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Abstract

Purpose—Endothelial progenitor cells (EPCs) have been used
as an autologous or allogeneic source in multiple tissue
engineering applications. EPCs possess high proliferative and
tissue regeneration potential. The effect of shear stress on
EPCs has been extensively studied but the role of cyclic
mechanical strain on EPCs remains to be understood. In this
study, we focused on examining the role of uniaxial cyclic
strain on EPCs cultured on three-dimensional (3D) aniso-
tropic composites that mimic healthy and diseased aortic
valve tissue matrix compositions.
Methods and Results—The composites were fabricated by
combining centrifugal jet spun fibers with photocrosslinkable
gelatin and glycosaminoglycan hydrogels. A custom-de-
signed uniaxial cyclic stretcher was used to provide the
necessary cyclic stimulation to the EPC-seeded 3D compos-
ites. The samples were cyclically strained at a rate of 1 Hz at
15% strain mimicking the physiological condition experi-
enced by aortic valve, with static conditions serving as
controls. Cell viability was high in all conditions. Immunos-
taining revealed reduced endothelial marker (CD31) expres-
sion with increased smooth muscle cell marker, SM22a,
expression when subjected to cyclic strain. Functional
analysis through Matrigel assay agreed with the immunos-
taining findings with reduced tubular structure formation in
strained conditions compared to EPC controls. Additionally,
the cells showed reduced acLDL uptake compared to
controls which are in alignment with the EPCs undergoing
differentiation.
Conclusion—Overall, we show that EPCs lose their endothe-
lial progenitor phenotype, and have the potential to be

differentiated into mesenchymal-like cells through cyclic
mechanical stimulation.

Keywords—Endothelial progenitor cells, Anisotropic valve--

mimetic fiber-reinforced hydrogel scaffolds, Uniaxial cyclic

mechanical strain, Heart valve tissue engineering.

INTRODUCTION

Endothelial progenitor cells (EPCs) have gained a
lot interest since their discovery in 1997 by Ashara
et al.,2 and have been studied both as an autologous
and allogeneic source for tissue engineering and
regenerative medicine applications.15,14,1118 EPCs pos-
sess a high proliferative potential and play an impor-
tant role in neovascularization by mobilizing to injury
sites and remodeling the tissue.12,24,2840 These cells are
found in the bone marrow, peripheral blood, umbilical
cord blood, and as tissue residents.28,33,39 As these cells
can be obtained with minimally invasive techniques, it
makes them a valuable cell source for tissue regener-
ation.

Mechanical forces such as shear stress and stretch
tension have been shown to affect the endothelial cells
to change cell shape, function, and gene expres-
sion.25,13,35 Several studies have been conducted to
understand the role of shear stress in EPC differenti-
ation to mature endothelial cells via the expression of
endothelial cell markers like Tie2, VE-cadherin, von
Willebrand factor (vWF), vascular endothelial growth
factor receptors 1 and 2 (VEGFR1,
VEGFR2).25,13,34,26,6 EPCs experiencing shear stress
also exhibited increased expression of adhesion mole-
cules such as E-selectin, ICAM1, and VCAM1.25,1

Interestingly, EPCs when treated with soluble factors
like transforming growth factor b (TGFb) or plate-
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let-derived growth factor, have been reported to dif-
ferentiate into smooth muscle cells with increased
expression of a smooth muscle actin (aSMA) and
transgelin (SM22a).8,23,37,38 These observations indi-
cate that EPCs can be used as a potential cell source
that can differentiate and provide smooth muscle cell-
like and endothelial functions. Although studies have
focused on EPC differentiation by biochemical cues
and shear stresses, research still lacks on understanding
how these cells respond to cyclic mechanical strain.

