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The recapitulation of the material properties and structure of the native aortic valve leaflet, specifically its
anisotropy and laminate structure, is a major design goal for scaffolds for heart valve tissue engineering.
Poly(ethylene glycol) (PEG) hydrogels are attractive scaffolds for this purpose as they are biocompatible, can
be modified for their mechanical and biofunctional properties, and can be laminated. This study investigated
augmenting PEG hydrogels with polycaprolactone (PCL) as an analog to the fibrosa to improve strength and
introduce anisotropic mechanical behavior. However, due to its hydrophobicity, PCL must be modified prior to
embedding within PEG hydrogels. In this study, PCL was electrospun (ePCL) and modified in three different
ways, by protein adsorption (pPCL), alkali digestion (hPCL), and acrylation (aPCL). Modified PCL of all types
maintained the anisotropic elastic moduli and yield strain of unmodified anisotropic ePCL. Composites of PEG
and PCL (PPCs) maintained anisotropic elastic moduli, but aPCL and pPCL had isotropic yield strains. Overall,
PPCs of all modifications had elastic moduli of 3.79 – 0.90 MPa and 0.46 – 0.21 MPa in the parallel and
perpendicular directions, respectively. Valvular interstitial cells seeded atop anisotropic aPCL displayed an
actin distribution aligned in the direction of the underlying fibers. The resulting scaffold combines the bio-
compatibility and tunable fabrication of PEG with the strength and anisotropy of ePCL to form a foundation for
future engineered valve scaffolds.

Introduction

Up to now, there has been only limited success in tissue
engineering an aortic valve, the connective tissue that

maintains unidirectional blood flow between the left ventricle
and the systemic circulation. Previous tissue-engineered
valves have generally suffered from disorganized extra-
cellular matrix (ECM) and functional incompetence.1–4 A
common thread between these previous valves is the use of
isotropic and homogenous synthetic scaffolds, which do not
fully approximate valvular leaflet structure and behavior.
First, the valvular leaflet is anisotropic, being stiffer in the
circumferential direction than in the radial direction due to
the circumferential orientation of collagen fibers.5–7 Second,
the leaflet is a laminate structure consisting of the fibrosa,
spongiosa, and ventricularis layers, which are comprised of
predominantly collagen, glycosaminoglycans, and elastic fi-
bers, respectively. These properties combine to make the
leaflet both flexible and strong in tension, while creating a
heterogeneous mechanical environment for cells. Thus, the
recapitulation of the native anisotropy and laminate structure

within scaffolds for engineered valves may be a means of
improving both its functionality and mechanobiology.

Toward that broad goal of an anisotropic, laminate scaf-
fold, this study focuses on one layer of the leaflet—the
fibrosa—which is the primary location of the circumferen-
tially oriented collagen fibers that give rise to the leaflet’s
anisotropy and tensile strength. In this study, the anisotropy is
generated through the use of a composite scaffold. The ma-
terials of interest for this scaffold are hydrogels, specifically
poly(ethylene glycol) (PEG)–based hydrogels. PEG is bio-
compatible, can be photopolymerized under favorable con-
ditions for cell encapsulation and functionalized with
peptides to direct cellular behavior.8–12 Most importantly for
this study, PEG has tunable material properties that can ap-
proximate the different stiffnesses of the leaflet layers and can
be laminated with strong interfaces.13–15 The main obstacle to
the use of a PEG hydrogel as the sole material in an en-
gineered valve is its low strength and isotropic material be-
havior.16 Given that limitation, this study augmented PEG
hydrogels by embedding a second material, electrospun
polycaprolactone (PCL) scaffolds, to improve strength and
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introduce anisotropy. PCL is a biodegradable aliphatic poly-
ester, with a stiffness comparable to the native valve leaflet;
PCL and similar electrospun materials have been previously
reported as potential scaffolds for heart valve tissue engi-
neering.17,18 Additionally, PCL can be fabricated into
aligned, finely fibrous scaffolds through electrospinning onto
a rotating collector to introduce anisotropy.19 However, PCL
scaffolds suffer from issues with cell infiltration,20 and the
hydrophobicity of PCL is a practical challenge to embedding
electrospun scaffolds within an aqueous PEG hydrogel, as it
requires a considerable length of time for the PEG precursor
solution to soak through the PCL, limiting cell infiltration and
the achievable size of the scaffold. As such, modifying the
PCL before embedding must be taken into consideration.

Several previous reports describe approaches for embed-
ding fibrous polymers within hydrogels for applications
ranging from drug release to neural and bone tissue engi-
neering.21–27 The approach that was the most comparable to
this study used unmodified electrospun poly-L-lactic acid
scaffolds that were either embedded in a PEG hydrogel or
were briefly soaked in PEG, and then crosslinked.23 The
addition of PEG reduced the ultimate tensile strength of the
scaffold, although its strength was within a physiologically
desired range.23 Developing a composite scaffold in which
PCL is embedded into PEG would generate a fibrosa-like
scaffold that combines the biocompatibility and tunability of
PEG hydrogels with the strength and anisotropy of PCL. In
the future, this composite could be readily prepared as part
of a laminate scaffold for heart valve tissue engineering.

