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Mesenchymal stem cells (MSCs) hold tremendous potential for vascular tissue regeneration. Research has dem-
onstrated that individual factors in the cell microenvironment such as matrix elasticity and growth factors regulate
MSC differentiation to vascular lineage. However, it is not well understood how matrix elasticity and growth factors
combine to direct the MSC fate. This study examines the combined effects of matrix elasticity and vascular
endothelial growth factor (VEGF) on both MSC differentiation into endothelial lineage and MSC paracrine signaling.
MSCs were seeded in soft nanofibrous matrices with or without VEGF, and in Petri dishes with or without VEGF.
Only MSCs seeded in three-dimensional soft matrices with VEGF showed significant increases in the expression of
endothelial markers (vWF, eNOS, Flt-1, and Flk-1), while eliminating the expression of smooth muscle marker (SM-
a-actin). MSCs cultured in VEGF alone on two-dimensional dishes showed increased expression of both early-stage
endothelial and smooth muscle markers, indicating immature vascular differentiation. Furthermore, MSCs cultured
in soft matrices with VEGF showed faster upregulation of endothelial markers compared with MSCs cultured in
VEGF alone. Paracrine signaling studies found that endothelial cells cultured in the conditioned media from MSCs
differentiated in the soft matrix and VEGF condition exhibited increased migration and formation of capillary-like
structures. These results demonstrate that VEGF and soft matrix elasticity act synergistically to guide MSC dif-
ferentiation into mature endothelial phenotype while enhancing paracrine signaling. Therefore, it is critical to control
both mechanical and biochemical factors to safely regenerate vascular tissues with MSCs.

Introduction

In 2008, cardiovascular diseases accounted for one in
three deaths in the United States.1 Regeneration of

functional vascular tissues, including capillary network and
small arteries, remains a critical barrier to the successful
treatment of these diseases. Vascular endothelial cells (ECs)
are key building blocks for vascular tissue repair, as they
perform vital anti-thrombogenic functions and participate in
angiogenesis.2 However, attempts to produce functional
vascular tissue with autogenous ECs have limited success
due to the need for invasive surgery, poor cell expansion
in vitro, and inadequate cell proliferation or migration
in vivo.3 Mesenchymal stem cells (MSCs) are a powerful
cellular alternative for vascular tissue regeneration, as they
are easily obtainable, multipotent, thrombo-resistant, and
low in immunogenicity.4,5

Previous studies have shown MSCs are capable of re-
generating vascular tissues by transdifferentiation or paracrine

signaling.2,4,6,7 Transdifferentiation is the direct differentiation
of MSCs into a specific vascular phenotype.8,9 Paracrine sig-
naling is the release of molecular mediators from MSC that aid
in the migration and proliferation of surrounding vascular cells,
leading to increased capillary formation.10 Direct injection of
MSCs into the heart increased vascular density, and resulted in
transdifferentiation of MSCs into ECs along the vessel lumen.6

Hashi et al. cultured MSCs on aligned electrospun vascular
grafts made of poly-l-lactide acid, and found that distinct EC
and smooth muscle cell (SMC) layers formed on the grafts.11

However, other studies have led to concerns about the safety
and efficacy of utilizing MSCs for vascular regeneration.
O’Shea et al. recently found that bolus delivery of MSCs to
injured vasculature produced a dysfunctional endothelium,
leading to a higher rate of vessel occlusion.12 Research indicates
a poorly defined vascular microenvironment for MSC differ-
entiation can lead to highly heterogeneous cell populations with
low vascular lineage commitment and functionality.13 In turn,
these MSC-derived progenitors may be involved in diseased
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vascular remodeling.14 The microenviromental factors that
guide MSC differentiation into healthy or diseased vascular
phenotypes are not well studied. To improve the safety and
efficacy of MSCs in cardiovascular therapies, it is critical to
define the factors in local vascular microenvironments that
regulate MSC differentiation.

In vivo, factors in the cellular microenviroments such as
soluble biochemical factors and matrix elasticity guide the
paracrine signaling and transdifferentiation of MSCs. Stu-
dies in the last few years have demonstrated the importance
of local matrix elasticity in directing stem cell differentia-
tion. Engler et al. demonstrated that gels that replicated the
modulus of neural, muscle, and bone tissue directed the
differentiation of MSCs toward neural, myogenic, and os-
teogenic cells, respectively.15 In a healthy vascular micro-
environment, ECs reside in the intima tissue, composed of a
fibrous matrix with soft elasticity in the low kilopascal (kPa)
range.16,17 We previously showed that three-dimensional
(3D) fibrous matrices that replicated the intima elasticity
directed MSCs toward the endothelial lineage expressing an
early endothelial marker (Flk-1).18 The substrate elasticity
can also play a role in modulating paracrine signaling of
MSCs. Seib et al. found MSCs cultured on a soft substrate
decreased the release of pro-inflammatory factors, compared
with those grown on a stiffer substrate.19 In addition to
mechanical properties of matrices, vascular endothelial
growth factor (VEGF) is known as one of the most impor-
tant factors for endothelial differentiation of MSCs.9,20,21