Microenvironmental mechanical changes can lead
to cell behavioral changes and in turn alter the tissue
function.5 Tissues like blood vessels and heart valves
experience cyclic strains and it has been well estab-
lished that mechanical strain plays an important role in
remodeling of vascular grafts and blood ves-
sels.22,10,27,16,19 Our previous work also reported that
valve endothelial cells can undergo TGFb-mediated
differentiation to valve interstitial cells in response to
uniaxial cyclic mechanical strain.3 These observations
led us to study the effect of cyclic mechanical condi-
tioning on EPCs and specifically, if cyclic conditioning
would lead to EPC differentiation in a 3-dimensional
(3D) platform. The response of cells to mechanical
strains have not been extensively studied in 3D cultures
and a need for these studies is essential as cells respond
differently to mechanical stimuli in 2-dimensional
cultures.20,4

We hypothesized that we can induce EPC differen-
tiation into valve-like cells by culturing these cells on a
3D valve-mimetic composite in a valve-mimetic
mechanical environment. To accomplish this, we used
our previously reported fiber-reinforced glycosamino-
glycan-based hydrogel composite that exhibits
mechanical properties comparable to a native valve
tissue,31 and seeded these composites with EPCs. These
EPC-seeded composites were subjected to in vitro
cyclic strains using a custom-built uniaxial stretcher.

METHODS

Isolation and Expansion of Endothelial Progenitor Cells

Human umbilical cord blood units were received
from the Arkansas Cord Blood Bank with prior ap-
proval from the University of Arkansas Institutional
Review Board (#16-04-722). Two cord blood units
from different donors were used in this study to obtain
EPCs. Using our previously established protocol,32 we
carried out density gradient centrifugation with Ficoll-
Paque to isolate the mononuclear cells (MNCs). These
MNCs were plated on a collagen-I coated cell culture
plate and supplemented with Endothelial Growth
Medium (EGM; Lonza). The culture plates were

monitored for endothelial cell colonies and maintained
in culture till the colonies reached 2-3mm in size. These
colonies were trypsinized and plated in a collagen-I
treated cell culture flask supplemented with EGM for
expansion. The isolated EPCs were immunostained to
ensure their phenotype and based on our previous re-
sults for EPC marker expression,32 passages 1-3 were
used for the following proposed experiments.

Preparation and Attachment of Valve-Mimetic
Composites to Elastomeric Membranes

Elastomeric polydimethylsiloxane (PDMS) sheets
(Specialty Manufacturing Inc, Michigan) were cut to
dimensions (8 by 7 cm) and spin coated with freshly
prepared PDMS to attach a silicone ring that would
serve as a chamber for cell culture. To enable the
attachment of the valve-mimetic composites to the
elastomeric sheets, the chambers were activated using
plasma treatment and chemically treated with ben-
zophenone (10% w/v in acetone) for 15 min.42 After
the treatment, the chambers were washed once with
methanol, thrice with deionized water, and blow dried
with nitrogen gas prior to the attachment of valve-
mimetic composites.

Based on our previous publication,31 healthy and
diseased fiber-reinforced hydrogel composites were
fabricated by combining centrifugal jet spun poly-
caprolactone (PCL):gelatin fibers and photocrosslink-
able forms of gelatin and glycosaminoglycans (GAGs).
The fibers were fabricated by centrifugal jet spinning a
8% w/v solution mixture of 3:1 PCL:Gelatin.17,30 For
the hydrogel component, gelatin methacrylate (Gel-
MA) prepolymer solutions were prepared containing
5% GelMA and 0.5% photo-initiator (Irgacure
2959).31 2.4 mg/ml of GAG mixture of methacrylated
hyaluronic acid (HAMA) (60%) and methacrylated
chondroitin sulfate (CSMA) (40%) were dissolved in
the GelMA prepolymer solution to simulate the heal-
thy composition of GAGs found in the native valve.7

For the diseased conditions, the GAG concentration
was increased four-fold (9.6 mg/ml), as GAG enrich-
ment is a dominant hallmark for early calcific aortic
valve disease.29 A detailed breakdown of the scaffold
components is provided in Table 1.

The prepolymer solutions were added to ben-
zophenone-treated chambers and centrifugal jet spun
anisotropic PCL; gelatin fibers30 were placed with its
radial direction aligned to the direction of the stretch,
mimicking the in vivo stretch direction. Upon complete
soaking of the fibers, the scaffolds were crosslinked
using UV light (365nm Blak-Ray B UV-crosslinker) at
2.6 mW/cm2 for 45 seconds to construct and attach the
fiber-reinforced hydrogel composites (hereafter called
valve-mimetic composites) to the elastomeric PDMS
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membrane. An additional set of valve-mimetic com-
posites were also made on a sterile Petri dish to char-
acterize the scaffold’s physiochemical and mechanical
properties,31,41 and are reported in the supplemental
section.

