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Abstract
It has been hypothesized that leaflet substrateswith a trilayer structure and anisotropicmechanical properties could be useful for
the production of functional and long-lasting tissue-engineered leaflets. To investigate the influence of the anisotropic structural
and mechanical characteristics of a substrate on cells, in this study, we electrospun trilayer anisotropic fibrous substrates
and randomly oriented isotropic fibrous substrates (used as controls) from polycaprolactone polymers. Consequently, the
random substrates had higher radial and lower circumferential tensile properties than the trilayer substrates; however, they
had similar flexural properties. Porcine valvular interstitial cells cultured on both substrates produced random and trilayer
cell-cultured constructs, respectively. The trilayer cell-cultured constructs had more anisotropic mechanical properties, 17%
higher cellular proliferation, 14% more extracellular matrix (i.e., collagen and glycosaminoglycan) production, and superior
gene and protein expression, suggesting that more cells were in a growth state in the trilayer constructs than in the random
constructs. Furthermore, the random and radial layers of the trilayer constructs had more vimentin, collagen, transforming
growth factor-beta 1 (TGF-ß1), transforming growth factor-beta 3 (TGF-ß3) gene expression than in the circumferential layer
of the constructs. This study verifies that the differences in structural, tensile, and anisotropic properties of the trilayer and
random substrates influence the characteristics of the cells and ECM in the constructs.
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Introduction

Valvular heart diseases (VHDs) affect a growing number
of adult and pediatric patients worldwide [1]. These dis-
eases cause irreparable tissue damage, thus requiring heart
valve replacement with either bioprosthetic or mechanical
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valves. Unfortunately, bioprosthetic valves are susceptible to
calcification or immune-mediated degradation, and mechan-
ical valves pose thrombotic risks, which require patients to
take anticoagulants indefinitely [1, 2]. These valves can-
not grow or remodel; thus, pediatric patients must undergo
multiple valve replacement surgeries before adulthood until
they can accommodate a mechanical valve. Alternatively,
tissue-engineered heart valves can be produced from syn-
thetic biodegradable polymer substrates. These substrates
can be used as valve replacements and remodel and grow
with patients [3].

Heart valve leaflets consist of an organized trilayer extra-
cellular matrix (ECM), i.e., fibrosa, spongiosa, and ven-
tricularis, with valvular interstitial cells (VICs) distributed
throughout the structure. The fibrosa, spongiosa, and ven-
tricularis contain circumferentially oriented collagen fibers,
randomly oriented glycosaminoglycans (GAGs), and radi-
ally oriented elastin, respectively [4, 5]. The trilayer ECM
dictates the anisotropic and mechanical characteristics of
the tissue and impacts the phenotype of the VICs [6, 7].
Within healthy tissues, approximately 95% of VICs are in
a quiescent state, but once exposed to nonnative stresses,
these cells activate repair mechanisms and transform into
myofibroblast-like phenotypes, which can result in fibrosis,
stenosis, calcification, and leaflet retraction [8, 9]. Simi-
larly, heart valve leaflet substrates with nonnative isotropic
microstructure and mechanical properties have shown VIC
activation and pathogenesis after in vitro or in vivo tissue
engineering [10–12]. Therefore, developing substrates for
heart valve tissue engineering with a trilayer structure and
anisotropic properties similar to native tissues may ensure
healthy cell growth and ECM production.

Previously, several trilayer leaflet substrates were pro-
duced, including a solid-porous microfabricated polyglyc-
erol sebacate layer sandwiched between the two outer
fibrous layers made of electrospun polycaprolactone (PCL)
[13], trilayered gel-like nanofibrous substrates consisting of
poly(lactic-co-glycolic) acid and poly (aspartic acid) [8],
and several trilayered gel/solid-porous substrates that utilized
hydrogels or proteins [4, 14]. These trilayer leaflet substrates
yielded trilayer cell-cultured constructs that showed resis-
tance to calcification and leaflet retraction [8, 13]. However,
many of these trilayer substrates are difficult to produce and
require a combination of electrospinning, casting/molding,
and hydrogel coatings to yield a trilayer structure and
enhance cell responses to the material [15]. Furthermore,
casting/molding and hydrogel substrates do not mimic the
fibrous structure of native heart valve leaflets [4, 5]. These
structural differences between solid-porous or hydrogel sub-
strates and native tissues can cause VIC activation, leading
to pathogenesis [16].

Our previouswork showed that trilayered tissue constructs
developed in vitro from an electrospun nanofibrous trilayer

substrate resisted leaflet retraction andhadprotein expression
comparable to native leaflets [17]. Furthermore, trilayer PCL
leaflet substrates were implanted into the subcutaneous space
of the rat model, yielding tissue constructs with a native-like
trilayer structure and protein quantities equivalent to those
in a native leaflet [18, 19]. In addition, the trilayer tissue
constructs contained many cells in a quiescent state, imply-
ing that the substrate structure can impact the phenotype of
cells [20]. Despite these efforts, there is no investigation on
how trilayer anisotropic leaflet substrates, compared to ran-
domly oriented substrates, influence the cells in promoting
native-like trilayer anisotropic structure and properties in
tissue-engineered leaflets. Furthermore, it remains unclear
whether the cells residing in individual layers of the tri-
layer cell-cultured constructs exhibit distinct protein and
gene expression, which could contribute to the development
of functional leaflet constructs.

PCL is readily used in biomedical applications and has
been US Food and Drug Administration (FDA)-approved in
various implantable medical devices and other biomedical
applications. Additionally, this material is easy to electrospin
into microfibrous substrates, which have a range of mechan-
ical properties (elastic modulus: 2–20MPa depending on the
molecular weight of PCL) for heart valve tissue engineer-
ing and a relatively long biodegradation period [21]. Thus,
this material has been used for scaffold fabrication, including
for the development of trilayer leaflet substrates intended for
in vitro/in vivo tissue engineering [19, 22].

