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Mesenchymal stem cell response to TGF-β1 in both 2D
and 3D environments

Ryan S. Stowers,†a Charles T. Drinnan,†a,b Eunna Chunga and Laura J. Suggs*a

Smooth muscle cells (SMC) are critical in stabilizing developing vascular networks, and transforming

growth factor β1 (TGF-β1) has been shown to promote SMC differentiation from stem cells. Previously,

our lab has developed a chemically modified fibrin-based hydrogel that induces endothelial cell (EC) pheno-

type and network formation from human mesenchymal stem cells (hMSCs) without exogenous cyto-

kines. Additionally, we have shown that this hydrogel system is capable of releasing growth factors in a

controlled manner. In the present work, the effects of TGF-β1 on hMSCs in both monolayer and fibrin-

based gel culture systems were demonstrated. The objective was to enhance SMC properties through

TGF-β1 signaling for vessel stability while maintaining EC gene expression and morphology. Proliferation

was decreased with higher TGF-β1 concentration in both monolayer and 3D gel cultures. EC genes were

predominantly downregulated in the presence of TGF-β1 in monolayer cultures, while SMC genes were

generally upregulated. In fibrin-based gels, several SMC genes were significantly upregulated at high con-

centrations of TGF-β1. Even at elevated TGF-β1 concentrations, no significant differences were seen in EC

genes for hMSCs in gels compared to controls. Network formation and growth occurred in PEGylated

fibrin gels loaded with TGF-β1 and were not significantly different from gels without loaded growth

factor. Additionally, production of smooth muscle α-actin (SMA) was significantly increased in gels loaded

with TGF-β1. These results demonstrate a simultaneous response of hMSCs to both the 3D biomatrix and

cytokine signaling cues.

Introduction

It has been well documented that clinical success in tissue
engineering has been achieved with thin or avascular
constructs.1–3 However, in order for seeded cells to remain
viable and repopulate larger scaffolds, a patent microvascular
network must be present.4,5 Researchers have demonstrated
that cell viability is minimal when the distance between cells
and a capillary source is greater than a few hundred microns.6

Thus, to successfully engineer larger constructs, robust neovas-
cularization is required.

Both adult and embryonic-derived endothelial cell sources
may contribute towards the creation of new blood vessels and
improve survival of engineered tissues.7 However, an insuffi-
cient number of endothelial cells (ECs) and the potential host
immune response limit clinical applications. It is desirable for
neovascularization to utilize an adult stem cell source that
could be easily isolated and/or expanded rapidly in vitro.

Mesenchymal stem cells (MSCs) derived from bone marrow,8–11

Wharton’s jelly,12 amniotic membrane,13 umbilical cord blood,14

and amniotic fluid15 have the potential to differentiate towards
EC lineages under various conditions. MSCs have also demon-
strated a degree of immunoprivilege decreasing the likelihood
of rejection.16 EC phenotype from bone marrow MSCs has
been induced through growth factors and cytokines as well as
mechanical stimulation such as shear force exposure.17–21

Recently, a number of groups, including ours, have demon-
strated that 3D matrix culture can influence the differentiation
of MSCs towards an EC phenotype.22–24 While the extent of
terminal differentiation of bone marrow MSCs is uncertain,25

the preponderance of evidence suggests that the culture matrix
can dramatically affect the EC phenotype of MSCs with poten-
tial clinical utility.

Fibrin gels are often employed as a matrix for in vitro vascu-
larization; however, the degradation rate in vivo is rapid. Our
lab has shown that derivatives of polyethylene glycol (PEG) can
be covalently conjugated to fibrinogen before thrombin
polymerization to significantly slow enzymatic degradation by
hindering protease activity in addition to increased cross-
linking.26 These PEGylated fibrin gels promote vasculogenesis
in vitro from a population of MSCs, forming multicellular net-
works by day 3 that progressed over time.24 EC markers CD31,†Authors contributed equally to this work.
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von Willebrand Factor (vWF), and vascular endothelial cad-
herin (VE-CAD) were upregulated in MSCs cultured in PEGy-
lated fibrin without the addition of any soluble factors.
Additional work by our group has demonstrated that the effect
of PEGylation on network formation is quantifiable27 and that
mesenchymal precursors eventually form fluid filled lumens
as demonstrated by transmission electron microscopy.28 When
implanted subcutaneously in rats, PEGylated fibrin gels were
vascularized within 7 days.24,29 However, further analysis
revealed the neovasculature was disorganized and immature,
with weakly diffuse CD31 staining throughout the construct.
Studies examining developing vasculature have demonstrated
similar phenomena without the presence of mature smooth
muscle cells (SMC) or pericytes.30 Thus, we hypothesized that
enhancing the mural cell phenotype was necessary to stabilize
the network formed in PEGylated fibrin gels.