Uniaxial Cyclic Mechanical Stretching of EPCs

To ensure the strain is being transmitted through
the valve-mimetic composite, fiducial markers were
placed on the fibers prior to crosslinking and mounted
onto a custom-built uniaxial stretcher using clamps.
Images were captured to the full extent of the stretch
cycle and a custom MATLAB code was employed to
measure the strains by marker tracking.

For uniaxial cyclic studies, 500,000 EPCs were see-
ded on the valve-mimetic composite surface and cul-
tured statically overnight in EGM to ensure complete
swelling of the composite and cell attachment. Stret-
ched samples were cyclically strained at a rate of 1Hz
for 15% strain in the radial fiber direction mimicking
the physiological condition.36 Static cultures supple-
mented with either EGM media or EGM with TGFb
served as controls. All studies were performed for 48
hours.

Evaluation of Cell Viability and Immunostaining

All samples were stained for cell viability at 48
hours using ThermoFisher live/dead viability kit. The
samples were imaged using an Olympus FV10i Flu-
oview confocal microscope. The number of live and
dead cells quantified across at least three image fields
using ImageJ, and cell viability was calculated using
the following formula: %ofCellViability ¼ Numberof
livecells= TotalNumberofliveþ deadcellsð Þ � 100.31

For immunostaining, samples were fixed and per-
meabilized in 4% paraformaldehyde and 0.1% Triton
X-100 for 15 min. Samples were then immunostained
using primary antibodies for CD31 (endothelial mar-
ker), CD34 (hematopoietic stem cell marker),
VEGFR2 (vascular endothelial marker), and SM22a

(smooth muscle cell marker). Following primary
stains, samples were stained with their appropriate
secondary antibodies and included DAPI for staining
the nuclei. All samples were imaged on an Olympus
FV10i Fluoview confocal microscope.

Matrigel Vasculogenic Assay

A 96-well plate was coated with 50ll/well of Ma-
trigel (Reduced Growth Factor Matrigel, Corning) and
incubated in 37 �C for 30 min to ensure gelling. At the
end of 48 hours, all sample conditions were washed
three times with 1X phosphate buffered saline and
treated with 0.05% trypsin to release the cells. The cells
were centrifuged and counted to seed them onto the
prepared Matrigel-coated plates at 20,000 cells/well.
These plates were returned to the 37 �C incubator
overnight and imaged for the cells’ ability to form
vascular tube-like structures upon all treatment con-
ditions. Valve interstitial cells and untreated EPCs
served as negative and positive controls, respectively.
The images were quantified using ImageJ to identify
the number of vascular tube structures per image field,
the mean tube area, and the mean branching points.

Acetylated Low-Density Lipoprotein Uptake Assay

At the end of 48 hours, all samples were washed
thrice with PBS, and incubated with Dil-acetylated
low-density lipoprotein (Dil-ac-LDL, 5 mg/mL, Invit-
rogen) at 37 �C for 4 hours. Thereafter, the cells were
washed twice with PBS, fixed using 4%
paraformaldehyde for 10 min, and was followed by
nuclei staining using DAPI in 2% PFA for 10 min. The
samples were imaged using an Olympus FV10i Flu-
oview confocal microscope and were quantified using
ImageJ to calculate the percentage of cells expressing
acLDL uptake given by,

% of cells uptaking acLDL ¼
Number of cells uptaking acLDL=

Total number of cells analyzed by DAPIð Þ � 100:

TABLE 1. Detailed composition of healthy and diseased anisotropic fiber-reinforced hydrogel composites.

GelMA (mg/

mL) GAG Composition (mg/mL) Irgacure 2959 (wt%) PCL/Gelatin fibers (wt%)

Healthy Composite (HC) 50 Total GAG = 2.4

HAMA (60%) = 1.44

CSMA (40%) = 2.4

0.5 8% PCL/Gelatin (3 PCL: 1 Gelatin Ratio)

Diseased Composite (DC) 50 Total GAG = 2.4

HAMA (60%) = 5.76

CSMA (40%) = 9.6

0.5 8% PCL/Gelatin (3 PCL: 1 Gelatin Ratio)
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qRT-PCR