In this study, the electrospinning method was used to pro-
duce trilayer anisotropic and randomly oriented substrates
from PCL polymer. Porcine VICs (PVICs) were seeded
on both substrates and cultured in static conditions for
one month, yielding trilayer and random cell-cultured con-
structs. We examined the effect of the trilayer structure and
anisotropic tensile properties of the trilayer substrates on cell
proliferation and gene expression, protein expression, ECM
production, and themechanical properties of the trilayer cell-
cultured constructs by comparing themwith those in random
cell-cultured constructs. Finally, we analyzed the morphol-
ogy of cells and gene expression in each layer of the trilayer
cell-cultured constructs.

Materials andmethods

Substrate fabrication

Computer-aided design and computer-aided manufacturing
(CAD/CAM) software was used to design leaflet-shaped
aluminum collectors, and then the collectors were pro-
duced through computer numerical control (CNC)machining
(Figs. 1a–1c). The collector had three cylindrical holes
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Fig. 1 Schematic of the leaflet collector and structure of each layer
of the electrospun random and trilayer substrates. a–c Front (a), side
(b), and top (c) views of the leaflet collector schematic. d–f Scanning
electron microscopy (SEM) images of randomly oriented fibers in the
random substrate produced using 10-PCL at low (d) and high (e) mag-
nification and the fiber diameter distribution (f). g–i SEM images of
randomly oriented fibers produced using 14-PCL in the random sub-
strate at low (g) and high (h) magnification and the fiber diameter
distribution (i). j–l SEM images of aligned polycaprolactone (PCL)
fibers in the circumferential layer (shown by a double-headed arrow)
along the circumferential direction in the trilayer substrate, as shown at
low (j) and high (k) magnifications, and the fiber diameter distribution
(l). m–o SEM images of randomly oriented PCL fibers in the random
layer of the trilayer substrate at low (m) and high (n) magnifications and
the fiber diameter distribution (o). p–r SEM images of aligned radial
PCLfibers in the trilayer substrate at low (p) and high (q)magnifications
and the fiber diameter distribution (r). 10-PCL: 10% polycaprolactone
solution; 14-PCL: 14% polycaprolactone solution

for mounting to a spindle during electrospinning. Ten per-
cent (0.1 g/mL) and 14% (0.14 g/mL) PCL (MW: 80
KD, Sigma-Aldrich, USA) solutions were prepared in chlo-
roform (Sigma-Aldrich, USA) and separately loaded into
syringes. The polymer concentration of an electrospinning
solution influences the mechanical properties of an electro-
spun substrate [23]. Thus, the 10%polycaprolactone solution
(10-PCL) was selected for producing the soft and flexible
random and radial layers, while the 14% polycaprolactone
solution (14-PCL) was selected for the stiff circumferential
layer. The syringes were mounted onto a syringe pump (Har-
vard Apparatus, USA) and placed on a horizontal motion
stage. To make the circumferential layer of the trilayer
substrate, the 14-PCL solution was electrospun over the
collector, rotating about its sagittal axis with the following
electrospinning parameters: voltage − 10 kV, solution flow
rate − 1.2 mL/h, spinneret–collector distance − 10 cm, and
a spin rate of 3000 r/min for 45% of the total electrospinning
time. The random layer of the trilayer substrate was made
from the 10-PCL solution electrospun over the circumferen-
tial layer and collector rotating about its sagittal axis with
the following electrospinning parameters: voltage − 14 kV,
solution flow rate − 0.7 mL/h, spinneret–collector distance
− 12 cm, and a spin rate of 125 r/min for 35% of the total
electrospinning time. Finally, the radial layer of the trilayer
substrate was produced from the 10-PCL solution and elec-
trospun over the random layer and collector rotating about its
coronal axis with the following electrospinning parameters:
voltage − 14 kV, solution flow rate − 0.7 mL/h, spinneret–
collector distance − 12 cm, and a spin rate of 4000 r/min for
20%of the total electrospinning time. The randomly oriented
substrate was produced by electrospinning over the collector
rotating along its sagittal axis with the 14-PCL and 10-PCL
solutions for 45% and 55% of the total electrospinning time,
respectively.

Valvular interstitial cell (VIC) isolation
and expansions

Aortic valve leaflets were excised from porcine hearts
obtained from a local butcher shop and washed with copi-
ous amounts of phosphate-buffered saline (PBS). For PVIC
extraction, the leaflets were placed in trypsin solution for
5 min at 37 °C, and the endothelial layer was removed with
a sterile cotton swab. Then, the tissue was digested in 0.5%
(0.005 g/mL) type I collagenase (Worthington Biochemical,
Lakewood, NJ, USA) in PBS for 5 h at 37 °C. Then, the
PVICs were isolated by centrifuging the digested tissue for
10 min at 1000 r/min at 4 °C. The cells were resuspended
in normal tissue culture (NTC) medium consisting of Dul-
becco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serumand 1%penicillin–streptomycin
and transferred to culture flasks containing NTC medium
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and cultured. The PVICs were cultured for 7 days, and the
medium was changed every 2 days.

Cell seeding

The random and trilayer substrates were sterilized using 70%
ethanol for 6 h at room temperature and then washed with
copious amounts of sterile PBS. The substrates were trans-
ferred to sterile culture plates and soaked in an NTCmedium
for 2 days to improve cell attachment. Confluent flasks of
PVICs at passage two were trypsinized and resuspended in
anNTCmedium. The PVICswere seeded onto the substrates
at a concentration of 5×105 cells/cm2. The cell-seeded sub-
strates were allowed to sit for 30 min to enable cell adhesion
before adding NTC medium to each sample well. The sam-
ples were cultured for 30 days with NTC medium changed
every 3 days.

Scanning electronmicroscopy

Scanning electron microscopy (SEM) imaging was per-
formed on 3mm×3mm square pieces of random and trilayer
substrates or random and trilayer cell-cultured constructs
(n=2 of each). Cell-cultured constructs were prepared by fix-
ation in 10% formalin and freeze-drying. The samples were
mounted onto SEMstubswith either the circumferential, ran-
dom, or radial layer exposed. They were then sputter-coated
with 25 nmof platinumbefore imaging in an SEM(FEICom-
pany, USA) at 10 kV. The SEM showed the properties of the
samples, such as the orientation of fibers, the morphology
of the cells, and the fiber diameter and pore size—measured
using the SEM software.