Transforming growth factor-β1 (TGF-β1) is widely described
to drive SMC differentiation from progenitors.31 In particular,
studies investigating the effect of TGF-β1 on bone marrow
MSCs in monolayer cultures have demonstrated upregulated
expression of SMC genes including smooth muscle α-actin, cal-
ponin, and SM22α.32–36 Protein expression followed similar
trends, and the induced cells could be expanded while main-
taining the new phenotype.36 Further, SMC markers are upregu-
lated in a dose-dependent manner with increasing TGF-β1
concentration and duration of exposure.34,37 However, the
majority of these studies employed only monolayer culture
systems, and additional evidence suggests that TGF-β1 signal-
ing pathways can crosstalk with mechanical force-induced sig-
naling in vascular cells.35 Thus, to fully understand the effects
of TGF-β1 on MSCs, three-dimensional studies must be con-
ducted to account for other microenvironmental signaling
cues.

TGF-β1 has been used in 3D matrices to stimulate the
differentiation of MSCs towards a SMC phenotype. Ross et al.
demonstrated increased collagen synthesis and mechanical
strength when multipotent adult progenitor cells (MAPCs)
were cultured in fibrin hemispheres for 5 weeks in medium
containing 2.5 ng ml−1 TGF-β1.36 Gong et al. seeded MSCs in a
polyglycolic acid scaffold for 4 weeks and then exposed them
for 6 weeks to pulsatile flow and TGF-β1. The presence of TGF-
β1 and pulsatile flow conditions increased SMC marker
expression, collagen production, and burst strength of the
scaffolds.38 Additionally, MSCs have been seeded within
porous collagen-glycosaminoglycan scaffolds and cultured
with 2 ng ml−1 TGF-β1. The presence of TGF-β1 increased the
scaffold contraction by 135%, indicating that MSCs have differ-
entiated to contractile cells.34 In light of these studies, we
sought to increase the stability of nascent networks observed
in our fibrin-based gels by promoting SMC properties through
gels loaded with TGF-β1.

While we hypothesized that TGF-β1 loaded in fibrin-based
gels would induce SMC differentiation from hMSCs, the com-
bined effect of TGF-β1 and biomatrix cues on EC phenotype
and network morphology was unknown. Previously, we have
loaded PEGylated fibrin gels with TGF-β1 via covalent

conjugation and physical affinity for the matrix, resulting in
controlled release of the cytokine for up to 12 days.39 Here, we
sought to determine the effects of TGF-β1 on hMSC prolifer-
ation, morphology, gene expression and protein production
when added either endogenously to monolayer culture or
loaded within a 3D fibrin-based gel. We examined the gene
and protein expression for both ECs and SMCs to determine
whether the upregulation of a mural cell phenotype came at
the expense of the endothelial phenotype and morphology.

Materials and methods
Cell culture

HMSCs (Lonza) were purchased commercially, maintained and
expanded with DMEM containing 10% FBS, 1% Glutamax, and
1% penicillin/streptomycin (Life Technologies). Media was
changed every 2–3 days and the cells were passaged according
to the manufacturer’s protocols. Passage 4–7 cells were used
for all experiments. For monolayer experiments, hMSCs were
plated into 6-well plates at 2000 cell per cm2 and exposed to
exogenous addition of 0, 0.1, or 10 ng ml−1 TGF-β1.