In this study, PCL was electrospun into aligned scaffolds
(ePCL) and then rendered hydrophilic in three different
ways to achieve the same composite material: protein ad-
sorption (pPCL), alkali digestion (hPCL), and acrylation
(aPCL) to allow bonding between the PCL and PEG. Uni-
axial tensile testing was used to determine the effect of the
three different modifications on PCL strength and anisotropy.
Modified PCL was embedded into PEG to form PEG-PCL
composites (PPCs), which were also characterized using
uniaxial tensile testing. Lastly, aortic valvular interstitial cells
(VICs) were seeded atop either PEG alone or PPCs con-
taining either isotropic or anisotropic aPCL in order to con-
firm that the differences in stiffness and anisotropy would be
reflected by the cellular response. The result of this study was
a scaffold that combines the benefits of PEG and PCL to
mimic the strength, anisotropy, and laminability of the native
aortic valve leaflet.

Materials and Methods

Electrospinning PCL

Electrospinning was used to fabricate fibrous PCL scaf-
folds. A 15% (w/v) solution of PCL (Mw = 70–90 kDa;
Sigma-Aldrich, St. Louis, MO) was prepared in 1:1 tetrahy-
drofuran (Sigma-Aldrich):N,N-dimethylformamide (Sigma-
Aldrich) and mixed overnight. The PCL solution was loaded
into a syringe pump (Cole-Parmer, Vernon Hills, IL) and
extruded from a 25 G needle at a rate of 1 mL/h. The so-
lution was charged at the needle tip at a voltage of 12 kV
using a high-voltage supply (Gamma High Voltage Re-
search, Ormond Beach, FL) to whip and dry the PCL so-
lution into fibers, which were then collected on a grounded
collector 20 cm from the needle tip (Fig. 1B).

In this study, two types of collectors were used. First, a
flat copper collector (76.2 mm width · 76.2 mm length ·
6.35 mm thick, 5.81 · 103 mm2 surface area) was used to
collect randomly aligned scaffolds, which are referred to as
isotropic ePCL. Scaffolds were collected on this collector at
a rate of 200 mm/h. Second, a rotating mandrel was used to
collect aligned scaffolds that are referred to as anisotropic
ePCL. The rotating mandrel consisted of an aluminum
drum (63.5 mm outer diameter · 69.85 mm length · 3.175 mm
thick, 1.39 · 104 mm2 surface area) attached to a grounded
copper rod (6.35 mm outer diameter · 76.2 mm length) spin-
ning at a rotational speed of 4000 rpm. Anisotropic ePCL was
collected at a rate of 83mm/h. In this text, the directions
parallel and perpendicular to fiber alignment are analogous to
the circumferential and radial directions in the leaflet. Once
fabricated, all ePCL scaffolds were removed from the col-
lector and stored in a desiccator at room temperature until
further use.

Scanning electron microscopy

Scanning electron microscopy (SEM) was used to char-
acterize ePCL. Squares (5 mm width · 5 mm length) were
cut from ePCL sheets and mounted onto microscope stubs.
The samples were sputter coated with gold (20 nm, Desk V
Sputter Coater; Denton Vacuum, Moorestown, NJ) and
imaged with an SEM (Quanta 400; FEI, Hillsboro, OR).
Images were taken at 2500 · magnification with a resolution
of 1024 · 768 in 8-bit grayscale. The angular distribution of
ePCL scaffolds was calculated using custom image analysis
software in MATLAB (Mathworks, Natick, MA).18,28–30

Briefly, an edge-detection algorithm was used to find the fiber
directions within the whole image with 11 · 11 pixel (s = 5)
vertical and horizontal masks (s= 2.5).29 The gradient-
weighted contribution of each pixel was then calculated for
each angle, with a histogram of angular distribution for each
image calculated (n = 5 scaffolds per group). Fiber diameters
were also measured, using a method similar to a previously
reported approach to assess the spacing of elastic fibers in
the leaflet.28 Images were taken at three separate locations,
with the angular distributions and fiber diameters for a
particular scaffold averaged from the three images.

Modification of PCL

As PCL is hydrophobic, ePCL was modified in three ways
with the intent of making it hydrophilic to improve em-
bedding within an aqueous PEG precursor solution (Fig. 2).
For the first modification, pPCL was fabricated by soaking
ePCL in bovine growth serum (BGS; Hyclone, Logan, UT)
and shaking it on a rotary shaker at 4�C for 24 h. For the
second modification, hPCL was prepared by soaking ePCL
in 1 M NaOH at room temperature for 30 min to break down
ester bonds on the surface of PCL fibers and expose car-
boxyl groups, rendering ePCL hydrophilic.