Mechanical testing

A tensile tester (TestResources, Canada) was used to mea-
sure the displacement, stress, and strain of substrates and
cell-cultured constructs (n=5 of each) cut along their cir-
cumferential or radial direction (n=5 of each) as described
previously [18, 24]. Additionally, several cell-cultured con-
structs (n=5) were soaked in 5.25% sodium hypochlorite
on an orbital shaker for 4 h to remove the ECM materials
to obtain leftover substrates. The leftover substrates were
prepared for tensile testing according to the same specifica-
tions as the substrates and cell-cultured constructs. Briefly,
the samples were cut into 2 mm×10 mm radial and cir-
cumferential strips, and their thicknesses were measured
using a caliper gauge (Mitutoyo, Japan). The samples were
then sandwiched between two paper window frames with
dimensions of 5.5 mm×5.5 mm and glued. The frames were
mounted into the tensile tester, and the ends of the frame
were cut. Slack was removed from the sample by applying
a preload of 0.01 N. The tensile test of the substrates was

conducted under dry conditions. However, cell-cultured con-
structs remained hydrated in PBS during the tensile testing.
Testing was conducted at a head rate of 6 mm/s. The tensile
modulus and yield stress were calculated using the measured
displacement, stress, and strain data. The circumferential
elastic modulus or ultimate tensile strength was divided by
the radial elastic modulus or ultimate tensile strength to
calculate the anisotropic ratios of the elastic modulus and
ultimate tensile strength, respectively [13].

The flexural moduli of the substrates and cell-cultured
constructs (n=5 of each type) were measured in a horizontal
tensile tester (TestResources, Canada) according to methods
established in the previous literature [25, 26]. Briefly, the
samples were cut into 2 mm×8 mm circumferential strips,
mounted onto custom cylindrical holders, and placed in the
tensile tester. The samples were compressed at a head rate
of 1 mm/s, and the force and deflation of the samples were
recorded. Linear flexural bending theory was applied to cal-
culate the flexural modulus of the samples.

Protein quantification assays andmass
spectrometry

Before protein extraction, the cell-cultured constructs (n=3of
each type) were cut into 3 mm×3 mm sections and weighed.
For collagen extraction, samples were placed in collagen
extraction solution (0.5 mol/L acetic acid+100 U/mL pepsin
inwater) overnight at 37 °C. Then, a Sircol insoluble collagen
assay kit (BiocolorLtd.,UK)was used tomeasure the amount
of collagen in the constructs according to the protocols pro-
vided by the company. The absorbance at 550 nmwavelength
wasmeasured with amicroplate spectrophotometer (BioTek,
USA), and the collagen concentration was determined by
comparing the absorbance to a standard curve obtained using
a set of collagen solutions of known concentrations. For gly-
cosaminoglycan (GAG) extraction, the samples were placed
in a GAG extraction solution (4 mol/L guanidine-HCl and
0.5 mol/L sodium acetate in water) overnight at 8 °C. Then,
a Sircol GAG assay kit (Biocolor Ltd., UK) was used to mea-
sure the amount of GAG in the constructs according to the
protocols provided by the company. The spectrophotometer
measured the absorbance at 656 nm wavelength. The GAG
concentration was determined by comparing the measured
absorbance to a standard curve produced using standardGAG
solutions of known concentration.

Formass spectrometry (MS), proteinswere extracted from
50 mg of the trilayer and random cell-cultured constructs
using sodium dodecyl sulfate (SDS)/acetone precipitation
and then digested using subsequent alkylation and trypsiniza-
tion [27, 28]. Then, peptides were desalted and concentrated
using C18 tips according to the manufacturer’s protocols
(Pierce/Thermo Scientific, USA). The peptides were resus-
pended, and 1 μL was injected directly onto an analytical
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column packed with Waters BEH-C18, 1.7 μm reversed-
phase resin. Peptides were separated and eluted from the
analytical column (20 cm long×75 μm inner diameter) with
a gradient of acetonitrile at 300 nL/min. MS analysis was
performed on a mass spectrometer (Bruker, USA) operating
in positive mode. Data were collected over a range of 100 to
1700 m/z at a resolution of 10,000 counts/s with a minimum
threshold of 250 counts/s. A charge-state-based rolling col-
lision energy table was used from 76% to 123% of 42.0 eV.
An active exclusion/reconsideration precursor method with
release after 0.4 min was used. If the precursor (within a
mass width error of 0.015 m/z) was >4X signal intensity
in subsequent scans, a second MS/MS spectrum was col-
lected. The isolation width was set to 2 m/z (<700 m/z) or
3 m/z (800–1500 m/z). The acquired data were submitted to
PEAKS X+ for protein identification [29].

Histology and immunostaining

The random and trilayer cell-cultured constructs were fixed
in 10% formalin for 24 h and then washed in PBS. The
constructs were cut into radial and circumferential sections
and embedded in Tissue-Tek® O.C.T. Compound at −20 °C
(Sakura, Alphen den Rijn, The Netherlands). The samples
were sectioned at 10 μm and mounted onto glass slides.
The sections were thawed for 20 min before staining with
hematoxylin and eosin (H&E, Thermo Fisher Scientific,
USA),Masson’s trichrome (Thermo Fisher Scientific, USA),
Alcian blue (Thermo Fisher Scientific, USA), and von Kossa
(Abcam, USA) to show the general morphology of the cells
and tissues, collagen fibrils, GAG, and calcium nodules,
respectively. Images were obtained using a Zeiss Axiovert
200 M with an ORCA-ER camera at 20× magnification.

Furthermore, radial and circumferential sections of ran-
dom and trilayer cell-cultured constructs were prepared
for immunohistochemical analysis using antibodies against
vimentin (ab92547, Abcam, USA) and α-smooth muscle
actin (α-SMA) (ab124964, Abcam, USA). The sections were
thawed for 20 min, and the O.C.T. compound was removed.
Goat serum was used to permeabilize and block the samples.
Then, the sections were incubated in the primary antibody at
4 °C for 12 h and then incubated in the secondary antibody
for 2 h. The slides were rinsed with PBS between each step.
Finally, a glass coverslip was mounted onto the slide using
DAPI. The slide sections were imaged using a Leica GSD
microscope.