After 48 hours, samples were frozen in TRIzol
(Invitrogen, Grand Island, NY) and stored at � 80 �C
after flash freezing in liquid N2. For isolating mRNA
chloroform phase separation was performed followed
by washing and elution as per the manufacturer’s
protocol (PureLink RNA Mini Kit, Life Technolo-
gies). Reverse transcription to cDNA was carried out
using iScript RT supermix (Bio-Rad, Hercules, CA).
SM22a gene expression was quantified relative to the
housekeeping gene GAPDH using the SsoAdvanced
Universal SYBR Green supermix (Bio-Rad) in a
CFX96 real-time system (BIO-RAD). Primers for
SM22a (fwd: 5¢-CGGTCCCTGGCAATTCTGTT-
TAC-3¢ rev: 5¢-CTTGGTGAACTGTGCGTGTCTG-
3¢) and GAPDH (fwd: 5¢-CAATGACCCCTTCATT-
GACC-3¢ rev: 5¢-TTGATTTTGGAGGGATCTCG-
3¢) were obtained from Thermofisher Scientific (Wal-
tham, MA). The DCt values were normalized by the
DCt value of 15% strained diseased composites to
obtain the DDCt. Fold change was then calculated as
2�DDCt and graphed.

Statistical Analysis

All studies were carried out with three to four
experimental replicates unless otherwise stated. The
experimental data was analyzed for statistical signifi-
cance using one-way ANOVA followed by Tukey’s
post-hoc tests. Data is presented as mean ± standard
error, with a p-value of less than 0.05 considered as
statistically significant. Exact p-values are reported
whenever appropriate.

RESULTS

Isolated Cells Were Confirmed to be EPCs

The outgrowth of EPC colonies from the seeded
mononuclear cells on collagen coated plates was
observed between day 5-7. Similar to our previous
observations,32 the cell colonies progressed their
growth with an early spindle-shaped morphology and
later progressed to a cobblestone morphology
(Fig. 1a). The isolated EPCs were confirmed with
immunostaining (Fig. 1b) as they stained positive for
common EPC markers such as CD31 and CD34 with
negative staining for smooth muscle cell marker,
aSMA. Additionally, it can be noted from our Ma-
trigel assay that the isolated EPCs that served as
controls also showed the ability to form vascular-like

FIGURE 1. (a) Brightfield images of EPC colony progression over time showing spindle-shaped cells at early stages and adopting
a cobblestone morphology. (scale bar of 200 lm applies to all subset images); (b) Immunostaining of EPCs at passage 2 for
positive EPC markers (CD31, CD34) and negative EPC marker (aSMA). (n = 3, scale bar of 100 lm applies to all subset images).
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structure formation. All these results taken together
show that our isolated cells were EPCs.

Fabrication and Validation of Uniaxial Mechanical
Strain on Valve-Mimetic Composites

The valve-mimetic composites were designed based
on our previous publication.31 The diseased valve-mi-
metic composites used in this study were characterized
as reported in our previous work conducted on heal-
thy valve-mimetic composites31 for porosity, pore size,
enzymatic degradation, swelling ratio, and gelatin and
GAG elution (Supplementary Figs. 1, 2, and 3). The
detailed results are provided in the supplemental sec-
tion. Additionally, both our healthy and diseased
composites exhibited mechanical properties that were
comparable to the native porcine aortic valve, but the
diseased composites were able to reach higher radial
strains compared to the healthy composites (Supple-
mental Fig. S4). Following their characterization, these

valve-mimetic composites were attached to an elas-
tomeric PDMS membrane to validate the strain
transmission on our uniaxial stretcher.

The schematic depicting the attachment of the
composite onto the elastomeric membrane is provided
in Fig. 2(a). We first validated that the valve-mimetic
composites were completely attached to the elas-
tomeric membrane through the benzophenone treat-
ment and confirm that the uniaxial cyclic stretching
was able to transfer the strains through the composites.
To test this, we marked the fiber composites with
fiducial markers and performed the cyclic stimulation.
MATLAB-based image analysis by tracking fiducial
markers (Fig. 2b) revealed that the composites were
able to experience 15% strains provided by the
stretching of the membrane (Fig. 2c). This also shows
that treating benzophenone on to the elastomeric
membrane aided in the attachment of the valve-mi-
metic composites onto our stretching platform.