For the third modification, aPCL was prepared using an
approach similar to a previously reported method modifying
PCL with methacrylate groups (see Supplementary Fig. S1A
for a schematic of acrylation; Supplementary Data are
available online at www.liebertpub.com/tea).31 Here, ePCL
was soaked and shaken on a rotary shaker in 1 M ammonium
persulfate for 90 min at room temperature and then 1 M
sodium hydroxide for 30 min at room temperature, with a
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wash in ethanol in between, to render the scaffold hydro-
philic and expose carboxyl groups. Next, the scaffolds were
washed in 0.1 M 2-(N-morpholino)ethanesulfonic acid hy-
drate (MES, pH = 6.0; Sigma-Aldrich) buffer, and mixed
with 5 mM 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide

hydrochloride (EDC; Thermo Scientific, Rockford, IL) and
10 mM N-hydroxysuccinimide (NHS; Thermo Scientific) in
MES buffer for 30 min to convert carboxyl groups to amine
reactive NHS-ester groups. After washing with MES buffer
(pH = 7.0 from this step onward), the scaffolds were soaked

FIG. 1. The (A) electrospinner and (B) a schematic of the electrospinning process and its parameters. Polycaprolactone
(PCL) solution was extruded out of a syringe at 1 mL/h and charged at 12 kV to spin a fibrous matrix onto a collector 20 cm
from the needle tip. ePCL was collected on either a flat collector (isotropic) or a rotating mandrel (anisotropic). Scanning
electron microscopy (SEM) micrographs of (C) anisotropic and (D) isotropic scaffolds show a stark difference in orientation
between the two groups. Scale bar = 10mm. (E) The orientation of fibers was confirmed using image analysis, with PCL
fibers in anisotropic ePCL (black) demonstrating a significantly different distribution with a dominant orientation in
comparison to those isotropic ePCL (red). ^p < 0.001 between curves. (F) There was also a significant difference in fiber
diameter between anisotropic and isotropic ePCL. *p < 0.05 within bracket. Error bars represent standard deviation. Color
images available online at www.liebertpub.com/tea
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and shaken on a rotary shaker with 50 mM acrylamide (Sig-
ma-Aldrich) in MES buffer to react and convert NHS-esters to
acrylate groups. Finally, after washing with MES buffer, the
scaffold was soaked in 50 mM Tris (MP Biomedicals, Santa
Ana, CA) in ultrapure H2O to react any leftover NHS-ester.
Acrylation was verified by the binding of fluorescently tagged
PEG-thiol (see Supplementary Fig. S1B–C and Verification of
Acrylation in Supplementary Data). All modified scaffolds
were lyophilized and stored in a desiccator until further use.

To verify the hydrophilicity as a result of the modifica-
tions, the contact angles of water droplets on each modified
PCL were measured. Modified ePCL of thickness 125mm
was cut into 5 · 5 mm2 squares and attached to a glass slide
using double-sided tape. A droplet of 25 mL of ultrapure
H2O was added to each square, and the angle between the

bottom surface and the droplet was measured (n = 3 per
modification).

Hydrogel synthesis

PEG-diacrylate (PEGDA) was synthesized as previ-
ously described.32 Dry PEG (either 3.4 or 6 kDa, Sigma-
Aldrich) was dissolved in anhydrous dichloromethane to a
concentration of 1 M. Triethylamine (Sigma-Aldrich) and
acryloyl chloride (Sigma-Aldrich) were added to the solu-
tions at 2:1 and 4:1 molar ratios, respectively, to react
overnight. The resulting solution was next washed with 1 M
K2CO3 and phase separated overnight, after which the or-
ganic phase was dried using anhydrous MgSO4 and filtered.
The filtered solution was then precipitated in diethyl ether,

FIG. 2. (A) ePCL was
modified in three ways to
embed in poly(ethylene gly-
col) (PEG): by soaking in
bovine growth serum (BGS)
(pPCL), by soaking in NaOH
(hPCL), and by acrylation
(aPCL). (B) SEM micro-
graphs of the modified an-
isotropic ePCL demonstrated
that fiber alignment was
generally maintained. Note
the increase in thickness of
fibers as a result of protein
adsorption in pPCL, and the
wider angular distribution of
fibers in aPCL. Scale bar =
10 mm. (C) Modified ePCL
was more hydrophilic than
unmodified ePCL as shown
by the contact angle of 25 mL
droplets on the PCL. The
contact angles of modified
ePCL (D) were all signifi-
cantly lower than that of un-
modified ePCL. *p < 0.01
versus unmodified ePCL.
Color images available online
at www.liebertpub.com/tea
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filtered, lyophilized, finely ground into powder, and finally
stored at - 20�C until further use. Acrylation was verified
with proton nuclear magnetic resonance (1H-NMR) spec-
troscopy.

PEG was also conjugated to the adhesive cell-peptide se-
quence RGDS (PEG-RGDS) as previously described.33 RGDS
(American Peptide, Sunnyvale, CA) was reacted with mono-
acrylate PEG-succinimidyl valerate (Laysan Bio, Arab, AL) at
a 1.2:1 molar ratio in phosphate-buffered saline (PBS) over-
night and then dialyzed against ultrapure H2O at room tem-
perature for 2 days with multiple changes. The subsequent
solutions were lyophilized and stored at - 20�C until further
use. The peptide conjugation was verified with gel permeation
chromatography.

To prepare the hydrogels, prepolymer solutions with the
desired molecular weight and concentration of PEGDA
were mixed with 5 mM PEG-RGDS in ultrapure H2O. Ir-
gacure 2959 (I2959, 100 mg/mL in ethanol; Sigma-Aldrich)
was next added to reach a final concentration of 0.3%. The
prepolymer solution was then mixed and poured into a 250
mm thick mold between two glass slides coated with Sig-
macote (Sigma-Aldrich). The molds were exposed to ul-
traviolet light (365 nm, 10 mW/cm2) for 10 min, with the
molds turned over after 5 min. The resulting gel was re-
moved from the mold and swelled in PBS for at least 24 h
before use.