Random and trilayer cell-cultured constructs were cut into
3mm×3mm sections, and the circumferential layer was sep-
arated from the radial/random layers. As described above,
the samples were dehydrated, permeabilized, blocked, and
stained with a vimentin marker. Then, the samples were
counterstained using Hoechst 33342 (Thermo Fisher, USA)
according to the manufacturer’s protocols. The samples were

washedwith PBS, placed into a glass-bottom dish with either
the radial or circumferential surface facing up and imaged
with a spectral confocal microscope (Lecia, Germany).

Proliferation test

PVICs (300,000/substrate) were seeded onto random and tri-
layer substrates (n=4 of each) and cultured in NTC media.
The cellular proliferation on the substrates was measured
using an alamarBlue assay at 1-, 3-, 8-, and 14-day time
points. A microplate spectrophotometer (BioTek, USA) was
used to record the absorbance of the samples at 570 and
600 nm wavelengths at each time point. The results were
compared to an absorbance calibration curve produced using
known cell numbers to determine the cell number on the
substrates.

Gene expression

RNAs from the random and trilayer cell-cultured con-
structs (n=5 of each) were collected using the QIAshred-
der spin column (QIAGEN, Germany) and RNeasy mini
kit (QIAGEN, Germany) and their supplied instructions
[18, 30]. Briefly, a combination of guanidine thiocyanate
(RLT) buffer (supplied with the kit) with β-mercaptoethanol
(Sigma-Aldrich, St. Louis, MO, USA) and stirring was
used to lyse the samples. Additionally, the samples were
homogenized further by using the QIAshredder spin col-
umn. Finally, the RNeasy mini kit was used to isolate the
RNA from the samples. The isolated RNA was transcribed
to cDNA using a high-capacity cDNA reverse transcrip-
tion kit and the supplied instructions [18]. The cDNA
transcripts were then probed with TaqMan assays for α-
smooth muscle actin (ACTA2, Ss04245588_m1), vimentin
(VIM, Ss04330801_gH), type I collagen (COL1A1,
Ss03373341_g1), bone gamma-carboxyglutamate protein
(BGLAP, Ss03373655_s1), transforming growth factor-beta
1 (TGF-β1, Ss04955543_m1), transforming growth factor-
beta 3 (TGF-β3, Ss03394351_m1), and β-actin (ACTβ,
Ss03376563_uH) as a normalizer gene using a TaqMan
universal PCR master mix (Applied Biosystems, USA).
Amplification and data collection were performed in an
AriaMx real-time PCR system (Agilent, USA) using our pre-
viously described conditions [17]. Finally, the target gene
data were normalized and evaluated using the comparative
cycle threshold (Ct) method. The gene expression in the
circumferential and random/radial layers of the trilayer cell-
cultured construct was assessed using the same method.

Statistical analysis

All numerical data are expressed as the mean±standard
deviation (SD). Unpaired t tests and one-way analysis of
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variance (ANOVA) with Tukey’s post hoc tests were applied
to 2-group and 3-group comparisons, respectively. Statistical
significance was established at a two-tailed p<0.05.

Results and discussion

Structure of the random and trilayer leaflet
substrates

In this study, we compared the usefulness of random and
trilayer substrates for heart valve tissue engineering by exam-
ining the impact of the substrate structure on PVICs during
their respective construct engineering [17, 31]. The poly-
mer concentration of an electrospinning solution affects the
mechanical and structural characteristics of a substrate [23].
Thus, the trilayer substrates were electrospun with 14% PCL
(14-PCL) for the stiff circumferential layer and 10% PCL
(10-PCL) for the soft random and radial layers. Furthermore,
the electrospinning times were adjusted so that the trilayer
substrate had a total thickness of ~0.3 mm with circumfer-
ential, random, and radial layer thicknesses of ~0.135 mm,
~0.105mm, and~0.06mm, respectively,mimicking the layer
thickness percentages of the trilayer native leaflets—45%
circumferential, 35% random, and 20% radial [13, 32]. To
develop random substrates with similar layer thicknesses
to the trilayer substrates, the electrospinning times were
adjusted to produce about 0.3-mm-thick random substrates
with an about 0.135-mm-thick 14-PCL layer and an about
0.165-mm-thick 10-PCL layer, which constituted 45% (same
as the circumferential layer of a trilayer substrate) and 55%
(same as the random/radial layers of a trilayer substrate) of
the total thickness, respectively.

Cell behavior depends on several characteristics of the
substrate, including fiber orientation and diameter and pore
size [18]. Thus, the substrate structure and fiber orientations
were verified using SEM imaging at high and low mag-
nifications. The random substrate had randomly oriented
fiber layers electrospun from 10-PCL and 14-PCL, with
fiber diameters of 2–4 μm and 3–6 μm and pore sizes of
14–18μmand16–20μmmeasured usingSEM imaging soft-
ware, respectively (Figs. 1d–1i). In the trilayer substrates, a
highly aligned circumferentially oriented fiber was observed
in the circumferential layer with fiber diameters of 4–6 μm
and pore sizes of approximately 10 μm (Figs. 1j–1l). The
random layer had a random fiber orientation with fiber diam-
eters of 2–4 μm and pore sizes of 14–18 μm (Figs. 1m–1o).
Finally, the radial layer had a highly aligned and radially ori-
ented fiber structure with fiber diameters of 2–5μm and pore
sizes of approximately 10 μm (Figs. 1p–1r). The layers pro-
duced from the 14-PCL solution had greater fiber diameters
than those produced from the 10-PCL solution in the random
and trilayer substrates [33]. Additionally, layers with aligned

fibers exhibited smaller pore sizes due to the tendency for
aligned fibers to compact at high collector spin speeds [12].
However, the average diameter of VICs is approximately
7–8 μm, so pore sizes of 10 μm or greater are adequate
for ensuring cell infiltration into the substrates [34, 35].