VEGF also plays a significant role in paracrine signaling of
MSCs to promote angiogenesis and myocardial repair.20,22

Though previous studies have examined the individual ef-
fects of biochemical and mechanical factors on vascular
differentiation or paracrine signaling of MSCs, the com-
bined effect of these factors as MSCs experience in vivo
remains unknown. This study aims to understand how fac-
tors in the local microenvironment interact to modulate both
the paracrine signaling and transdifferentiation capabilities
of MSCs. We demonstrate that the combined effects of
VEGF and soft matrix elasticity result in MSC differentia-
tion into a more mature endothelial lineage and increased
MSC paracrine signaling abilities, compared to the separate
use of VEGF and matrix.

Materials and Methods

Fabrication of 3D nanofibrous graft scaffolds

Polyethylene glycol dimethacrylate (PEGDM) with a mo-
lecular weight of 3000 was synthesized as we previously
described.18 Approximately 90% of the end groups were
modified with methacrylates as determined by 1H NMR
analysis. An electrospinning solution composed of 3.2% wt
PEGDM 3000, 3.4% wt PEO (MW 40,000; Sigma-Aldrich,
Inc., St Louis, MO), 0.4% wt of Irgacure 2959 (I2959, 0.6 mg/
mL in deionzied [DI] H2O; Ciba, Tarrytown, NY), and 93%
DI H2O was mixed for 1 h with magnetic stir bar. PEGDM
3000 photo-polymerizable nanofibrous grafts (NFGs) were
fabricated by electrospinning on a custom system composed
of a high voltage power supply (Gamma High Voltage Re-
search, Ormond Beach, FL), grounded collecting surface,
motorized syringe pump, and a 14 mm syringe. The solution
(2 mL) was spun at a distance of 26 cm from the stationary
collecting surface, a voltage of 22 kV, and a flow rate of

1.10 mL/h. NFGs with a thickness of 0.3 mm were cut into 2
inch diameter disks and placed in glass vials. Vials were then
vacuum-sealed and NFGs were photopolymerized under
365 nm light with an average intensity of 15 mW/cm2 for
5 min. NFGs were submerged in DI H2O for 24 h and steril-
ized with 70% ethanol prior to cell seeding. With random
sampling of NFGs, the compressive modulus of *2 kPa was
verified using the protocol we previously described.18

Cell culture and cell seeding

Rat bone marrow-derived MSCs from Lonza Group Ltd
(Basel, Switzerland) with passages 3–8 were cultured in
Dulbecco’s modified Eagles media (DMEM; Sigma-Aldrich,
Inc.), with 10% stem cell qualified fetal bovine serum for
MSCs (Atlanta Biologicals, Lawrencdeville, GA) and 1%
penicillin/streptomycin (Invitrogen, Inc., Carlsbad, CA).
This media was the standard utilized for all MSC experiments
unless otherwise noted. Cells were maintained at 37�C/5%
CO2 and the cell culture medium was changed every second
day. To examine the effect of soluble chemical factors on
vascular differentiation of MSCs, VEGF-A (Shenandoah
Biotechnology, Warwick, PA) was added to the media. For
transdifferentiation experiments, MSCs were seeded in the
following four experimental conditions: (1) PS, a standard
polystyrene cell culture plate; (2) VEGF, a standard PS plate
with 10 ng/mL of VEGF; (3) 2 kPa, a 3D NFG with com-
pressive elasticity of *2–3 kPa; and (4) 2 kPa + VEGF, a 3D
NFG with compressive elasticity of *2–3 kPa and 10 ng/mL
of VEGF. Prior to cell seeding, all substrates were coated
with 0.3% type I rat tail collagen (BD Biosciences, Bedford,
MA). NFGs were seeded in ultra-low attachment plates
(Sigma-Aldrich, Inc.). Our previous studies have shown that
MSCs are able to penetrate the NFG scaffolds, which provide
cells with 3D adhesion and culture.18

Immunofluorescent staining

Immunofluorescent staining of cells to examine VE-
cadherin (VECAD), platelet endothelial cell adhesion mol-
ecule (PECAM), Flk-1, smooth muscle a-actin (SMA), or
F-actin was performed to characterize vascular differentia-
tion or MSC morphology. For VECAD and Flk-1 staining,
cells were seeded for 168 h in media with 0, 10, and 50 ng/mL
VEGF. For F-actin and SMA staining, 1 · 105 MSCs were
seeded for 168 h on all the experimental conditions. For
PECAM staining, 1 · 106 MSCs were seeded for 24 h on the
two NFG conditions. For F-actin staining, samples were fixed
with 3.7% formaldehyde at room temperature, permeated
with 0.1% Triton, and blocked with 3% bovine serum albu-
min (BSA). Then, samples were incubated in Alexa488-
phalloidin (Invitrogen, Inc., Eugene, OR) in 1% BSA for 1 h.
For immunostaining of vascular biomarkers, samples were
first incubated with a primary antibody in 1% BSA for 2 h at
room temperature. Following primary antibody coupling,
samples were washed in phosphate-buffered saline (PBS) and
incubated with secondary antibodies. All samples were fi-
nally mounted with DAPI SlowFade (Invitrogen, Inc.) and
imaged using an epifluorescence microscope (Zeiss, Pea-
body, MA). Images from each fluorescence channel were
merged using ImageJ software (NIH, Bethesda, MA). Pri-
mary antibodies used were as follows: rabbit polyclonal anti-
SMA (Sigma-Aldrich, Inc.), mouse monoclonal anti-Flk1
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(Santa Cruz Biotechnology, Santa Cruz, CA), anti-PECAM
(Novus Biologicals, Littleton, CO), and rabbit polyclonal
anti-VECAD (Alexis Biochemicals, San Diego, CA). Sec-
ondary antibodies were as follows: anti-mouse IgG antibody
conjugated with Alexa 488 and anti-rabbit IgG antibody
conjugated with Alexa 594 (Invitrogen, Inc.).