PEGDA-PCL composite fabrication

After modification, ePCL scaffolds were embedded in
PEGDA to form PPCs. ePCL scaffolds of 125 mm thick-
ness were fabricated and modified as described previously.
Modified ePCL scaffolds were placed in a mold consisting
of a 250 mm thick silicone spacer sandwiched between two
glass slides coated with Sigmacote. A prepolymer solution
consisting of 10% (w/v) 3.4 kDa PEGDA, 5 mM PEG-
RGDS, and 0.3% I2959 was then poured into the mold.
The prepolymer solution was allowed to soak into the
modified ePCL for 5 min. Once fully soaked, the molds
were exposed to UV light (365 nm, 10 mW/cm2) for
10 min, with the molds turned over after 5 min. The re-
sulting gel was removed from the mold and swelled in
PBS at least 24 h.

PPCs were imaged with SEM under similar conditions to
ePCL. 250 mm thick PPCs containing 125 mm thick aPCL
scaffolds were lyophilized and then either mounted whole
onto an SEM stub to view its surface, or finely sectioned
with a scalpel (*1 mm thick) to expose its cross-section and
then mounted onto an SEM stub with its cross-section facing
upward. The PPCs were finally sputter coated and imaged as
previously described for ePCL scaffolds.

Cryosectioning

PPCs were sectioned to view the specimens in cross-
section. PPCs were soaked overnight in a solution of 30%
(w/v) sucrose in ultrapure H2O and then soaked in a support
medium (Tissue-Tek OCT; Sakura Finetek, Torrance, CA)
for 24 h. The pieces were then flash frozen in liquid N2 and
sectioned into 30 mm thick sections using a cryostat (Leica
CM1850UV; Leica Microsystems, Buffalo Grove, IL). The
sections were finally imaged on an upright microscope
(Leica DM LS2; Leica Microsystems).

Mechanical testing

All samples were tested in a uniaxial tensile tester (ELF
3200; Bose Electroforce, Eden Prairie, MN) with a 1000 g
load cell (Bose Electroforce). The samples were tested in the
directions parallel and perpendicular to fiber alignment
(n = 5 scaffolds/gel per direction per group, three replicates
per scaffold/gel), which are analogous to the circumferential
and radial directions on the valve, respectively. In the cases
of isotropic ePCL and PEG gels, samples were tested in two
orthogonal directions, with the directions arbitrarily desig-
nated as parallel and perpendicular. Samples were cut in
5 mm wide · 30 mm long strips for testing. Each sample type
was gripped differently. Hydrogels were gripped by gluing
pieces of paper to both sides of the gel on both ends, which
were gripped during testing.13 ePCL was gripped directly with
fine sandpaper (grit size = 600). PPCs were also gripped di-
rectly with fine sandpaper, with the swelling pressure created
between the PCL and PEG resisting compression of the hy-
drogel. Before testing, the thicknesses of the samples were
measured under a stereo microscope (MZ6; Leica Micro-
systems, Wetzlar, Germany). The original gage length and
width of the sample were measured after the sample was
loaded in the tester, but prior to testing. Samples were pulled at
a displacement rate of 1 mm/s for a total of 10 mm, with load
and displacement gathered at a sampling rate of 100 points/s.

The data were analyzed using custom software coded in
MATLAB (Fig. 3). After conversion from load and dis-
placement to stress and strain, the yield point of the stress–
strain curve was found by performing a linear least-squares
fit between zero strain and any point between 10% and
100% total strain that yielded the highest r2. The yield strain
(ey), and the elastic modulus (E), which was found as the
slope of the linear fit, were recorded.

Cell culture

VICs were chosen for use in this study because they are
the main constituent cell type of the valve leaflet. Since
VICs demonstrate phenotypic characteristics of fibroblasts
and smooth muscle cells,34 results from VIC studies such as

FIG. 3. Representative stress–strain (s–e) curves of un-
modified anisotropic ePCL in the directions parallel (black)
and perpendicular (gray) to the fiber alignment. These di-
rections relate to the circumferential and radial directions,
respectively, in the native aortic valve leaflet. Anisotropic
ePCL was stiffer in the parallel direction than in the per-
pendicular direction.
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this work can potentially be translated to nonvalve cell
sources that are more clinically feasible for the development
of tissue-engineered heart valves. VICs were harvested from
fresh porcine aortic valve leaflets from a commercial abat-
toir (Fisher Ham and Meats, Spring, TX) using a two-step
collagenase digestion consisting of collagenase type II (450 U/
mL; Worthington Biochemical, Lakewood, NJ), collagenase
type III (350 U/mL; Worthington Biochemical), and hyaluron-
idase (50 U/mL, bovine testicular; Worthington Biochemical).35

VICs were cultured in Dulbecco’s modified Eagle’s medium/
F12 medium supplemented with 10% BGS, 1% 4-(2-hydro-
xyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer, and
1% penicillin-streptomycin and maintained in a humidified
environment (37�C, 5% CO2, 95% humidity). VICs were used
following their third passage.