Fibrin-based gels

A porcine fibrinogen solution was prepared in Dulbecco’s
phosphate-buffered saline (DPBS) at a concentration of 80 mg ml−1

and pH 7.8. Recombinant human TGF-β1 (R&D Systems)
at a concentration of 200 ng ml−1 or 800 ng ml−1 in 0.1%
bovine serum albumin (BSA, Sigma) in PBS was added to the
fibrinogen solution and incubated at 37 °C for 45 minutes.
Controls utilized 0.1% BSA solution in DPBS in lieu of growth
factor. Following TGF-β1 loading, homobifunctional succini-
midyl glutarate polyethylene glycol (PEG-(SG)2) (3400 Da, NOF
America) was added to the fibrinogen solution at a molar ratio
of 10 : 1. For nonPEGylated gel conditions, DPBS was added in
lieu of the PEG derivative. The reaction was allowed to proceed
at room temperature for 3 minutes. Cells were added to the
solution at 200 000 per ml in DMEM at 1/4 of the final gel
volume. To initiate crosslinking and gelation, growth factor
loaded PEGylated fibrinogen was exposed to 25 U ml−1 human
thrombin (Sigma) in a 40 mM CaCl2 solution. Gelation time is
dependent on thrombin concentration and at this range the
typical gelation time is 0.5–2 minutes. The final concentrations
were 10 mg ml−1 fibrinogen, 1 mg ml−1 PEG-(SG)2, 25 or
100 ng ml−1 TGF-β1, 50 000 hMSCs per ml and 12.5 U ml−1

thrombin (Fig. 1A).

MTT assay

The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) assay was adapted from the commercial protocol.
MTT reagent (Sigma) was prepared at 5 mg ml−1 in serum free
media and added to the media of the cells at 10% of the
volume (100 μl per 1 ml of media). For monolayers of hMSCs,
MTT reagent was incubated for 3 hours at 37 °C. For hMSCs in
gels, MTT reagent was exposed for 6 hours at 37 °C.40 Follow-
ing incubation, formazan crystals were dissolved in 0.1 N HCl
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in isopropanol. Formazan crystals formed in monolayers of
hMSCs were dissolved within 30 min while crystals in the gels
were dissolved overnight. Color formation was quantified with
a universal microplate reader ELX800 (BIO-TEK Instruments)
at a wavelength of 560 nm. Corrected absorbance was calcu-
lated by subtracting the absorbance of media exposed to MTT
reagent and gels without hMSCs from experimental group
values.

Quantitative real-time polymerase chain reaction

RNA was isolated from hMSCs in monolayer culture using
Qiagen RNeasy Minikit according to the manufacturer’s
instructions. RNA extraction from hMSCs in gels was per-
formed by following the Trizol-chloroform method.41

Isolated RNA was quantified using a Nanodrop spectrophoto-
meter (Fisher Scientific). RNA samples were reverse tran-
scribed using a kit without RNase inhibitors (Life
Technologies) according to the manufacturer’s instructions.
Blanks consisting of buffer and reagents were used in parallel
as controls. Standard hMSCs taken from the maintenance
stock were used for comparison.

TaqMan® gene expression assays (Life Technologies) were
utilized to quantify mRNA production. CDNA from consistent

amounts of starting RNA were mixed with TaqMan® reagents
(Life Technologies). Genes and assay IDs used in this study
can be found in Table 1. β-Actin was used as an endogenous
control gene. Quantitative real-time polymerase chain reaction
(qRT-PCR) was performed utilizing an Applied Biosystems
7900HT with the following reaction conditions: 95 °C for
10 min and 40 cycles of 95 °C for 15 s and 60 °C for 1 min.
The reporter dye was 6-FAMTM. Relative quantification (RQ)
was determined by comparing gene expression to β-actin and
standard hMSCs using the 2-ΔΔCT method.42

Light microscopy

Light micrographs were captured using a Leica DMI 3000 B
microscope with attached camera. Images were taken once
daily to monitor cell morphology and network formation and
growth.

Immunocytochemical analysis

For protein analysis, MSCs were cultured in 4 well chamber
slides. After 7 days, the cells were fixed with 4% paraformalde-
hyde and rinsed in DPBS. The cells were then permeabilized
with 0.25% Triton-X-100 and washed. The slides were blocked
with 10% goat serum (Jackson Labs). After blocking, the

Fig. 1 Schematic of mechanisms of fibrin PEGylation, TGF-β1 loading, and thrombin-mediated crosslinking in the presence of hMSCs (A). MTT assay for hMSCs
cultured in monolayers (B) and in gels (C) exposed to various concentrations of TGF-β1. Brackets indicate significance of p < 0.05.