MSC formation of capillary-like tube structures
on NFGs

Bone marrow-derived MSCs (2 · 105) were seeded in the
PS, VEGF, 2 kPa, and 2 kPa + VEGF conditions, and re-
duced growth factor matrigel (BD, Franklin Lakes, NJ).
MSCs were seeded on matrigel per procedure outlined in
Analysis of MSC Paracrine Signaling: Capillary-Like Tube
Formation of EC section. Cells were incubated for 24 h
before they were fixed, stained with F-actin, and imaged. To
quantify the formation of capillary-like tube structures, the
total tube length was measured on each sample using ImageJ
software. The total tube length per condition was averaged
across the three samples used.

Real-time PCR

Total cellular mRNA from each sample was extracted
using RNeasy Mini Kit (Qiagen, Hilden, Germany), ac-
cording to the manufacturer’s instructions. Complementary
DNA (cDNA) was synthesized from 1 ng of total cellular
RNA using iScript cDNA Synthesis Kit (Bio-Rad, Hercules,
CA). Primer sequences for amplification are shown in Table
1. The SYBR Green I assay and the iCycler iQ real-time
PCR detection system (MyiQ Real-Time PCR System; Bio-
Rad) were used for detecting real-time quantitative PCR
products from 2 ng of reverse-transcribed cDNA. PCR
thermal profile consisted of 95�C for 10 min, followed by 40
cycles of 95�C for 15 s, 60�C for 30 s, and 95�C for 1 min.
Genes were normalized to the housekeeping gene GADPH,
and the fold change relative to the PS condition was cal-
culated using the comparative Ct method. All PCR graphs
show DDCt fold changes and standard deviations are cal-
culated using the method described previously.23

Immunoblotting

Immunoblotting or western blotting was used to analyze
eNOS protein expressions in MSCs seeded for 168 h in all
four experimental conditions. Samples were prepared by first
lysing cells in a lysis buffer containing homogenate buffer

containing PBS (pH = 7.5), 0.1% Triton X-100, and a prote-
ase inhibitor cocktail. Cells were then centrifuged at 1000 g,
4�C, for 15 min with an Eppendorf centrifuge (model 5417R;
Brinkmann Instruments, Westbury, NY). The supernatant
was collected, and protein concentrations were analyzed. The
supernatant was mixed with an equal volume of sample
buffer (100 mM Tris HCl, pH 6.8, 2% sodium dodecyl sul-
fate, 0.02% bromophenol blue, and 10% glycerol). Subse-
quently, protein samples were run on gradient (4–20%)
minigels (Invitrogen, Inc.) at 100 V for 2 h. After transfer,
membranes were rinsed with TPBS (PBS containing 0.05%
Tween 20) and blocked with 5% nonfat dry milk for 1 h at
room temperature. The blocked membranes were incubated
in primary antibodies (diluted to 1:1000–1:3000 with TPBS
and 5% BSA) at room temperature for 2 h. After washing
with TPBS twice for 5 min each time, the membrane was
incubated with peroxidase-linked secondary antibodies (di-
luted to 1:5000 with TPBS and 5% dry milk) at room tem-
perature for 2 h. Following further washes, ECL solution was
added for 5 min at room temperature, and then the membrane
was exposed on X-ray film. ImageJ software was used to
measure the band density. All eNOS bands were normalized
to corresponding GAPDH (housekeeping molecule) bands.