FIGURE 2. (a) Schematic summarizing the attachment of fiber-reinforced hydrogel composite onto benzophenone treated
elastomeric membranes. (b) Fiducial markers placed on the composites used for tracking strains. (c) Validation of cyclic strain on
fiber-reinforced hydrogel composite as a function of time (n = 4).
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Cell Viability Was Maintained in Both Healthy
and Diseased Composites

We investigated the viability of EPCs on our valve-
mimetic composites to ensure that the engineering and
attachment of the composites did not affect the cells.
Live/dead staining revealed that the cells were able to
attach to the composite surface and showed more

cells on healthy composites compared to diseased
composites in the static condition (Fig. 3a, Supple-
mental Fig. S5). Unstrained diseased composites had
significantly lower total cell numbers compared to all
other conditions (p < 0.05) (Supplemental Fig. S5).
Quantification of the live/dead staining showed that
EPCs expressed more than 90% viability at the end of

FIGURE 3. (a) Live/Dead staining of EPCs cultured on healthy (HC) and diseased (DC) composites at 0% and 15% strains. (b)
Percentage of live cells quantified in all tested conditions by counting the total number of live and dead cells. (n = 3, scale bar of
50 lm applies to all images in the figure).
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48 hours on all conditions (Fig. 3b), confirming that
the engineering and attachment of the composite
constructs did not cause any adverse effects on the
cells. The percentage of live cells did not show any
statistical significance between the different tested
conditions (Fig. 3b). Analysis of raw dead cell num-
bers indicated significantly increased dead cells in
strained diseased composites compared to unstrained
diseased composites (p = 0.008) (Supplemental
Fig. S5).

Cyclic Strain Resulted in Altered Phenotype of EPCs

We asked if the EPCs were able to undergo phe-
notypic change when subjected to static or strained
conditions with the TGFb treatment serving as positive
controls. We also wanted to evaluate the role of heal-
thy and diseased GAG compositions on EPCs. Fig-
ure 4 depicts the various treatment conditions of the
healthy composite. Qualitatively, we observe that the
15% strained EPC conditions showed a reduced
expression in the endothelial marker, CD31, compared

FIGURE 4. Immunostaining of EPCs cultured on healthy composites (HC) under the different treatment conditions stained for
CD31, CD34, SM22a, and VEGFR2 at the end of 48 hours. VICs were seeded on the surface of the composites to serve as controls
and DAPI was used to stain the nuclei. (n = 3, scale bar of 50 lm applies to all immunostained images in the figure).
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with the static conditions. Interestingly, we were able
to observe that the smooth muscle cell marker, SM22a,
showed more expression in EPCs subjected to 15%
strain compared to its static counterpart. Virtually, no
expression for the hematopoietic stem cell marker,
CD34, and vascular endothelial marker, VEGFR2,
was observed in EPCs cultured under the static and
strained conditions. We know that the TGFb treat-
ment causes the EPCs to undergo mesenchymal tran-
sition; similarly, our healthy composites treated with
TGFb showed relatively no expression of endothelial,

hematopoietic, and vascular markers but did express
the smooth muscle cell marker. To further confirm our
observations, we seeded VICs on the surface of these
healthy composites and stained them for the same set
of markers. As shown in Fig. 4 VIC control, the cells
did not express any CD31, CD34, and VEGFR2;
however, samples did show positive expression for the
smooth muscle cell marker.

As stated, we performed staining with the same set of
markers for EPCs cultured on the diseased composites
(Fig. 5). Similar to the healthy composites, the overall

FIGURE 5. Immunostaining of EPCs cultured on diseased composites (DC) under the different treatment conditions stained for
CD31, CD34, SM22a, and VEGFR2 at the end of 48 hours. VICs were seeded on the surface of the composites to serve as controls
and DAPI was used to stain the nuclei. (n = 3, scale bar of 50 lm applies to all immunostained images in the figure).
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marker expression pattern remained the same for CD34
and VEGF2. However, the static conditions had com-
paratively lesser number of cells on the composite
compared to the strained samples. This aligns with our
live/dead staining (Fig. 3a, Supplemental Fig. S5) where
the number of cells in the static diseased compositeswere
lower compared to the strained condition. The VIC
control samples also revealed the same pattern with the
cells not expressing any CD31, CD34, and VEGFR2;
but theVICs on these diseased composites showedmuch
greater expression for the smooth muscle cell marker.