Paper Biomaterials Science

862 | Biomater. Sci., 2013, 1, 860–869 This journal is © The Royal Society of Chemistry 2013

Pu
bl

is
he

d 
on

 2
1 

M
ay

 2
01

3.
 D

ow
nl

oa
de

d 
on

 1
5/

03
/2

01
6 

17
:1

7:
57

. 
View Article Online

http://dx.doi.org/10.1039/C3BM60057B


primary antibody (anti-SMA, ab7817, Abcam) in 1% goat
serum was applied and incubated overnight at 4 °C. Samples
were then incubated in a 1 : 100 dilution of Cy-5 conjugated
goat anti-mouse IgG secondary antibody (ab6563, Abcam) for
1 hour at room temperature. The slides were rinsed in DPBS
and counterstained with 4′,6′-diamidino-2-phenylindole (DAPI)
in mounting medium (Santa Cruz Biotechnology). Images
were captured on a Zeiss Axiovert microscope equipped with a
Zeiss Axiocam.

For confocal microscopy, gels were prepared and cultured
in 4 well chamber slides or permeable membrane-bottomed
inserts (8.0 μm pores, transparent PET membrane, BD Bio-
sciences) under the conditions described above. For calcein-
AM staining, the gels were washed with serum-free media and
incubated with 8 μM calcein-AM (Invitrogen) in PBS for 1 hour
at 37 °C. The samples were then fixed for 10 min with 4% par-
aformaldehyde and imaged. For immunofluorescent staining,
the gels were washed with DPBS and fixed for 15 minutes with
10% neutral-buffered formalin (PSL Equipment, Inc.). After
blocking with 10% goat serum (Life Technologies) for 1 hour
at room temperature, the gels were incubated with primary anti-
body (anti-SMA, ab7817, Abcam) in 1% goat serum overnight at
4 °C followed by incubation with the secondary antibody Alexa
488 goat anti-mouse IgG (H+L) (A11001, Life Technologies) at
room temperature for 1 hour. A Leica SP2 AOBS confocal
microscope was used to obtain images of all gels.

Western blot analysis

SMA and vWF expression in hMSCs were investigated by
western blot analysis. Cells from 3D samples were lysed in
RIPA buffer (Santa Cruz Biotechnology). Lysed samples were
centrifuged at 14 000g for 20 minutes. Isolated proteins in the
supernatant were quantified using the BCA Protein Assay Kit
(Pierce) to derive the concentration of total protein in each
sample. Proteins were mixed 1 : 1 with Laemmli sample buffer
(Bio-Rad Laboratories)/β-mercaptoethanol (19 : 1 volume ratio)
followed by heating at 95 °C for 5 min. For electrophoresis, the
heated protein (20 μg per lane) was loaded in a 10% Mini-
PROTEAN® TGX™ Precast Gel (Bio-Rad Laboratories). Proteins
transferred onto the PVDF membranes were immunoblotted
using mouse and rabbit primary antibodies for SMA (ab7817,
Abcam) and vWF (ab6994, Abcam), respectively, and matched

secondary antibodies diluted in the blocking buffer composed
of 5% non-fat dry milk solution in Tween-20/Tris buffered
saline (TBS). For mouse and rabbit primary antibodies, goat
anti-mouse (sc-2005, Santa Cruz) and anti-rabbit (ab6721,
Abcam) IgG conjugated with horse radish peroxidase were
used as secondary antibodies. For a loading control, the band
of β-actin was detected using a rabbit polyclonal anti-β-actin
antibody (ab75186, Abcam). The chemiluminescent signal of
each band was visualized by FluorChem Q (ProteinSimple) and
quantified using AlphaView software.

Statistical analysis

ANOVA was performed for each experiment with post hoc
Tukey’s test when applicable using MATLAB (MathWorks).
Groups were considered significantly different for p-values less
than 0.05. Error bars represent standard error of the mean of
at least three independent samples per group.