Analysis of MSC paracrine signaling: capillary-like
tube formation of ECs

MSCs (5 · 105) were seeded on at least three samples for
each of the four experimental conditions. MSCs were cultured
for 24 h in the experimental culture media, which were then
removed. This was followed by washing the cells in PBS and
then adding 1 mL of serum-free DMEM media to each cell
sample. After 24 h, the conditioned serum-free media from
MSCs were extracted from the samples and stored at - 80�C
for future use of EC culture. Following five serum-free medium
conditions were used to culture ECs: (1) ‘‘PS-CM’’ is the
conditioned media from MSCs seeded in the control ‘‘PS’’
condition as described in Cell Culture and Cell Seeding section;
(2) ‘‘VEGF-CM’’ is the conditioned media from MSCs seeded
in the ‘‘VEGF’’ condition; (3) ‘‘2 kPa-CM’’ the conditioned
media from MSCs seeded in the ‘‘2 kPa’’ condition; (4)
‘‘2 kPa + VEGF-CM’’ the conditioned media from MSCs see-
ded in the ‘‘2 kPa + VEGF’’ condition; and (5) ‘‘SFM’’ is
serum-free DMEM used as a negative control. Primary ECs
from the vasa vasorum of bovine pulmonary artery (gift from
Dr Evgenia Gerasimovskaya at the University of Colorado at
Denver) were used at the passage 4. To analyze MSC paracrine
signaling to EC tube formation, 10mL of reduced growth factor
matrigel (BD) was placed in each well of a m-slide angiogenesis
(ibidi, Martinsried, Germany) and incubated for 1 h at 37�C to
allow gelation. For each of the five medium conditions, 50mL
of conditioned media was placed in the wells (n = 3, from three
separate samples), and *17,000 of ECs were then seeded on
top of matrigel. Samples were incubated at 37�C for 24 h, be-
fore pictures of tube structure formation were taken on a phase
contrast microscope (Nikon, Garden City, NY).

Analysis of MSC paracrine signaling:
EC migration assay

The conditioned media from MSCs cultured in various
experimental conditions were obtained with a similar
method as described above, but MSCs were cultured for

Table 1. Rat Primer Sequences

Gene Order Primer

Flk-1 Forward 5¢-AGCTCAGGTTTTGTGGAGGA-3¢
Reverse 5¢-CCAAGAACTCCATGCCCTTA-3¢

Flt-1 Forward 5¢-CTTTCTCAAGTGCAGAGGGG-3¢
Reverse 5¢-AGGATTGTATTGGTCTGCCG-3¢

VWF Forward 5¢-CACAGGTAGCACACATCACT-3¢
Reverse 5¢-CTCAAAGT-CTTGGATGAAGA-3¢

eNOS Forward 5¢-CCACAATCCTGGTGCGTC-3¢
Reverse 5¢-GCCTTTTTCCAGTTGTTCCA-3¢

GAPDH Forward 5¢-GCCTCGTCTCATAGACAAGATGGT-3¢
Reverse 5¢-GAAGGCAGCCCTGGTAACC-3¢
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168 h before the standard culture media were replaced with
the conditioned media for additional 24-h culture. Transwell
plates with 6.5 mm-diameter wells and polycarbonate mem-
brane inserts having 8.0 mm pores (Sigma-Aldrich, Inc.) were
used for the migration study. For each of the five medium
conditions, 750mL of conditioned media was placed in the
wells (n = 3, from three separate samples). ECs (*1 · 105) in
200 mL of serum-free DMEM were seeded on top of the po-
rous polycarbonate membrane inserts before the inserts were
placed in the wells. Cells were then incubated for 24 h. To
remove the ECs that did not migrate through the pores, the
top side of the polycarbonate membrane inserts were gently
cleaned with a cotton swab. Migrated cells on the bottom of
the inserts were fixed in methanol and stained with crystal
violet. Inserts were imaged using an upright microscope
Axiovert S100 (Carl Zeiss, Oberkochen, Germany) at a
20 · magnification. For each image, the area fraction was
calculated as follows with the areas determined by ImageJ.

Area Fraction¼ Cell Covered Area

Total Area

Statistical analysis

All data are shown as mean – standard deviation. Sta-
tistical analysis was performed using MVPstats software
(MVP Programs, Vancouver, WA) or SPSS software
(IBM, Chicago, IL). For comparing two groups with equal
variances, a Student’s t-test was used. For comparing two
groups with unequal variances and unequal sample sizes,
Welch’s t-test was used. For multiple parametric group
comparisons, a one-way ANOVA test was run on both the
groups’ means and variances. If the groups had equiva-
lent variances, a Tukey post hoc was further performed. If
the groups had unequivalent variances, a Games-Howell
post hoc was further performed. For nonparametric groups,
a Bonferroni or Kruskal–Wallis analysis was used. For
PCR, statistics were calculated using the method described
previously.23

Results

Effects of VEGF concentration on MSC differentiation
toward endothelial lineage

To determine an appropriate VEGF concentration for this
study, MSCs were seeded in media containing 0, 10, or 50 ng/
mL of VEGF, and the percentage of MSCs that differentiate
toward endothelial lineage was quantified by immunostain-
ing for early endothelial markers (Flk-1 and VECAD). In-
dependent studies have utilized 10 or 50 ng/mL of VEGF to
direct MSC differentiation toward endothelial lineage.9,24

However, the effects of VEGF concentration on the endo-
thelial differentiation of MSCs remain unclear. Therefore, we
compared the effectiveness of these VEGF concentrations in
terms of differentiating MSCs toward endothelial lineage.
Our results showed that both 10 and 50 ng/mL VEGF con-
centrations resulted in roughly 50% of MSCs with VECAD
marker, a 500-fold increase compared with the PS condition
(Fig. 1). MSCs seeded in 50 and 10 ng/mL of VEGF resulted
in increased percentages of Flk-1 + cells by 1.8- and 3-fold
respectively, when compared with the PS condition. As
10 ng/mL of VEGF was highly effective in driving MSCs to
endothelial lineage, we continued using this concentration to
explore the combined effects of matrix elasticity and VEGF
on endothelial differentiation.