EPCs Expressed Higher SM22a Gene in Mechanically
Strained Healthy Composites

To further validate the phenotypic shifts observed in
the strained samples as compared to the static coun-

terparts we performed quantitative RT-PCR and
assessed expression. We observed that healthy com-
posites under static conditions had undetectable levels
of the SM22a gene while there was a 6-fold increase in
the 15% strained counterparts as compared to the 15%
strained diseased composites (Supplemental Fig. 6). In
fact, diseased composites showed a more than 3-fold
increase in SM22a gene expression compared to their
healthy counterparts except for the 15% strained
samples (Supplemental Fig. 6). Individually, the dis-
eased composite and 15% strained healthy composites
promoted mesenchymal phenotype in EPCs. However,
this increase in SM22a gene expression was inhibited
when 15% strain was applied to diseased composites.
This data suggested that the application of cyclic
stretch may be able to promote a mesenchymal phe-
notype in EPCs.

FIGURE 6. (a) Matrigel tube-formation assay-EPC control showing defined tube structures with VIC control not forming any
networks. 0% strain conditions expressed comparable tube structures to 15% strain conditions but TGFb controls revealed
reduced tube formations. (b) Quantification of number of vascular tube structures per image field. (c) Quantification of number
of branching points and (d) mean tube area. (n = 4, * represents p < 0.05, scale bar of 100 lm applies to all images in the figure).
HC and DC represent healthy and diseased valve-mimetic composites respectively.
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EPCs Demonstrate Lesser Vasculogenic Potential
after Mechanical Strain

At the end of 48 hours, the composites were tryp-
sinized to dissociate the EPCs, and the cells were re-
seeded onto Matrigel-coated plates. Figure 6(a)
revealed that 0% and 15% strain conditions had
comparable vascular tube structure formation but were
less defined than the EPC controls. This could be due
to the cells losing their vasculogenic ability when cul-
tured on the composites. The static conditions showed
more vascular tube networks compared to 15% strain
conditions. The TGFb treated controls had reduced
tubular network formations compared to the 0 and
15% strained conditions and reveals that this treat-
ment causes the EPCs to lose their vasculogenic
potential and express a more mesenchymal-like
behavior. The negative control VICs did not form any
networks owing to not possessing any vasculogenic
activity. Quantification of the number of vascular
tubes per image field (Fig. 6b) indicated that both the
15% strain conditions of healthy (p = 0.013) and
diseased (p = 0.01) composites had significantly re-
duced vascular tube networks compared to their
respective static healthy and diseased counterparts.
Additionally, TGFb controls expressed the least vas-
cular tubes in healthy (p < 0.0001) and diseased (p <

0.0001) composites compared to 15% strained healthy
and diseased composites respectively. All of the 0%
and 15% conditions, and TGFb controls were signifi-
cantly lower (p < 0.0001) compared to EPCs controls
that involved direct seeding of EPCs from a culture
flask to Matrigel coated plates.

Further quantification of branching points (Fig. 6c)
revealed that both the 15% strain conditions of healthy
(p = 0.09) and diseased (p = 0.07) composites ex-
pressed a reduced trend in the number of branches
compared to their respective static healthy and dis-
eased counterparts. Additionally, a similar observation
was noted in the mean tube area quantification with
15% strain conditions of healthy composites (p =
0.036) had reduced mean tube compared to static
healthy composites. However, the 15% strained dis-
eased composites (p = 0.3) showed only a reduced
trend in the mean tube area compared to their static
counterparts. Interestingly, the EPC controls (p = 0.8)
showed similar mean tube area compared to the static
healthy composites. Overall, our results show that the
EPCs in strained conditions were losing its vasculo-
genic properties shown by a reduced trend in number
of complete tubes, tube branching, and mean tube
area.