Mechanical properties

Heart valve leaflets are highly anisotropic and flexible
and have large tensile properties along the circumferential
direction and relatively low tensile properties in the radial
direction [36]. These properties dictate the leaflet function
and the phenotypes of theVICs in the leaflets [37]. Therefore,
the tensile and flexural properties of the random and trilayer
substrates and their cell-cultured constructs were measured
with a tensile tester. The stress–strain curves in the circum-
ferential and radial directions of the random substrate and
cell-cultured constructs differed significantly from the curves
of the trilayer substrate and cell-cultured constructs (Figs. 2a
and 2b). The trilayer substrate and cell-cultured constructs
had several peaks indicating individual layers breaking dur-
ing the tensile testing.

The tensile moduli and strengths of the random sub-
strates were (7.75±0.87) MPa and (1.85±0.22) MPa in
the circumferential direction and (7.31±0.56) MPa and
(1.72±0.19) MPa in the radial direction. The tensile moduli
and strengths of the trilayer substrates were (10.45±0.85)
MPa and (2.23±0.42) MPa in the circumferential direc-
tion and (2.89±0.17) MPa and (1.06±0.21) MPa in the
radial direction. The random substrates had a lower (statis-
tically significant, p<0.05) circumferential tensile modulus
than the trilayer substrates (Figs. 2c and 2d). Electrospun
fiber aligned parallel to the direction of a tensile test, such
as the circumferential layer in the trilayer substrate, had
higher mechanical properties than randomly oriented fibers
[23]. In contrast, random substrates had a greater radial ten-
sile modulus and strength (statistically significant, p<0.005)
than trilayer substrates. Trilayer substrates are primarily
composed of circumferentially oriented fibers in the circum-
ferential layer, which do not contribute significantly to the
tensile properties in the radial direction [38]. Comparatively,
the thinner random layer of the trilayer substrates contains
randomly oriented fibers that contribute a small amount to the
tensile properties of the substrate in both the radial and cir-
cumferential directions. Conversely, the random substrates
contain only randomly oriented fibers that give isotropic
tensile properties to the substrate, yielding similar tensile
properties in the radial and circumferential directions [12],
leading to higher tensile properties in their radial direction
compared to those in the radial direction of trilayer substrates.

After cell culture, the tensile moduli and strengths of
the random cell-cultured constructs were (7.72±0.26) MPa
and (1.69±0.13) MPa in the circumferential direction and
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Fig. 2 Mechanical testing of the random and trilayer substrates
and cell-cultured constructs. a, b Stress–strain curves of the random
and trilayer substrates and cell-cultured constructs in the circumfer-
ential (a) and radial (b) directions. c, d Tensile moduli and strengths
of the random and trilayer substrates and cell-cultured constructs in

the circumferential (c) and radial (d) directions, respectively. e The
anisotropic ratios (circumferential/radial) of the tensile moduli and
strengths of the random fiber and trilayer substrates and cell-cultured
constructs. f The flexural moduli of the random and trilayer substrates
and cell-cultured constructs

(7.63±0.38) MPa and (1.70±0.21) MPa in the radial direc-
tion (Figs. 2c and 2d). The circumferential and radial
tensile moduli of the random cell-cultured constructs were
statistically equivalent to those of the original random sub-
strates. Trilayer cell-cultured constructs had tensile moduli
and strengths of (10.47±1.55) MPa and (1.75±0.57) MPa
in the circumferential direction and (3.14±0.46) MPa and
(0.80±0.19) MPa in the radial direction. There was no sig-
nificant difference in the tensile properties of the trilayer
substrates and trilayer cell-cultured constructs.

Despite one month of cell culture that produced ECM
materials inside the substrates, the random and trilayer cell-
cultured constructs exhibited statistically equivalent tensile
properties to their respective substrates. The degradation of

the electrospun fibers in the cell-cultured constructs and the
ECM materials produced by the cells could have impacted
the tensile properties of the cell-cultured constructs [13, 39].
Thus, the ECM materials and cells were removed from the
random and trilayer cell-cultured constructs to produce left-
over random and trilayer substrates, which were then tested
to measure their tensile properties. The tensile moduli and
strengths of the leftover random substrates were (7.57±0.32)
MPa and (1.57±0.16) MPa in the circumferential direction
and (7.66±0.34) MPa and (1.51±0.11) MPa in the radial
direction. The leftover trilayer substrates had tensile mod-
uli and strengths of (9.96±0.46) MPa and (2.08±0.96) MPa
in the circumferential direction and (2.84±0.14) MPa and
(0.79±0.21) MPa in the radial direction. In both cases, the
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tensile properties of the leftover random or trilayer sub-
strates were lower than those of the random or trilayer
cell-cultured constructs and random or trilayer substrates,
but their differences were not significantly different. The
neo-ECM produced by VICs in the random and trilayer cell-
cultured constructs had significantly lower tensile properties
than electrospun PCL fibers, and its contribution toward the
tensile properties of the constructs was compromised by the
degradation of random and trilayer substrates, so the random
and trilayer cell-cultured constructs exhibited statistically
equivalent tensile properties to their respective substrates [23,
40].

The tensile moduli and strengths of the random and tri-
layer cell-cultured constructs in the circumferential direction
were significantly different (statistically significant, p<0.05).
The aligned circumferential electrospun fibers in the tri-
layer cell-cultured constructs are responsible for these higher
tensile properties compared to the random cell-cultured
constructs. However, the tensile modulus and strength of
the trilayer cell-cultured constructs in the radial direction
were lower than those observed in the random cell-cultured
constructs (statistically significant, p<0.05). These differ-
ences in tensile properties between the two constructs in
the radial direction are caused by randomly oriented elec-
trospun fibers in the random cell-cultured constructs with
respect to the circumferentially oriented electrospun fiber
in the trilayer cell-cultured constructs, which has a small
contribution to the tensile properties in the radial direction
[12].