The combination of soft matrix and VEGF induces
MSCs to upregulate gene expression of matured
endothelial markers and to expedite endothelial
differentiation

To evaluate the combined effects of soft matrix elasticity
and VEGF on the differentiation of MSC to endothelial
lineage, the gene expression of MSCs in the PS, VEGF,
2 kPa, and 2 kPa + VEGF conditions was quantitatively
evaluated after culture for 24 and 168 h. Recent studies in
developmental biology have identified a series of vascular
biomarkers characterizing different differentiation stages of
stem cells, including lineage commitment, differentiation,
and maturation.25,26 To assess the maturity of differentiated

FIG. 1. Effect of the vascular endothelial growth factor (VEGF) concentration on the mesenchymal stem cell (MSC)
expression of early endothelial markers. (A) Representative images of MSC stained with endothelial markers (Flk-1 and
VECAD) after 168-h incubation in the media supplied with 0, 10, or 50 ng/mL of VEGF. Scale bar is 10 mm. (B) Percentage
of MSCs displaying Flk-1 marker and VE-CAD marker in 0, 10, or 50 ng/mL VEGF. *p < 0.01 versus 0 ng/mL.dp < 0.05
versus 50 ng/mL. Color images available online at www.liebertpub.com/tea
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MSCs, we examined genes of endothelial markers including
Flk-1 (an early endothelial or progenitor marker), vWF, and
Flt-1 (more mature endothelial differentiation markers), and
eNOS (an endothelial-specific functional marker). Within
24 h, MSCs in the 2 kPa + VEGF condition showed an 8-fold
increase of Flt-1, vWF, and eNOS genes compared with the
PS condition (Fig. 2). After 168 h, MSCs in the 2 kPa +
VEGF condition maintained the high increase in Flt-1, vWF,
and eNOS gene expression, and Flk-1 gene expression in-
creased by roughly 20-fold compared with the PS condition.
For MSCs in the 2 kPa condition, Flk-1 and eNOS gene
expression significantly increased by 8-fold compared with
the PS condition at 24 h, and this increase was maintained at
168 h. Finally, MSCs seeded in VEGF showed an 8-fold
increase in Flk-1 gene expression at 168 h compared with
the PS condition. Therefore, while the use of the biochem-
ical factor (VEGF) or the soft matrix (2 kPa) induced up-
regulation of certain endothelial genes, only MSCs in the
VEGF + 2 kPa condition had all four endothelial genes
highly upregulated within 168 h. Furthermore, the combi-
nation of VEGF and 2 kPa matrix elasticity expedited the
endothelial differentiation of MSCs.

The combination of softmatrix and VEGF enhancesMSC
expression of endothelial-specific functional protein
and inhibits expression of smooth muscle phenotype

When utilizing MSCs for vascular regeneration, it is critical
to direct cell differentiation to a specific, mature vascular
phenotype, as opposed to vascular cell progenitor or diseased
vascular phenotypes. Though VEGF is an exogenous growth

factor present in the arterial microenvironment that is important
for directing endothelial differentiation, increased VEGF was
also found at the sites of neo-intima hyperplasia where diseased
cells simultaneously express both endothelial and SMC
markers (e.g., PECAM and SMA).27,28 To determine whether
these vascular tissue biochemical and mechanical factors gui-
ded MSC differentiation into a highly specific endothelial
phenotype, MSC protein expression was evaluated in all
seeding conditions by immunostaining or immunoblotting. The
protein expression of the functional endothelial marker (eNOS)
and a smooth muscle biomarker (SMA) characterizing early
smooth muscle differentiation was quantified. Results showed
that MSCs in the 2 kPa + VEGF condition did not express SMA
protein (Fig. 3A). Additionally, MSCs seeded in the 2 kPa +
VEGF condition displayed an 8-fold increase in eNOS protein
expression compared with the PS condition (Fig. 3B). For
MSCs in the 2 kPa condition, the eNOS protein expression was
not significantly increased compared to the PS condition, nor
was any SMA protein expression found. For MSCs in the
VEGF condition, eNOS protein was not significantly increased
compared to the PS condition. Interestingly, the VEGF con-
dition resulted in roughly 60% of MSCs showing the SMA
marker, *6-fold increase compared with the PS condition.
MSCs seeded in both PS and VEGF conditions had signifi-
cantly greater SMA protein compared with MSCs cultured on
2 kPa or 2 kPa + VEGF conditions, suggesting that soft matrix
elasticity may inhibit SMA protein expression. The VEGF
condition increased both SMA and Flk-1 expression, suggest-
ing that VEGF upregulated both endothelial and smooth mus-
cle markers, promoting MSCs into vascular progenitors or
pathological vascular phenotypes, which are often more