Mechanical Strain Reduced Endothelial Function
in EPCs

At the end of 48 hours, the composites were treated
with acLDL for 4 hours before being fixed and stained
using DAPI. The acLDL uptake assay measures the
functionality of the EPCs. From Fig 7a, we observed
that the cells in the static conditions had a higher up-
take of acLDL compared to the 15% strain and TGFb
treated conditions. Further quantification (Fig. 7b)
revealed that the 15% strain in healthy composites (p
= 0.29) had a lower percentage of EPCs that were able

FIGURE 7. (a) acLDL uptake assay- EPCs cultured on 0% strain conditions were able uptake more acLDL compared to 15% strain
conditions with TGFb treated samples showed the least uptake. (b) Quantification of percentage of cells expressing acLDL uptake
also showed the reduced trend of acLDL uptake with cyclically strained conditions (n = 4, * represents p < 0.05, scale bar of 50 lm
applies to all images in the figure). HC and DC represent healthy and diseased valve-mimetic composites respectively.
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to uptake acLDL compared to the static conditions,
but no statistical significance was observed. We
observed that the TGFb controls showed a similar
trend of reduced uptake compared to the 15% strain
healthy composites (p = 0.054) and were significantly
lower compared to the EPCs cultured on healthy
composites at static conditions (p = 0.0014). Our
diseased composites also expressed a similar finding
with the EPCs showing reduced trend of acLDL up-
take in the 15% strain conditions compared to static
conditions (p = 0.34). Additionally, TGFb controls
expressed a significantly lower percentage of cells
uptaking acLDL compared to the 15% strain (p =
0.0002) and static conditions (p < 0.0001). Overall,
these results showed that 15% strained EPCs are losing
their endothelial function, observed by the reduced
acLDL uptake in the cells.

DISCUSSION

Since the discovery of EPCs, studies have focused
on understanding their differentiation in response to
shear stress.25,34,26,6,1 It has been established that EPCs
from the bone marrow are released to the injury sites
and differentiate to mature endothelial cells via
increased expression of endothelial cell markers and
cell adhesion molecules.25,15,26,6,1 However, it is evident
that adhesive EPCs may also be subjected to cyclic
strains along with shear stresses within vasculature.32

Additionally, heart valve leaflets experience cyclic
strains and shear stresses which is dependent on the
location on the leaflet.35 While previously EPCs have
been shown to be a potential source of both endothe-
lial and interstitial cells for heart valve tissue engi-
neering,38 it is important to understand EPC behavior
under mechanical forces subjected on heart valve. This
study focused on understanding the effect of valve-
mimetic cyclic mechanical conditioning on EPC dif-
ferentiation by culturing EPCs on valve-mimetic fiber-
reinforced hydrogel composites.

By culturing cord blood-derived EPCs on our pre-
viously reported valve-mimetic composites,31 we were
able to show that cells were able to attach and main-
tain viability. We noticed that EPCs attached in lower
numbers on the diseased composites compared to
healthy composites (Fig 3a); however, at the end of
cyclic mechanical stimulation for 48 hours, the cells
showed an increase in their numbers. A similar result
showing an increase in cell number was reported in a
recent study where EPCs cultured in 2D cultures under
cyclic strain to evaluate the survival, proliferation, and
maintenance of EPC cultures.9 We did not notice any
significant difference in percentage live cells between

the healthy and diseased composites in their strained
conditions.

Phenotypic changes were observed in the static and
strained conditions by immunostaining (Figs. 4 and 5).
These results showed decreased expression in the
endothelial marker in the strained samples compared
to the static conditions and a similar trend was
observed in both the healthy and diseased composites.
Additionally, no expression of hematopoietic stem cell
marker (CD34) was observed in both our healthy and
diseased composites regardless of their mechanical
stimulation. These immunostaining results with loss of
hematopoietic marker, reduced endothelial expression
and the positive expression of SM22a lead us to believe
that the EPCs’ angiogenic and arteriogenic properties
are reduced. Additionally, matrigel tube formation
assay results (Fig. 6) also agreed with the immunos-
taining results where the strained conditions revealed
less defined tubular structure formations, reduced tube
branching, and mean tube area compared to its static
counterparts. The strained conditions had longer
tubular structures compared to the static conditions
(Fig. 6a). A reason for this behavior might be dictated
by the mechanical stiffness of the composite. It has
been shown that increasing stiffness from 1 kPa to 20
kPa can cause the EPCs to become more mesenchy-
mal-like with increased expression of alpha smooth
muscle actin and longer vessel formation in the Ma-
trigel assay.21 These results combined with the
increased transgelin (SM22a) expression suggest that
the EPCs were undergoing a phenotypic change. Sales
et al. were the first to show that ovine EPCs can dif-
ferentiate into valve-like cells in the presence of TGFb
with an increased expression in smooth muscle cell
markers.37 Their findings were in alignment with our
TGFb controls where the cells did not express any of
the commonly observed EPC markers such as CD31,
CD34, and VEGFR2, but showed positive expression
for transgelin (SM22a), a smooth muscle cell marker.
However, the study involving dynamic rotational cul-
ture of EPCs had incorporated TGFb, an endothelial-
mesenchymal transition mediator to induce the dif-
ferentiation process in 5 days of culture.37 Given this
previous observation, we expect to observe an
increased expression of the smooth muscle cell markers
over longer periods of time. Additionally, these TGFb
controls reduced vascular tube network formation in
both our healthy and diseased composites when EPCs
were cultured on Matrigel which could be attributed to
the loss of vasculogenic property and increased mes-
enchymal-like phenotype.