Results
Cell proliferation

The addition of TGF-β1 inhibited proliferation in monolayer
cultures of hMSCs (Fig. 1B). There were significantly fewer
cells at day 4 in the 10 ng ml−1 TGF-β1 compared to controls
without additional TGF-β1. By day 7, a significant decrease was
observed in the 10 ng ml−1 group compared to both 0 and
0.1 ng ml−1 TGF-β1 groups.

When hMSCs were cultured in gels, significant differences
were demonstrated between all groups in both PEGylated and
nonPEGylated fibrin gels at day 7 (Fig. 1C). Proliferation stea-
dily decreased with increasing TGF-β1 concentration. It should
be noted that the optical properties of the two gel types are dis-
similar, and while an attempt was made to correct for absorp-
tion by the gels, comparisons should only be made within
gel groups and not between PEGylated and nonPEGylated
fibrin gels.

TGF-β1 affects gene expression of 2D HMSC cultures

HMSCs were cultured until day 7 with 0, 0.1 (low), or 10 ng ml−1

(high) concentrations of TGF-β1. Reverse transcription,
qRT-PCR was then performed to examine the expression of
SMC or EC genes. After 7 days, the highest concentration of

Table 1 Gene and primer information for qRT-PCR analysis

Gene name Symbol Assay ID Target protein

Actin, alpha 2, smooth muscle, aorta ACTA2 Hs00426835_g1 ACTA2 (SMA)
Desmin DES Hs00157258_m1 DES
Calponin 1, basic smooth muscle CNN1 Hs00154543_m1 CNN1
Angiopoietin 1 ANGPTI Hs00181613_m1 ANGPT1
Angiopoietin 2 ANGPT2 Hs00169867_m1 ANGPT2
Platelet derived growth factor receptor, beta polypeptide PDGFRB Hs00182163_m1 PDGFRB
Platelet/endothelial cell adhesion molecule PECAM1 Hs00169777_m1 PECAM1 (CD31)
Vascular endothelial growth factor A VEGFA Hs00900054_m1 VEGFA
Cadherin 5, type 2 (vascular endothelium) CDH5 Hs00174344_m1 CDH5
von Willebrand factor VWF Hs00169795_m1 vWF
Alanyl (membrane) aminopeptidase ANPEP Hs00174265_m1 ANPEP
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TGF-β1 downregulated the EC marker, VE-CAD, compared to
both low and no growth factor addition (Fig. 2A). Interestingly,
VEGF was significantly upregulated compared to hMSC
controls in the presence of low TGF-β1, but downregulated
by the higher TGF-β1 concentration compared to the low
concentration.

In the presence of TGF-β1, significant upregulation of
several SMC markers was observed (Fig. 2B). CAL was upregu-
lated in the high TGF-β1 concentration group and PDGF-RB
was upregulated with both TGF-β1 groups. Additionally, DES
was significantly downregulated at the highest concentration
of TGF-β1 compared to both hMSCs cultured with low and no
TGF-β1.

Immunocytochemical analysis of 2D HMSCs in the presence
of TGF-β1

HMSCs were cultured in chamber slides either with or without
an additional 10 ng ml−1 TGF-β1 in the culture medium, and
stained for SMA. Monolayers cultured with TGF-β1 showed a
high degree of SMA production, with most cells staining posi-
tive after 7 days (Fig. 2C). SMA was localized in prominent
stress fiber bundles. In the control group, SMA was produced
at low levels and was diffusely spread throughout the cyto-
plasm. Additionally, very few stress fibers were evident.

HMSC morphology in PEGylated fibrin gels

Light micrographs confirmed that hMSCs form branched,
multicellular structures by day 3 and grew into extensive net-
works by day 7 in PEGylated fibrin gels (Fig. 3A), as previously
demonstrated.24 Networks were more extensive in PEGylated
fibrin gels compared to nonPEGylated fibrin. Though the
opacity of the nonPEGylated fibrin gels limited visibility under
phase contrast, this was clearly demonstrated through calcein-
AM staining (Fig. 3B). The addition of 100 ng ml−1 TGF-β1 to
PEGylated fibrin gels did not inhibit network formation or
growth. By day 5, extensive networks were observed both in the
presence and absence of TGF-β1. Additionally, network exten-
sion was stable over a range of TGF-β1 concentrations and was
not diminished at the highest concentration used in these
studies.