FIG. 2. The combination
of VEGF and 2 kPa matrix
elasticity upregulates genes
showing early and mature
endothelial phenotype in
MSCs. (A) MSC gene ex-
pression of Flk-1, Flt-1,
vWF, and eNOS after 24 and
168 h in seeding conditions.
*p < 0.05 versus PS, n > 3 for
all conditions. (B) Table
summary on MSC expression
of endothelial markers after
24 and 168 h of incubation.
‘‘ + ’’ indicates > 8-fold in-
crease ( p < 0.05) compared
with the PS condition. PS, a
standard polystyrene cell
culture plate.
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proliferative than more matured vascular phenotypes. Cell
proliferation assay (data not shown) showed that the VEGF
condition significantly increased MSC proliferation by two-
folds within 24 h, when compared with the PS condition. To
further confirm the findings with eNOS expression results and
to characterize early effects of soft matrix and VEGF con-
ditions, two additional endothelial phenotypic markers (vWF
and PECAM) were analyzed on the MSCs cultured in all the
experimental conditions (Fig. 3C). Western blotting results
showed that MSCs seeded in the 2 kPa and 2 kPa + VEGF
conditions displayed 3-fold increases in vWF protein ex-
pression compared with the PS condition, demonstrating the
role of the soft matrix in inducing rapid commitment of MSCs
to endothelial lineage early in the differentiation process.
MSC expression of PECAM in different experiment condi-
tions also agreed with these findings. Therefore, these protein
analysis results have demonstrated that only MSC cultured in
the 2 kPa + VEGF condition highly upregulated endothelial-
specific functional protein while lacking smooth muscle
protein, demonstrating that both mechanical and chemical
stimuli are required to direct MSC differentiation into specific
vascular endothelial lineage.

The combination of soft matrix and VEGF enhances
capabilities of MSCs to form capillary-like structures

It is known that functional ECs are capable of undergoing
angiogenic process to form capillary-like structures. To de-
termine whether MSC differentiation under biomechanical
and/or biochemical stimuli exhibited similar angiogenic ca-
pability, MSCs were cultured in the PS, VEGF, 2 kPa, and
2 kPa + VEGF conditions and cell organization was examined
after 24 h. MSCs cultured in 2 kPa and 2 kPa + VEGF condi-
tions formed capillary-like structures (Fig. 4A), whereas
MSCs cultured on PS, VEGF, or matrigel with reduced growth
factors did not form such structures (data not shown). To de-
termine whether the addition of VEGF to 3D 2 kPa matrices
improved the angiogenic capacity of differentiated MSCs, the
total length of all capillary-like tube structures was deter-
mined. Results showed that the tubes formed by MSCs on
2 kPa + VEGF matrices exhibited increased total tube length
by twofolds over those formed by MSCs on 2 kPa matrices
(Fig. 4B), which indicates enhanced angiogenic capabilities of
the differentiated cells. To further confirm whether differen-
tiated MSCs in capillary-like structures expressed endothelial

FIG. 3. The combination of VEGF and 2 kPa matrix elasticity upregulates MSC expression of endothelial-specific functional proteins
while downregulating SMA expression. (A) Representative immunostaining images and quantitative measures showing SMA+ MSCs
after cells were cultured in experimental conditions for 168h. dp < 0.05 VEGF. *p < 0.05 with PS. Scale bar is 5mm. (B) Western blotting
results showing eNOS protein expression in MSCs after cells were cultured in experimental conditions for 24h. *p < 0.05 with PS.
Representative eNOS and GAPDH protein bands were shown below the bar graph. (C) Western blotting results showing vWF and
PECAMproteinexpressioninMSCsaftercellswerecultured inexperimentalconditions for24 h.*p <0.05withPS.Representativeprotein
bands were shown on the rightmost images. The black line in the blot images shows separated lanes obtained on the gel. PECAM, platelet
endothelial cell adhesion molecule. Color images available online at www.liebertpub.com/tea
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markers, MSCs seeded on 2 kPa and 2 kPa + VEGF conditions
were stained with DAPI and PECAM. As illustrated in Figure
4C, MSCs in the soft matrix conditions expressed PECAM
around capillary-like structures.