Apart from the Matrigel assay, we also measured
the acLDL uptake to test the functionality of EPCs
cultured on valve-mimetic composites. Our results
(Fig. 7) revealed that the percentage of EPCs express-
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ing acLDL was reduced in our healthy and diseased
composites cultured at 15% strain compared to static
conditions. Our functional assays revealed that the
cells cultured at 15% strain conditions expressed re-
duced vasculogenic potential and lower percentage of
cells expressing acLDL. which could denote that the
EPCs were losing their characteristic vascular and
endothelial function with increasing mesenchymal-like
cell behavior.

Previously it was observed that shear stresses pro-
moted vasculogenic properties of circulating EPCs by
promoting an endothelial phenotype.13 Our study
showed that cyclic strain reduced vasculogenic prop-
erties of EPCs by promoting a mesenchymal cell type.
With insights from our study, it can be speculated that
a careful control of shear stresses and cyclic strains
may be helpful in obtaining endothelial and mes-
enchymal cell types from EPCs. This is specifically
relevant when considering EPCs as an autologous cell
source for heart valve applications as the heart valve
leaflets experience both cyclic strains and shear
stresses.35

Another noteworthy observation was that diseased
scaffolds did not produce significant differences in
responses as compared to healthy composite scaffolds.
It has been previously observed that in EPC laden
scaffolds with or without TGFb, sulfated GAG pro-
duction did not increase even after 15 days.37 In an-
other instance, it was observed that GAG mimetic
[OTR4131] which is a sulfated dextran mimetic,
increased proliferation of EPCs; however, these
experiments were carried out for at least 5 days.31

Given our diseased scaffolds were marked by a 4-fold
increase in GAGs, primarily hyaluronic acid and
chondroitin sulfate, it is possible that EPC function
and phenotype may not be highly sensitive to these
GAGs especially in an acute time frame of 2 days. We
also observed a pattern where the cells on the static
diseased conditions were lower, but the mechanical
stimulation of the diseased conditions resulted in sim-
ilar cell proliferation compared to the strained healthy
conditions. This observation suggests that the cyclic
mechanical strain predominates EPC proliferation
over biochemical cues in the time periods studied here.
Longer time periods would aid in understanding these
differences more in depth. Future studies will include
studying the same set of markers for longer periods
with samples stimulated on a biaxial stretcher as this
mode of stimulation better mimics the strains experi-
enced in the native valve. Longer time points and
additional stretch conditions might also reveal any
differential effects the EPCs might express due to the
varied GAG compositions. We will also study the
expression of extracellular markers such as Collagen I,
Collagen III, and fibronectin to understand the ability

of EPCs to regenerate tissue. Further experiments
tailored to understand the underlying signaling path-
ways that result in EPC differentiation will also be
evaluated.

CONCLUSION

In conclusion, we show that the valve-mimetic ani-
sotropic fiber-reinforced hydrogel composites were
able to provide an ideal environment for the EPCs to
maintain high cell viability. Our immunostaining re-
sults revealed that the mechanically-strained EPCs
were able to express smooth muscle cell marker with
reduced expression of endothelial, vascular, and
hematopoietic markers which could be due to the cells
undergoing differentiation. Our functional assays also
showed a similar trend with strained EPCs forming less
vascular tube networks and reduced expression of
acLDL. Overall, our study serves as initial evidence
that valve-mimetic cyclic mechanical stimulation can
initiate the differentiation of EPCs into both
endothelial and smooth muscle-like cells.
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