Cytoskeletal staining of VICs on PPCs

VICs were seeded atop PPCs in order to view the cyto-
skeletal and adhesive response to the anisotropy and high
stiffness of the PPC versus PEG alone (Fig. 7A). PPCs were
prepared by embedding a 5 mm wide · 5 mm long · 250 mm
thick aPCL square within a 10% (w/v) 6 kDa PEGDA hy-
drogel containing 5 mM PEG-RGDS. 6 kDa PEG was used
for these cellular response studies because, since the higher
molecular weight produces a softer gel, stark contrasts in
adhesion between the PPC and PEG would be shown. aPCL,
which was prepared using both anisotropic and isotropic
ePCL, was used as the representative modified ePCL for
these studies. aPCL was selected since the PEG prepolymer
solution appeared to wick rapidly through this particular
scaffold, although the results of this experiment are not
considered to be modification dependent and could be ex-
tended to the other types. PPCs were fabricated under sterile
conditions in a 5 mm wide · 10 mm long · 250 mm thick
mold between two glass slides coated with Sigmacote.
Within the mold, the aPCL was placed to one side, leaving
the other half empty. After adding PEG, the resulting gel
was a continuous piece consisting of PPC on one side and
PEG on the other side of the same gel. This method was
used to ensure direct comparisons of the VIC response be-
tween the two substrates on the same sample. The bottom
surfaces of the hydrogels were crosslinked to methacrylated
glass coverslips to weigh down the gels in cell culture
plates.36 After fabrication, the gels were placed in 24-well
plates and sterilized under UV overnight while swelling in
PBS. The next day, the PBS was replaced with media and
the gel was left to swell for another 4 h. The media was
removed and VICs were seeded on the gels at a concen-
tration of 50,000 cells/well. After 36 h of culture, the media
was aspirated and the gels were fixed in 4% paraformalde-
hyde for at least 15 min.

These cells were stained for F-actin with fluorescently la-
beled phalloidin (1:40 in PBS, AlexaFluor 488; Invitrogen,
Carlsbad, CA) and counterstained for nuclei with 4¢,6-
diamidino-2-phenylindole (1:1000, DAPI; KPL, Gaithers-
burg, MD) for 2 h at room temperature. The gels were rinsed
thoroughly and imaged on a confocal microscope (LSM 5
LIVE; Zeiss, Jena, Germany). Image analysis was per-
formed on the resulting images, using ImageJ (NIH, Be-
thesda, MD) and MATLAB (n = 2–3 scaffolds per group).
The angular distribution of actin was calculated in MA-

TLAB using the same method as described for finding the
angular fiber distribution of ePCL scaffolds.18,28–30 ImageJ
was used to determine the nuclear aspect ratios of the cells.

Statistical analysis

All data were analyzed using statistical analysis software
(SigmaStat; Systat Software, San Jose, CA). Significance
was defined as p < 0.05. One-way ANOVAs were performed
to compare the fiber diameters between anisotropic and
isotropic ePCL, and the differences in nuclear aspect ratio
and area among cells seeded on anisotropic PPC, isotropic
PPC, and PEG. Two-way ANOVAs were performed on the
mechanical testing data to compare the effects of modifi-
cation treatment as well as between the directions parallel
and perpendicular to the predominant fiber direction. If an
overall effect was found in the ANOVAs, then post hoc
Tukey’s testing was performed to observe comparisons be-
tween groups. For the effect of alignment on PCL fiber
distribution, and the effect of substrate on VIC actin align-
ment, the sample variances were compared using an F-test.
All values are presented as mean – standard deviation.

Results

Electrospinning

PCL was successfully electrospun into anisotropic and
isotropic scaffolds on a rotating mandrel and flat collector,
respectively. As demonstrated by SEM, there was a stark
difference in fiber alignment between the two ePCL scaffolds.
Fibers were predominantly aligned in one direction in aniso-
tropic ePCL (Fig. 1C), while randomly oriented in isotropic
ePCL (Fig. 1D). This observation was verified by analysis of
the angular distributions of PCL fibers, as anisotropic ePCL
was found to be significantly more aligned compared with
isotropic ePCL (Fig. 1E, p < 0.001). The diameters of PCL
fibers were found to be significantly greater in isotropic ePCL
than in anisotropic ePCL (Fig. 1F, p < 0.05).

PCL modification

When viewed under SEM, the fiber alignment in the three
types of modified ePCL was generally maintained. In pPCL
scaffolds, protein adsorption resulted in thicker fibers (Fig. 2B)
compared with the unmodified ePCL. In aPCL scaffolds, fibers
appeared to be more randomly oriented than in the unmodified
ePCL. hPCL generally appeared to be unaffected by treatment.
Modified ePCL was also shown to be hydrophilic through
measurements of contact angles of 25 mL H2O droplets (Fig.
2C). All modifications resulted in significantly reduced contact
angles compared with unmodified ePCL (Fig. 2D, p < 0.01).
Consequently, in all three cases, the PEG prepolymer solution
was able to soak quickly through the modified ePCL. PPCs
were successfully formed with ePCL scaffolds prepared using
any of the three modifications studied.