TGF-β1 affects gene expression of HMSCs in gels

Gene expression of hMSCs was assessed at day 7 for gels
loaded with 25 ng ml−1 of TGF-β1. While changes in gene
expression are typically assessed within hours of inductive sig-
nalling, our previous studies have shown marked upregulation
of gene expression at day 7 in 3D gel cultures.28 Additionally,
TGF-β1 is continuously released in PEGylated fibrin gels for up
to 12 days, presumably leading to differences in gene
expression after one week. Three markers for both ECs (CD31,
VE-CAD, and VEGF) and SMCs (SMA, CAL, and DES) were
selected based on the gene expression results of hMSCs cul-
tured in monolayers, and those of known importance from
prior studies.24,38 The addition of TGF-β1 to the gels did not
significantly inhibit expression of EC markers (Fig. 4A). A sig-
nificant increase in VEGF expression was found between

PEGylated and nonPEGyated fibrin with TGF-β1, and trends
are consistent with our prior report that PEGylation increases
EC gene expression.24 While significance was not demon-
strated in any SMC genes, trends in several groups indicated
upregulation in the presence of TGF-β1 (Fig. 4B). In order to
establish the validity of the trends seen in SMC markers,
further tests were conducted with a higher concentration of

Fig. 2 Gene expression of hMSCs in monolayer culture exposed to various
levels of TGF-β1 after 7 days. Endothelial (A) and smooth muscle markers (B)
were tested. Brackets indicate significance of p < 0.05. Immunostaining of
hMSCs in monolayer culture treated with 10 ng ml−1 TGF-β1 or untreated
control. SMA (green) was highly expressed and found in prominent stress fibers
in cultures with TGF-β1, compared to low expression levels and diffuse cyto-
plasmic staining in controls (3 representative replicates shown in C). Nuclei were
counter-stained with DAPI (blue). Scale bar represents 20 μm.
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TGF-β1, 100 ng ml−1 (Fig. 4C and D). In several cases, SMC
markers were significantly upregulated compared to unex-
posed controls. SMA was upregulated in nonPEGylated fibrin
gels with TGF-β1 compared to the same gel without the growth
factor. Additionally, CAL was upregulated in both PEGylated
and nonPEGylated fibrin gels when loaded with TGF-β1 over
unloaded controls. EC markers showed significant upregula-
tion of VEGF and vWF in PEGylated fibrin with TGF-β1 groups,
as well as the trends elsewhere suggesting increased EC
expression in PEGylated fibrin gels. Notably, at the higher con-
centration of TGF-β1, EC markers were not significantly altered
from controls. HMSCs of a different passage, and thus growth
characteristics, were used for analysis of the higher TGF-β1
concentration, which may account for differences in relative
quotient (RQ).

To more clearly demonstrate the impact of TGF-β1 addition
or PEGylation of fibrin gels, ratios of expression levels were cal-
culated. A value of one for this metric indicates equal RQ
between the two groups. Values greater than 1 represent rela-
tive upregulation and values less than 1 indicate relative down-
regulation due to the condition. Overall, the addition of
TGF-β1 results in moderate upregulation of SMC genes, while
PEGylation tends to slightly downregulate SMC genes (Fig. 4E).
Expression levels of EC genes did not vary significantly with
respect to TGF-β1 loading; however PEGylation was seen to
promote EC marker expression (Fig. 4F).

Protein analysis of HMSCs in gels

Protein expression of hMSCs at day 7 was assessed by western
blotting. PEGylation induced a marked upregulation of vWF

expression both with and without TGF-β1 (Fig. 5A). The
inclusion of TGF-β1 did not significantly alter the production
of vWF in either PEGylated or nonPEGylated gels.

SMA expression was significantly upregulated in nonPEGy-
lated fibrin gels compared to PEGylated fibrin gels when both
were loaded with TGF-β1 (Fig. 5B). TGF-β1 loaded gels demon-
strated higher SMA expression compared to unloaded controls,
especially in the nonPEGylated gels, though the difference was
not statistically significant.