The tensile modulus and strength anisotropic ratios were
1.06±0.35 and 1.07±0.20 for the random substrates and
3.61±0.87 and 2.11±0.31 for the trilayer substrates, respec-
tively (Fig. 2e). After tissue engineering, the tensile moduli
and strength anisotropic ratios were (0.98±0.16) MPa and
(1.01±0.13) MPa for the random cell-cultured constructs
and (3.33±0.50) MPa and (2.18±0.35) MPa for the trilayer
cell-cultured constructs, respectively. The tensile modulus
and strength anisotropic ratios of the random and trilayer
cell-cultured constructs did not differ from their respective
substrates (statistically significant, p<0.05). However, both
the tensile modulus and strength anisotropic ratios of the
random and trilayer substrates were significantly different
(p<0.05). Similarly, the anisotropic ratios of the random and
trilayer cell-cultured constructs were significantly different
(p<0.05). Thus, the trilayer substrates and cell-cultured con-
structs were more anisotropic than random substrates and
cell-cultured constructs.

Trilayer cell-cultured constructs were anisotropic and had
tensile properties more comparable to native heart valve
leaflets than bioprosthetic valves. Clinically used biopros-
thetic valves, such as St Jude Epic bioprostheses, have high
anisotropic properties. However, chemical fixation causes

their tensile properties—circumferential and radial moduli
of 101.99MPa and 9.18MPa, respectively, which are signifi-
cantly higher than those of native tissues (circumferential and
radialmoduli of 15.34MPa and 1.98MPa, respectively) [41].
Furthermore, trilayer cell-cultured constructs supported cell
proliferation and ECM production; however, bioprosthetic
valves cannot support cell growth or remodeling [21].

The flexural moduli of the random and trilayer sub-
strates were (14.26±0.45) MPa and (14.45±0.36) MPa,
respectively (Fig. 2f). After tissue engineering, the random
and trilayer cell-cultured constructs had flexural moduli of
(16.13±0.25)MPa and (15.97±0.67)MPa, respectively. The
flexural moduli of the random and trilayer cell-cultured con-
structs increased compared to their respective substrates
(statistically significant, p<0.05). Furthermore, there was no
difference in the flexural moduli between the random and tri-
layer substrates. Likewise, the flexural moduli of the random
and trilayer cell-cultured constructs were not significantly
different. The flexural properties of a fibrous substrate are
related to several factors, including pore size and diameter
[42]. Both random and trilayer substrates had similar pore
sizes and fiber diameters, which could have been respon-
sible for the similar flexural properties in their respective
cell-cultured constructs.

Cell proliferation

PCL is a biocompatible polymer that obtainedFDAclearance
for use in multiple implantable medical devices, including
substrates for tissue engineering. Substrates made from PCL
with a trilayer structure may promote greater cell prolifer-
ation [43, 44]. Thus, an alamarBlue cell proliferation assay
was conducted to compare cell viability and proliferation on
random and trilayer substrates over a 14-day cell culture.
Initially, there was no difference in cellular proliferation on
the two substrates, suggesting that both supported a simi-
lar amount of cell adhesion. However, after 14 days of cell
culture, the trilayer cell-cultured constructs showed 17%
greater cellular proliferation than the random cell-cultured
constructs (Fig. 3a). These results suggest that the trilayer
structure andmechanical anisotropic properties of the trilayer
substrate may positively impact cell proliferation. VICs have
been shown to proliferate faster on aligned fiber substrates
than on substrates with random fiber orientations because
cells preferentially migrate and proliferate along the direc-
tion of the aligned fiber [45–47]. Therefore, the VICs seeded
on the radial or circumferential sides of the trilayer sub-
strates could have responded positively to the aligned fiber
structures. SEM imaging showed that the surfaces of the
random and trilayer cell-cultured constructs had confluent
ECMs (Figs. 3b–3g).
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Fig. 3 Cellular proliferation and
extracellular matrix (ECM)
production on the random and
trilayer cell-cultured constructs.
a Cell numbers on the random
and trilayer cell-cultured
constructs after 1, 3, 8, and
14 days of cell culture. b,
c Images of the random
cell-cultured construct surface
after one month of tissue
engineering at low (b) and high
(c) magnifications. d–g Images
of the circumferential (d, e) and
radial (f , g) surfaces of the
trilayer cell-cultured constructs
after a one-month static culture

Histology

The orientation of the fibers within electrospun substrates
influences the orientation and morphology of proliferating
cells and their produced ECM [48, 49]. Random substrates
had a structure with random fiber orientations, while the
trilayered substrate had circumferential, random, and radial
fiber orientations in three layers mimicking the native leaflet
tissue structure. Thus, the cell-cultured constructs were
stained to verify the orientation of cells and their produced
ECM components and compare the extent of cell prolif-
eration and ECM production. H&E-stained sections of the
random cell-cultured constructs had randomly oriented cells

and collagen fibrils throughout the construct (Fig. 4a). Radial
and circumferential sections of the trilayer cell-cultured con-
structs stainedwithH&E showed an evident trilayer structure
with distinct regions of aligned and randomly oriented cells
and collagen fibrils (Figs. 4b and 4c). It was apparent that
there were more cell proliferation and ECM production in
the trilayer cell-cultured constructs than in the random cell-
cultured constructs. Furthermore, the circumferential layer
of the trilayer cell-cultured constructs had more cell prolif-
eration and ECM production than the other two layers. The
aligned fibrous layers and anisotropic properties of the tri-
layer cell-cultured constructs may have encouraged greater
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Fig. 4 Histological images of random and trilayer cell-cultured con-
structs developed after one month of static culture. a–c H&E-stained
random (a), circumferential (b), and radial (c) cross sections of cell-
cultured constructs show aligned circumferential (C) and radial (R)
layers and a randomly oriented middle (M) layer. d–f Masson’s
trichrome-stained random (d), circumferential (e), and radial (f) cross
sections of cell-cultured constructs show aligned circumferential (C)
and radial (R) layers and a randomly oriented middle (M) layer.
g–i Alcian blue-stained random (g), circumferential (h), and radial
(i) cross sections of cell-cultured constructs show aligned circumfer-
ential (C) and radial (R) layers and a randomly oriented middle (M)
layer. j–l von Kossa-stained random (j), circumferential (k), and radial
(l) cross sections of cell-cultured constructs show aligned circumferen-
tial (C) and radial (R) layers and a randomly oriented middle (M) layer.
Alignment in the circumferential and radial directions can be observed
in the C and R layers (shown with a double-headed arrow). Dots in the
R layer of the circumferential cross sections and the C layer of the radial
cross sections show the alignment perpendicular to the cross section.
The random middle (M) layer showed a random orientation

cell proliferation and the development of ECM materials by
the cells [50].