In terms of mechanical properties, unmodified anisotropic
ePCL had a higher E in the parallel direction (Fig. 4A,
p < 0.001) and had a higher ey in the perpendicular direction
(Fig. 4B, p < 0.001). Isotropic ePCL had statistically similar
values for E and ey regardless of direction. The modified
ePCL scaffolds maintained the anisotropy of the ePCL,
being significantly stiffer in the parallel direction compared
with the perpendicular direction ( p < 0.05). In the parallel
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direction, the modified ePCL all had significantly lower E
compared with unmodified anisotropic ePCL ( p < 0.05).
There was no difference in perpendicular E between mod-
ified PCL and unmodified anisotropic ePCL, although the
pPCL was significantly less stiff in the perpendicular di-
rection than was the isotropic ePCL ( p < 0.02). With regards
to ey, both hPCL and pPCL maintained the anisotropic yield
behavior of the unmodified anisotropic ePCL ( p < 0.05), but
the yield strains of aPCL were not significantly different
between directions.

PPC fabrication

SEM micrographs (Fig. 5B) and cryosections (Fig. 5C) of
the PPC in cross-section demonstrated that the modified
PCL was thoroughly embedded within the PEG gel. The
surface of the PPC appears to be dense and uniform from the
PEG with negligible effect on the topography from the un-
derlying PCL (Fig. 5D).

The results of tensile testing of PPCs showed that PPCs
maintained the anisotropy of the elastic modulus (Fig. 6A,
p < 0.001) that was characteristic of the unmodified aniso-

tropic ePCL, although the E in the parallel direction was
significantly reduced ( p < 0.05). There was no significant
difference in E among the PPC types in either of the di-
rections. Overall, PPCs had an E of 3.79 – 0.90 MPa in the
parallel direction and 0.46 – 0.21 MPa in the perpendicular
direction. With regards to yield strain, PPCs containing
hPCL maintained the anisotropic ey of unmodified ePCL
(Fig. 6B, p < 0.001), whereas PPCs containing aPCL and
pPCL did not show anisotropic yield strain behavior. As
expected, the E and ey of PEG did not vary with direction.

VIC morphology on PPCs

Staining with DAPI and phalloidin demonstrated that
VICs grown atop PPCs had a more spread morphology
compared with VICs grown atop PEG alone (Fig. 7B). It
was also evident from comparisons of VICs seeded on an-
isotropic and isotropic PPCs that the VICs demonstrated an
alignment of actin matching the fiber orientation of the
underlying aPCL. Image analysis of the angular distribution
of actin demonstrated that VICs grown atop anisotropic
PPCs had an angular fiber distribution that was significantly
narrower (more aligned) than the VICs grown atop the
isotropic PPCs or PEG alone (Fig. 7C, p < 0.002). There was
no significant variation in nuclear aspect ratio between the
different substrates (Fig. 7D).

Discussion

In this study, an anisotropic composite scaffold (PPC)
consisting of PEG and PCL was designed, fabricated, and
mechanically characterized for the purpose of heart valve
tissue engineering. PCL was electrospun and then chemi-
cally modified in order to allow rapid embedding of the
scaffold within an aqueous PEG hydrogel, which increased
the overall scaffold strength and imparted anisotropic me-
chanical behavior. PCL was modified in three ways: by
protein adsorption (pPCL), by treatment with NaOH
(hPCL), and by acrylation (aPCL). Tensile testing of mod-
ified ePCL demonstrated that all modifications maintained
anisotropy of their elastic modulus. Both pPCL and hPCL
maintained anisotropic yield strain. The anisotropy of the
elastic modulus was still preserved even after embedding the
modified ePCLs into PEG hydrogels to generate PPCs. VICs
seeded on PPCs containing anisotropic aPCL showed an
aligned orientation of actin compared with VICs seeded on
PPCs containing isotropic aPCL or seeded on PEG alone.
Importantly, the VICs were influenced by the presence and
fiber alignment of the encapsulated ePCL even though they
were not seeded directly atop the ePCL. Overall, this study
combined both PEG and PCL to generate a scaffold with
elastic moduli and degrees of anisotropy that were compa-
rable to the native aortic valve leaflet. Along with previ-
ous work on laminate and cell-encapsulated hydrogels,13,37

this study offers a basis for preparation of a laminate com-
posite hydrogel scaffold for heart valve tissue engineering.
The results of this study can also apply to other engineered
tissues of interest in which lamination and anisotropy are
key features to recapitulate, such as blood vessels, inter-
vertebral discs, and tendons.

This study demonstrated that three different methods to
modify the ePCL promoted rapid encapsulation of the ePCL
within the PEG prepolymer solution. Although several

