first, since it has
been shown that a prolonged mechanical dosing effect
biases differentiation towards a specific lineage [29].

As McBeath et al. [23] showed, shape is an impor-
tant factor in driving lineage commitment of differen-
tiating cells. Thus, it might be interesting to try dif-
ferent seeding densities, as the more or the less space
cells have to spread will interfere with their cytoskele-
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tal tension, which might change the efficiency of this
differentiation.
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