Images of Masson’s trichrome-stained random cell-
cultured constructs showed that collagen fibril development
mainly occurred in the outermost regions of the constructs
and had a random orientation (Fig. 4d). Conversely, radial
and circumferential sections of the trilayer cell-cultured
constructs had aligned collagen fibrils in the radial and cir-
cumferential layers (Figs. 4e and 4f). The middle layer had
randomly oriented collagen fibrils. Native leaflets have the
most collagen fibrils in the circumferentially oriented fibrosa

layer [51]. Similarly, most of the collagen fibrils were in the
circumferential layer of the trilayer cell-cultured construct.

In native leaflets, the spongiosa layer is composed of
mostly randomly oriented GAG that acts as a cushion
between the two outer layers [4, 5]. Thus, Alcian blue was
used to stain the cell-cultured constructs to confirm the pres-
ence of GAG. Sections of random cell-cultured constructs
had GAG production mainly in the outer regions of the
structure (Fig. 4g). Conversely, the trilayer cell-cultured con-
structs had a more uniform GAG distribution throughout the
structure than the random cell-cultured constructs (Figs. 4h
and 4i). One possible reason for this observation is that GAG
production is often elevated in anisotropic multilayer sub-
strates because GAG provides cushioning between the two
outer layers of the substrates [4, 52].

Heart valve calcification obstructs leaflet function and is
one of the primary causes of heart valve failure. This illness
can occur in leaflet tissues when activated VICs are exposed
to nonnative stresses and bone transcription factors that lead
to cell transdifferentiation into bone phenotypes [21]. Thus,
the cell-cultured constructs were stained with von Kossa to
show if osteogenic deposits formed in the constructs. Neither
random nor trilayer cell-cultured constructs formed calcium
deposits (Fig. 4j-4l).

Quantification of matrix components

Collagen, GAG, and elastin comprise the native leaflet ECM
and affect its structural and mechanical attributes. Collagen
and elastin dictate the load-bearing capacity and elasticity of
the tissue, respectively, while GAG acts as a cushion between
these fibrous proteins [53, 54]. Therefore, we conducted
biochemical assays to determine the quantity of collagen
and GAG in the random and trilayer cell-cultured con-
structs (Fig. 5a). Trilayer cell-cultured constructs contained
more collagen and GAG than the random tissue-engineered
constructs. Fiber alignment and anisotropic properties in cell-
seeded substrates promote cell elongation and accelerate cell
migration, leading to greater production of ECM materi-
als [55, 56]. Similarly, the trilayer cell-cultured constructs
have anisotropic properties and are composed of layers with
aligned fiber structures that could have promoted collagen
and GAG production.

Leaflet function depends on the expression of several pro-
teins responsible for dictating cellular processes. Gamma
actin (ACTG1) and tubulin are essential cytoskeletal pro-
teins associated with cell motility and mitosis, respectively
[57, 58]. Phosphoglycerate kinase 1 (PGK-1) is an impor-
tant enzyme for the production of adenosine triphosphate
(ATP) during glycolysis and is an indicator of healthy cell
metabolism [59]. Histones are proteins that protect DNA
from damage and are associated with the presence of cel-
lular DNA [60]. Thus, protein mass spectrometry was used
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Fig. 5 Quantification of extracellular matrix (ECM) components and
relative protein expression in the random and trilayer cell-cultured
constructs. a Normalized collagen and glycosaminoglycan (GAG) pro-
tein quantities in random fiber and trilayer cell-cultured constructs.
b Relative protein expression of gamma actin (ACTG1), tubulin, phos-
phoglycerate kinase 1 (PGK-1), and histones in the random and trilayer
cell-cultured constructs. c Relative protein expression of collagen type
I, collagen type III, α-smooth muscle actin (α-SMA), and vimentin in
the random and trilayer cell-cultured constructs

to analyze the relative quantities of several proteins associ-
ated with intercellular processes in the random and trilayer
cell-cultured constructs (Figs. 5b and 5c). The trilayer cell-
cultured constructs had significantly higher quantities of
ACTG1, PGK-1, tubulin, and histones than random cell-
cultured constructs (Fig. 5b). Low expression of ACTG1
is associated with over a dozen cardiovascular disorders
and poor cell motility [57, 61]. Thus, high expression of
ACTG1 in the trilayer cell-cultured constructs may indicate
cell resistance to pathogenesis and high cell motility. The

high expression of PGK-1 and tubulin in the trilayer cell-
cultured constructs could represent high cell proliferation
and healthy cell metabolism in the construct [58, 59, 62]. The
relatively large presence of histones in trilayer cell-cultured
constructs compared to the random cell-cultured constructs
could suggest that a large amount of compact chromosomal
cell DNA was present in the constructs [60, 63].

Heart valves are primarily composed of collagen types I
and III,which are responsible for providing structural support
and flexibility to the tissue. Furthermore, while in a growth
state, VICs express high levels of α-SMA and vimentin,
enabling ECM material development [21]. Thus, the rela-
tive expression of ECM proteins such as collagen types I
and III, α-SMA, and vimentin was also verified with pro-
tein mass spectrometry. The trilayer cell-cultured constructs
had a higher relative expression of collagen type I, collagen
type III, and vimentin than the random cell-cultured con-
structs (Fig. 5c). However, there was no difference in α-SMA
expression in these two cell-cultured constructs. The higher
expression of both collagen types in the trilayer cell-cultured
constructs could be due to cells responding positively to
the trilayer structure and producing more collagen fibrils,
as shown in the previous sections. The higher vimentin pro-
tein expression in the trilayer cell-cultured constructs may
have indicated that many cells were in a growth state. The
anisotropic properties of the trilayer cell-cultured constructs
could have caused greater expression of vimentin and colla-
gen type I [64].