Matrix elasticity and VEGF synergistically enhanced
MSC paracrine signaling to promote EC migration
and formation of capillary-like structures

A number of recent in vivo studies have found that MSCs
improve cardiovascular function by secreting a large reservoir
of paracrine signals, which improve the angiogenenic cap-
abilities of ECs.22,29 We thus examined how the combined use
of chemical and mechanical factors influenced the paracrine
signaling capabilities of MSCs. Since both EC migration and
formation of capillary-like structures are critical steps in EC
angiogenesis, we have performed these assays by culturing ECs
in the conditioned media (CM) extracted from the four MSC
culture conditions: PS (PS-CM), VEGF (VEGF-CM), 2 kPa
(2 kPa-CM), and 2 kPa + VEGF (2 kPa + VEGF-CM). SFM was
used as a negative control. Results showed that ECs cultured in
2 kPa + VEGF-CM exhibited significant increases in cell mi-
gration, compared with ECs cultured in the SFM and PS-CM
conditions by fivefold and threefold, respectively (Fig. 5A, B).
Additionally, we found that ECs cultured in 2 kPa-CM and
2 kPa + VEGF-CM conditions formed capillary-like structures
on matrigel with reduced growth factors (Fig. 5A). These results
demonstrate that matrix elasticity can independently enhance
MSC paracrine signaling, which in turn increases EC capillary-
like tube formation. However, it appears that both matrix elas-
ticity and chemical growth factor are necessary to augment EC
migration capabilities via MSC paracrine signaling. To further
link increased EC migration and EC formation of capillary-like
structures to the paracrine signaling factors secreted by MSCs,
MSC expression of insulin-like growth factor (IGF) was studied
in the PS, VEGF, 2 kPa, and 2 kPa + VEGF conditions. IGF-1 is

one of the most potent natural activators of the AKT signaling, a
stimulator of cell growth and proliferation, and recently was
recognized as an important factor to improve endothelial
function of progenitor cells.30 MSCs cultured in both VEGF and
2 kPa + VEGF conditions showed a 10-fold increase in IGF
mRNA expression when compared with the PS condition (Fig.
5C). This suggests that VEGF increases IGF expression in
MSCs, partly contributing to enhanced endothelial functions.
Other signaling factors we examined did not show significant
differences among different conditions. Future work is needed
to elucidate the paracrine factors that are released by MSCs co-
regulated by the matrix elasticity and VEGF.

Discussion

The present study has demonstrated that the combined use
of VEGF and a soft (*2 kPa) matrix synergistically en-
hances the capability of MSCs to regenerate the vascular
endothelium. The synergism occurs through two mecha-
nisms: MSC paracrine signaling to ECs, and MSC trans-
differentiation into cells exhibiting matured endothelial
phenotype. The paracrine signaling capabilities of MSCs
were evaluated by EC migration and formation of capillary-
like structures, both of which were increased by conditioned
media from MSCs cultured on soft matrices supplied with
VEGF. Additionally, the synergistic effects of matrix stiff-
ness and VEGF rapidly drove MSCs to transdifferentiate
into cells that expressed several mature endothelial markers
after only 24 h. Furthermore, our results suggest that the
combined use of mechanical and biochemical stimuli en-
hance the specificity of vascular differentiation. MSCs
seeded on 2 kPa + VEGF showed minimal expression of the
early stage smooth muscle marker SMA, while showing
significant amounts of the functional endothelial marker
eNOS. In contrast, MSCs seeded on rigid substrates with or
without VEGF showed a significant amount of SMA

FIG. 4. MSCs formed capillary-like tube structures in 2 kPa and 2 kPa + VEGF seeding conditions. (A) Representative
fluorescent (F-actin) and phase contrast images of capillary-like structures formed by MSCs in 2 kPa and 2 kPA + VEGF
conditions, after 24-h culture. Scale bar is 10 mm. (B) Quantitative analysis of the total tube length in capillary-like
structures formed on 2 kPa and 2 kPa + VEGF conditions. * p < 0.05 versus 2 kPa, n = 3. (C) PECAM and DAPI im-
munostaining of capillary-like structures formed by MSCs in the 2 kPa + VEGF condition. Color images available online at
www.liebertpub.com/tea
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expression with low eNOS and vWF expression. Taken to-
gether, our results have shown that mechanical and bio-
chemical microenvironmental factors act together to guide
MSCs to regenerate healthy vascular tissue through trans-
differentiation and paracrine signaling mechanisms. The
present study also suggested that MSC transdifferentiation
into ECs and MSC paracrine signaling to promote activities
of ECs might be inherently linked; both MSC transdiffer-
entiation and paracrine signaling are enhanced by the syn-
ergistic effects of soft matrix elasticity and VEGF factor.

When utilizing MSCs for vascular regeneration it is
critical to direct cell differentiation to a healthy, specific
endothelial phenotype. We found that MSCs on soft matri-
ces with VEGF expressed no SMA protein, while expressing
several mature endothelial markers. Interestingly, the sole
use of VEGF led MSCs to express a significant amount of
SMA protein and increase proliferation while upregulating
an early endothelial marker. The presence of both endo-
thelial and smooth muscle markers is a sign of a dysfunc-
tional, proliferative cellular phenotype that can be found in
diseased vascular tissues such as neointimal hyperpla-

sia.27,28 Our results are consistent with previous findings
in vivo and in vitro, showing proliferating SMA + cells were
present at the sites of neointimal hyperplasia where a sig-
nificant amount of exogenous VEGF was found.31 Ad-
ditionally, Park et al. found that MSCs seeded with TGF-b
for 24 h on polyacrylamide gels with an elasticity of 1 kPa
showed significantly less SMA and calponin-1 than those
seeded on stiff ( > 15 kPa) substrates.32 Therefore, it is the
combination of mechanical and chemical factors that drive
MSC transdifferentiation to healthier endothelial pheno-
types with increased phenotypic-specific function.