The morphologic distribution of SMA in cellular networks
was examined with confocal microscopy. In PEGylated gels
without TGF-β1, SMA was sparsely observed. HMSCs in nonPE-
Gylated gels without TGF-β1 demonstrated moderate
expression, but extensive networks were not seen, as men-
tioned previously (Fig. 5C). The addition of TGF-β1 to the non-
PEGylated gels resulted in robust expression with considerably
more extensive networks compared to controls without TGF-
β1. A fraction of cells within the PEGylated fibrin gels
with TGF-β1 displayed very high expression of SMA with exten-
sive network formation. However, in many networks, the
expression of SMA was low or undetectable.

Discussion

Proliferation assays performed on monolayer cultures of
hMSCs demonstrated decreased proliferation in response to
increasing TGF-β1 concentration, which is consistent with lit-
erature.38 Proliferation in 3D fibrin-based gels decreased in
response to loaded TGF-β1 in a dose dependent manner.

Fig. 3 Light micrograph images of hMSCs cultured in various gel conditions. Network formation and growth is evident in PEGylated fibrin gels with and without
100 ng ml−1 TGF-β1. Scale bar represents 200 μm. Fluorescent images of calcein-AM stained hMSCs within gels at day 7 (B). HMSCs demonstrated network for-
mation in PEGylated gels and were not inhibited by 100 ng ml−1 TGF-β1. Scale bar represents 150 μm.
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These results are consistent with a cell population that is tran-
sitioning from a proliferative phenotype to one that is synthe-
sizing proteins. Furthermore, this gives evidence that matrix-
bound TGF-β1 maintains bioactivity toward hMSCs up to
7 days and does not require supplementation in the media.

In a previous report, we have demonstrated that TGF-β1 is
loaded within PEGylated fibrin gels both by covalent conju-
gation and physical affinity for the matrix.39 While the half-life
of TGF-β1 is less than 2 hours in aqueous environments, we
achieved release of bioactive TGF-β1 up to 7 days in PEGylated
fibrin matrices as employed in the current study. While we
had initially examined a gel loading of 25 ng ml−1, the lack of
significant differences in gene and protein expression among
groups led us to consider a higher loading condition. Based on
the loading and release kinetics measured in the prior study,
we would expect approximately 25 ng released over this time
period from a PEGylated fibrin gel loaded with 100 ng ml−1.
We therefore report here both a high (100 ng ml−1) and low
(25 ng ml−1) loading condition, and were able to demonstrate

significant differences in gene and protein expression with the
high loading condition.

A biphasic relationship was observed with respect to hMSC
gene expression in 2D culture in response to varying levels of
TGF-β1 in culture media. VEGF was significantly upregulated
at the low concentration compared to either no TGF-β1 or the
high concentration. A similar trend was demonstrated in the
EC markers VE-CAD and vWF, angiogenic regulator ANPEP,
and in SMC markers DES and ANGPT1; however differences
were not statistically significant. This result is consistent with
literature reports regarding the biphasic effects of TGF-β1 con-
centration levels on gene expression, protein production, and
migration, both in similar angiogenic studies and other devel-
opmental process such as osteogenesis.43,44

Immunostaining revealed high levels of SMA organized into
cytoskeletal filaments in monolayer cultures with TGF-β1. This
is in accordance with previously published reports.36,45 In con-
trast, control cultures without TGF-β1 showed low levels of
SMA dispersed throughout the cytoplasm. We hypothesized

Fig. 4 QRT-PCR of hMSCs in gels after 7 days. EC markers with 25 ng ml−1 TGF-β1 loaded (A). SMC markers with 25 ng ml−1 TGF-β1 loaded (B). EC markers with
100 ng ml−1 TGF-β1 loaded (C). SMC markers with 100 ng ml−1 of TGF-β1 loaded (D). Brackets indicate significance of p < 0.05. Relative gene expression between
groups based on 100 ng ml−1 TGF-β1 qRT-PCR data (E, F). Values represent the ratio of RQ for the groups listed within a given gene. A value of 1 indicates equal
gene expression between the two groups. Note that the color and size scaling differ from E to F and should only be compared within each matrix.
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that loading TGF-β1 in 3D fibrin-based gels would upregulate
SMC genes and protein synthesis, which could lead to more
stable vascular networks. Indeed, our results suggest that SMC

genes are promoted upon exposure to released TGF-β1 in 3D
fibrin-based matrices. Significant differences were seen in the
key markers, SMA and CAL, at the high loading concentration.
Additionally, TGF-β1 caused an increase in production of SMA
in nonPEGylated groups compared to controls shown both in
the immunostained images as well as quantified by western
blotting. Other groups have demonstrated enhanced SMA pro-
duction in hMSCs in 3D matrices cultured with low levels of
TGF-β1 supplemented to culture media (2 ng ml−1). This effect
from a much lower growth factor concentration may be due to
the repeated administration in growth media compared to
what is released from our matrix.37