FIG. 4. (A) Elastic modulus (E) and (B) yield strain (ey) of
modified ePCL scaffolds and unmodified anisotropic and
isotropic ePCL scaffolds in the parallel (black) and per-
pendicular (white) directions. All modified ePCL was stiffer
in the parallel direction than in the perpendicular direction
(as were the anisotropic ePCL scaffolds) and underwent
greater strain to failure in the perpendicular direction, except
for aPCL. E generally did not decrease in the perpendicular
direction, with only pPCL having a significantly lower E
than isotropic ePCL. *p < 0.05 versus perpendicular direc-
tion, ^p < 0.05 within bracket, #p < 0.05 between pairs. Error
bars represent standard deviation.
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previous studies have reported embedding unmodified PCL
into PEG,21–26 the modification of ePCL that was performed
in this work significantly reduced the fabrication time of the
PPC. hPCL was the simplest modification, in which hy-
drophilicity was introduced using alkali digestion.38–41 The
pPCL was tested to mimic simple protein adsorption to the
PCL. The third modification strategy, aPCL, was performed
in order to covalently bind the PCL to the PEG within the
PPC. Although acrylation was the most extensive of the
three modifications in terms of preparation, the PEG pre-
polymer solution wicked into the aPCL more rapidly than it
did for the other two types. Even though all modification
types generally maintained the anisotropy of the ePCL, the
most apparent advantage of acrylation would be that such
binding would improve long-term mechanical properties by
effectively distributing stress across the scaffold. PEG-PCL
binding in the aPCL could be finely controlled by varying
the molarities of EDC, NHS, or acrylamide, as well as the
reaction times. It was noted, however, that acrylation re-
sulted in the loss of anisotropy of yield strain, possibly due
to the loss of angular fiber distribution that was seen in the
aPCL. Further, in the short term, the mechanical perfor-
mances of pPCL and hPCL were comparable to aPCL.
pPCL was fabricated using serum to mimic protein ad-
sorption, but could be implemented with a specific protein
of interest to drive scaffold remodeling, although the nec-
essary amount of protein and adsorption time could be
limiting factors. It is also worth discussing the issue of slip
between the PCL and PEG scaffolds. As noted earlier, ac-
rylation was used to bind the PCL and PEG and thus pro-
mote stress distribution. On the other hand, the alkali
digestion and protein adsorption strategies could have slip

the between PEG and PCL, which could improve long-term
scaffold performance by shielding the hydrogel and encap-
sulated cells from high stress when there is active defor-
mation of the combined PPC, such as in diastole. Slip
between these two surfaces could also increase the exten-
sibility of the combined scaffold, although no difference in
extensibility was found between aPCL and pPCL. Overall,
the results of this study demonstrate the need for further
investigation of the effects of these modifications on scaf-
fold mechanical behavior and eventual cell remodeling.

When compared to the native aortic valve leaflet, the
elastic moduli of the PPCs (Epara = 3.79 – 0.90 MPa, Eperp =
0.46 – 0.21 MPa over all modification types) compared fa-
vorably to the elastic moduli of the leaflet, which has been
reported to range from 3.39–28 MPa circumferentially to
1.09–2.86 MPa radially.5,6 A recent report from our group,
performed using similar methodologies and the same me-
chanical tester as in this study, determined the elastic moduli
of aortic valve leaflets to be 5.6 MPa in the circumferential
direction and 1.5 MPa in the radial direction.42 The elastic
moduli reported for the collagenous fibrosa layer, which is
primarily responsible for leaflet stiff and strength, range
from 13–23 MPa circumferentially to 3.71–4.56 MPa radi-
ally.43,44 The anisotropic ratio of the PPC elastic moduli
(Epara/Eperp = 8.22) could be optimized by changing the ro-
tation speed of the mandrel, as has been demonstrated in
previous reports.18 While similar in elastic modulus, there
were still stark differences in stress–strain behavior between
PPCs and the native leaflet; the native leaflet is bilinear and
elastic,5–7 whereas the PPC has a linear stress–strain behav-
ior, and yielded isotropically at high strains, possibly a result
of embedding anisotropic ePCL in isotropic PEG. The

FIG. 5. (A) Schematic of the PEG-PCL composites (PPC), with the modified PCL embedded within the PEG hydrogel.
The cross-section of a 500 mm PPC embedded with 250 mm aPCL as shown by (B) SEM micrograph and (C) image of a
cryosection. The aPCL is seen to be fully embedded within the PEG hydrogel. An SEM micrograph of the surface of the
same PPC (D) showed a dense, uniform topography, and no visible orientation as a result of the embedded aPCL. Scale
bar = 20mm. (E) PPC containing embedded aPCL.

ANISOTROPIC PEG/PCL COMPOSITES FOR HEART VALVE TISSUE ENGINEERING 2641



difference in behavior could present a challenge to the use of
the PPC as part of a scaffold for heart valve tissue engi-
neering. From a mechanobiology standpoint, VICs encapsu-
lated within a scaffold with linearly elastic stress–strain
behavior would experience greater stresses at low strain than
they would in the native leaflet, due to the ‘‘toe region’’ of the
native bilinear stress–strain curve. This linearly elastic be-
havior is thus a concern for any tissue-engineered valve, as
high stresses are associated with VIC activation and altered
ECM remodeling that can lead to calcification of native aortic
valves.45–49 Additionally, assuming the degradation of the
PCL over 30 months50 and a heart rate of 60 bpm, the scaf-
fold would be pulled in diastole *107 times. How the me-
chanical behavior of the study changes over these cycles, and
how cells respond to these changes are key questions to an-
swer in future studies. Thus, it will be important to examine
the effects of dynamic, linearly elastic stress–strain behavior
on scaffold remodeling by VICs and the long-term mechan-
ical performance of the scaffold, and to pursue various
strategies for achieving nonlinear elastic behavior.