Though a number of studies have explored the individual
effects of vascular mechanical and biochemical factors on
MSC differentiation, few have attempted to simultaneously
modulate both stimuli in a 3D matrix as occurs in vivo. To
that end, the present study uses a 3D matrix to model the
stiffness of the in vivo vascular intima and VEGF to model
the biochemical environment. The sole use of biochemical
factors such as VEGF requires at least a 7-day culture time to
induce the endothelial differentiation of MSCs.9 Ad-
ditionally, the independent use of biomechanical factors such

FIG. 5. MSC-conditioned media (CM) from cells differentiated in the 2 kPa + VEGF condition improves paracrine sig-
naling capabilities of MSCs. (A) Top panel: Representative images showing endothelial cell (EC) formation of capillary-
like structures on the matrigel with reduced growth factors in various CM. Bottom panel: Representative images of migrated
ECs on filters. Arrows show pores in a membrane and ECs stained with crystal violet. For both panels, the scale bar is
10 mm. (B) Quantitative measure of the area fraction of filter covered by migrated ECs after 24 h of exposure to MSC-CM.
dp < 0.05 versus SFM. *p < 0.05 versus PS-CM. n ‡ 3. (C) Fold change of insulin-like growth factor (IGF) mRNA in MSCs
after 168 h of seeding on PS, VEGF, 2 kPa, and 2 kPa + VEGF conditions. *p < 0.05 with PS n = 3. Color images available
online at www.liebertpub.com/tea
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as soft matrices may expedite the differentiation process,
inducing MSCs to display early to intermediate endothelial
markers in 1- to 3-day culture times, as shown by our pre-
vious study and others.8,18 Results from this study demon-
strate that the combination of appropriate biomechanical
(elasticity of *2 kPa) and biochemical (a VEGF concentra-
tion of 10 ng/mL) stimuli lead to rapid endothelial differen-
tiation of MSCs and more mature, specific endothelial
phenotype, compared with the independent use of these
stimuli. MSC differentiation toward endothelial lineage
in vivo is regulated by a combination of biochemical and
biomechanical factors. We have shown that simultaneous
regulation of biochemical and biomechanical factors in vitro
is an effective way to quickly perpetuate the differentiation of
MSCs into cells that express both mature and functional en-
dothelial markers (Flt, vWF, PECAM, and eNOS) of vascular
ECs. The experimental setup here utilized the PS and VEGF
conditions to ensure the methods and results of this research
are consistent with and comparable to many previous studies
using growth factors on rigid two-dimensional (2D) sub-
strates. The conclusion of this work clearly demonstrates that
MSCs on soft matrices with VEGF show more mature EC
markers than MSC on soft matrices without VEGF. Further,
MSCs on soft matrices demonstrated a more rapid, specific
commitment to endothelial lineage than cells on 2D substrates
with or without VEGF. Therefore, the responses of stem cells
to chemical growth factors drastically vary with their physical
environment. Experiments examining the impact of chemical
growth factors on stem cell behavior in standard 2D rigid
environment might not accurately predict the behavior of stem
cells in either the in vivo microenvironment or a 3D biomi-
metic cell scaffold.

Recent studies have highlighted a major biological function
of MSCs is their capability to secrete a large number of
paracrine signaling factors, which in turn affect neighboring
cells. The signaling factors include inflammatory factors and
angiogenic factors that promote surrounding ECs to prolifer-
ate, migrate, and organize into capillaries.19,22,33 The injection
of MSCs into an ischemic myocardium was shown to improve
myocardial function by increasing vascularity6,29 Further-
more, the sole use of signaling factors released from MSC can
improve vascularization.34,35 Recent studies suggest that mi-
croenvironments around MSCs can influence their signal se-
cretory functions. For example, Seib et al. demonstrated that
decreasing substrate elasticity reduced MSC secretion of IL8,
an inflammatory chemical.19 Currently, it is largely unknown
how chemical and mechanical factors in the cellular micro-
environment influence MSC paracrine signaling. The present
study showed that conditioned media from MSCs seeded on
soft matrices with VEGF resulted in increased EC migration
and formation of capillary-like structures. It seems this com-
bination of chemical and mechanical stimuli increased MSC
capabilities of secreting angiogenic factors. Our results also
suggest that IGF might partially contribute to the enhanced
paracrine signaling from MSCs. Interestingly, Linke et al. and
Sang et al. have also linked the IGF gene to both germ cell and
cardiac stem cell migration.36,37

Conclusion

This study has demonstrated that both mechanical and
biochemical factors are critical to direct MSC differentiation

into healthy endothelial phenotypes. Mechanical and bio-
chemical factors also act synergistically to enhance MSC
secretion of paracrine signals, improving EC angiogenesis
capabilities. This research highlights the importance of
precisely controlling both mechanical and chemical factors
when designing cell therapies or tissue engineered con-
structs.
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