In 3D cultures, we demonstrate an enhancement by PEGyla-
tion in key endothelial cell genes including VEGF and vWF.
Western blotting for vWF revealed that protein expression was
increased in the PEGylated fibrin gels. Immunostaining for
vWF was problematic as it is a secreted protein that remained
associated with the fibrin matrix. The resulting images could
not be clarified due to the high background signal. No signifi-
cant reductions were seen in either gene or protein expression
with the introduction of TGF-β1. The morphology of MSC net-
works in PEGylated fibrin was also not affected by TGF-β1 and
was markedly distinct from the cells in nonPEGylated fibrin.

The effect of TGF-β1 on angiogenic phenomena is complex
and not entirely understood. TGF-β1 is a pleiotropic cytokine
with an indirect effect on the angiogenic cascade via upregula-
tion of VEGF and bFGF production.46,47 Mallet et al. demon-
strated an increase in EC differentiation from ESCs independent
of VEGF, but an inhibition of tube formation in experiments
with 0.1–10 ng ml−1 TGF-β1 added to culture medium.48

Further, TGF-β1 has been shown to inhibit EC proliferation,
invasion, and tube formation in collagen gels at concen-
trations as low as 0.1 ng ml−1.48 These reports and others
demonstrate the need to consider the contextual presentation
(i.e. concentration, duration, matrix, and cell type) of TGF-β1
when comparing results.

In the current study, we demonstrated TGF-β1 does
promote SMC-like properties while maintaining network mor-
phology and EC gene and protein expression levels in vitro. We
did not examine whether the phenotypic changes represented
two distinct cell populations, although we did not see anything
to suggest that a second cell type was developing in a perivas-
cular position relative to the first. It is possible that the time
point examined here was too early to see that type of develop-
ment or it may be that what we are demonstrating here is the
plasticity of MSCs that can express multiple phenotypic charac-
teristics. Future in vivo assays will be performed to determine
if vessel stability is enhanced as a result of TGF-β1 loaded
within fibrin-based matrices.

Conclusions

This study demonstrates the effect of TGF-β1 on hMSC popu-
lations in monolayer and fibrin-based gel cultures. Decreased
proliferation was observed in response to TGF-β1 concentration

Fig. 5 Western blot images and quantification of for vWF normalized to
β-actin expression (A). Representative images of the blot are shown below the
corresponding lane. Western blot images and quantification of for SMA normal-
ized to β-actin expression (B). Representative images of the blot are shown
below the corresponding lane. Brackets indicate significance of p < 0.05. Confo-
cal Z-projections of hMSCs in gels stained for SMA (C). Scale bar represents
100 μm.

Biomaterials Science Paper

This journal is © The Royal Society of Chemistry 2013 Biomater. Sci., 2013, 1, 860–869 | 867

Pu
bl

is
he

d 
on

 2
1 

M
ay

 2
01

3.
 D

ow
nl

oa
de

d 
on

 1
5/

03
/2

01
6 

17
:1

7:
57

. 
View Article Online

http://dx.doi.org/10.1039/C3BM60057B


in 2D cultures. Gene expression of smooth muscle markers
was largely upregulated, while endothelial cell markers were
downregulated. In fibrin-based gel cultures, TGF-β1 also
decreased proliferation. Several SMC genes were upregulated
in response to growth factor addition, while EC genes did not
differ significantly. Further, microscopic analysis showed per-
sistent network formation, and positive staining for SMA with
high intensity in PEGylated fibrin gels with TGF-β1. This evi-
dence suggests that hMSCs respond simultaneously to distinct
cytokine and biomatrix induction cues.
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