VICs seeded atop the PPCs reinforced with aPCL showed
differences in morphology and spreading compared with
those grown on the other side of the same gel, where there
was no PPC reinforcement. As expected, cells spread more

on the stiffer PPC, confirming previous results in the liter-
ature that stiffer substrates correlate with stress fiber for-
mation in VICs.45 On PPCs containing anisotropic aPCL,
the VICs showed predominant cytoskeletal organization in
the direction of the underlying fiber alignment, demon-
strating that VICs were responding to the stiffness and an-
isotropy of the underlying PCL within the PPC. This theory
is supported by the fact that the SEM micrographs demon-
strated that the surface of the PPC did not mimic the topo-
graphy of the underlying PCL. It should be noted that this
VIC experiment was limited to a proof of concept; the ul-
timate goal would be to encapsulate VICs within the hydrogel
of the PPC. Cells can be encapsulated within PEG hydrogels
under favorable conditions for cells8 and with minimal effect
on hydrogel lamination,13 although cell encapsulation and the
inclusion of necessary degradable peptide sequences would
likely reduce the overall stiffness.13,37,51 The finding that
VICs responded to the underlying anisotropy suggests their
potential to remodel the scaffold in a directional manner,
which has been demonstrated previously with fibroblasts and
VICs.52,53 Further research will be required to understand the
effect of cell encapsulation and material characteristics like
anisotropy on scaffold remodeling.

The overall intent of this study was to prepare a com-
posite scaffold design that mimicked the mechanical prop-
erties of the valve leaflet fibrosa layer, and would also be
suitable for serving as a layer within an overall trilaminate
scaffold. Other laminate scaffolds have been previously
reported; one previous study designed a laminate scaffold
for an engineered valve using decellularized pericardium to
mimic the two outer layers, and a spongiosa scaffold derived
from decellularized pulmonary arteries, within which cells
were viable after 8 days in a bioreactor and stained positive
for vimentin,54 while another study used PEGDA layers
supplemented with alginate that were viable after 21 days.15

The main benefit of a laminate scaffold designed on a PEG
hydrogel platform is that layers of varying functionalizat-
ion and mechanical stiffness can be fabricated in a straight-
forward manner with strong adhesions between layers.13 With
the creation of hydrogel analogs that match the properties of
the spongiosa and ventricularis, a laminate hydrogel scaffold
could be fabricated using a modular assembly process. One
possible approach for fabrication would be first to electrospin
and modify ePCL before cutting the scaffold into leaflet
shapes, which could then be placed in a mold in the shape of
the aortic root. A hydrogel prepolymer solution could be
added to the mold to embed the ePCL in a cellularized hy-
drogel of the whole aortic root, and then the other hydrogel
layer analogs of the valve scaffold could be added sequen-
tially to form a laminated engineered aortic root-valve con-
struct. A similar fabrication strategy has previously been
implemented to print aortic roots using PEGDA hydrogels.15

The next required steps in this process will be to design
hydrogel analogs for the other two leaflet layers, and develop
and optimize a fabrication process for a trilaminate scaffold.

Conclusions

In this study, hydrogel-fiber composites of PEG and
modified PCL were designed to combine the strength and
anisotropy of electrospun PCL with the biofunctionality,
tunability, and laminability of hydrogels as an analog to the

FIG. 6. (A) Elastic modulus (E) and (B) yield strain (ey) of
PPCs with different modifications, unmodified anisotropic
ePCL scaffolds, and PEG in the parallel (black) and per-
pendicular (white) directions. All PPC types maintained
anisotropy, but had a significantly lower E in the parallel
direction, and were statistically similar across all groups.
aPCL and pPCL had isotropic ey as opposed to the ePCL,
which had anisotropic ey. *p < 0.05 versus perpendicular
direction, ^p < 0.05 within bracket. Error bars represent
standard deviation.
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FIG. 7. (A) Schematic of PPCs fabricated to investigate the effect of the PPC on valvular interstitial cell (VIC) mor-
phology. Within a 5 mm wide · 10 mm long · 250 mm thick mold, an aPCL scaffold, either anisotropic or isotropic and
measuring 5 mm wide · 5 mm long · 250 mm thick, was embedded in 10% 6 kDa PEG-diacrylate (PEGDA) and 5 mM PEG-
RGDS. The resulting scaffold was PPC on one side, PEG alone on the other, and contiguous throughout. Cells were then
seeded on top of the scaffold. (B) DAPI (blue) and phalloidin (green) stains of VICs on PPCs with either anisotropic
(alignment indicated by white arrow) or isotropic aPCL and on PEG. Note the spread morphology of VICs on PPCs with the
stiffer aPCL compared to PEG. The alignment of actin in VICs seeded on anisotropic PPC had a dominant orientation
compared with those seeded on isotropic PPC. Scale bar = 50mm. (C) Actin alignment for VICs seeded on PPC with
anisotropic (black) or isotropic (red) aPCL and PEG (blue). Note the difference in alignment between VICs seeded on
anisotropic PPCs and the other substrates. *p < 0.002 anisotropic PPC versus the other groups. (D) There was no significant
difference in nuclear aspect ratios of VICs between the substrates. Color images available online at www.liebertpub.com/tea
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fibrosa layer of heart valve leaflets. Modification of ePCL
via protein adsorption, NaOH treatment, and acrylation
rendered the ePCL hydrophilic to facilitate embedding in
PEG, and did not grossly affect the anisotropy of the ePCL.
VICs seeded on top of PPCs responded to the underlying
anisotropy by aligning in the prominent direction of fibers in
the ePCL. The result is a scaffold that matches the anisot-
ropy of the native aortic valve leaflet and fits well within the
ideal of a modularly assembled laminate scaffold for heart
valve tissue engineering.
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