Gene expression and immunostaining

VICs in healthy native tissuesmaintain a quiescent state, reg-
ulate valvular homeostasis, and express moderate levels of
vimentin [65]. However, upon exposure to nonnative stresses
(e.g., tissue damage), VICs can transform into α-SMA-
positive myofibroblasts, which produce collagen (COLA1),
express high levels of vimentin, and initiate growth and repair
of the tissue [65, 66]. Furthermore, TGF-β1 and TGF-β3 are
upregulated in VICs in a growth state and control cell prolif-
eration, migration, and cytokine secretion [67]. In addition,
cell gene expression of BGLAP may indicate cell differen-
tiation into osteoblast phenotypes that may lead to eventual
calcification [68]. Therefore, we conducted reverse transcrip-
tion polymerase chain reaction (RT–PCR) to determine the
gene expression of α-SMA, VIM, COLA1, TGF-β1, TGF-
β3, and BGLAP in PVICs cultured on random or trilayer
cell-cultured constructs.

The VICs in the trilayer cell-cultured constructs had
higher gene expression of VIM, COLA1, TGF-β1, and TGF-
β3 than those in random cell-cultured constructs, but there
was no difference in α-SMA or BGLAP gene expression
(Figs. 6a and 6b). These observations suggest that more
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VICs were in a growth state in the trilayer cell-cultured con-
structs than in the random cell-cultured constructs [65, 66].
The high collagen expression in the trilayer cell-cultured
constructs is consistent with the collagen protein quantifi-
cation results described in the previous section. The collagen
expression results suggested that the anisotropic properties of
the trilayer structure encouraged greater collagen production
[64]. Furthermore, high TGF-β1 and TGF-β3 gene expres-
sion in the trilayer cell-cultured constructs confirmed that
VICs produced more growth factors for cell proliferation
andmigration. The higher growth factor expression in the tri-
layer cell-cultured constructs could be due toVICs producing
growth factors in response to the anisotropic properties of the
cell-cultured constructs [13, 54, 55]. Thus, the anisotropic
structural and mechanical properties of the trilayer cell-
cultured constructs may cause cells to produce more growth
factors. Furthermore, TGF-β1 and TGF-β3 are essential for
cell proliferation and ECM production, but TGF-β1 gene
expression may contribute to fibrosis by regulating processes
that produce excessive collagen type I. Conversely, TGF-β3
maypromote cellmigration andmediate biochemicalmecha-
nisms that prevent excessive collagen type I production [69].
TGF-β3 gene expression was significantly higher than TGF-
β1 gene expression (statistically significant, p<0.05) in the
trilayer cell-cultured constructs, indicating that the trilayer
structure could resist fibrosis. Additionally, the randomor tri-
layer cell-cultured constructs expressed negligible amounts
(Cp>34) of BGLAP, suggesting that neither construct posed
a risk of calcification.

The random and trilayer cell-cultured constructs were
stainedwith vimentin (green) andα-SMA(red) proteinmark-
ers to verify the state of the cell-cultured constructs and
compare their protein expression with the gene expression
described above. Vimentin and α-SMA protein expres-
sion was detected in the random cell-cultured constructs
(Figs. 6c and 6d), but the trilayer cell-cultured constructs
had greater protein expression (Figs. 6e–6h). The random
cell-cultured constructs showed more vimentin and α-SMA
protein expression in the outer regions, indicating that remod-
eling did not occur equally throughout the entire structure.
Vimentin and α-SMA protein expression in the trilayer cell-
cultured constructs occurred mainly in the circumferential
layer but was visible in other regions. Vimentin and α-SMA
proteins maintain the structure of cells and indicate VIC
activation, respectively [65]. Furthermore, cells cultured on
electrospun substrates with aligned fibers exhibit an elon-
gated morphology parallel to the fiber and express more
vimentin to maintain their morphology [65, 66, 70]. Thus,
the greater production of vimentin proteins by the VICs in
trilayer cell-cultured constructs than in random cell-cultured
constructs could be due to the VICs exhibiting an elongated
morphology in the aligned layers of the trilayer cell-cultured
constructs. Additionally, there were significantly more cell

Fig. 6 Measurement of the gene expression of cells in the random
and trilayer cell-cultured constructs. a Normalized gene expression
of vimentin, α-smooth muscle actin (α-SMA), and collagen type I in
the cell-cultured constructs. b Normalized gene expression of TGF-β1,
TGF-β3, and BGLAP in the cell-cultured constructs. c, d Images of
vimentin (c) and α-SMA (d) protein marker-stained sections of the ran-
dom fiber cell-cultured construct. e–h Images of vimentin and α-SMA
protein marker-stained circumferentially (e, f) and radially (g, h) sec-
tioned cell-cultured constructs with distinct orientations (C, M, and R)
of their vimentin protein filaments and α-SMA proteins. Alignment in
the circumferential and radial directions can be observed in the C and
R layers (shown with a double-headed arrow). Dots in the R layer of
the circumferential cross sections and the C layer of the radial cross
sections show the alignment perpendicular to the cross section. The
random middle (M) layer showed a random orientation. BGLAP: bone
gamma-carboxyglutamate protein; C: circumferential layer; R: radial
layer

proliferation and ECM production in trilayer cell-cultured
constructs than in the random cell-cultured constructs. Thus,
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more VICs could have been in a growth state and expressed
more α-SMA proteins in the trilayer cell-cultured constructs
[17, 71].

Analysis of individual layers

Native heart valve leaflets have a trilayer ECM with distinct
cell orientations and gene expression in each layer of the
structure [4, 5]. Thus, the circumferential and random/radial
layers of the trilayer cell-cultured constructs were separated,
and the surfaces were imaged to determine the cell and ECM
orientation. Furthermore, the gene expression in the circum-
ferential and random/radial layerswas evaluated to determine
if the cell gene expression differed throughout the structure.
The random/radial layers could not be separated due to the
thinness of the radial layer and the strong bond between the
two layers. SEM images of the surface of the layers showed
an elongated cellmorphology along the direction of the fibers
in the circumferential and radial layers and no cell elongation
in the random layer of the trilayer cell-cultured constructs
(Figs. 7a–7c). The confocal immunostaining images of the
circumferential, random, and radial surfaces stained with
a vimentin marker confirmed that the aligned electrospun
fibers in the circumferential and radial layers caused the
development of an elongated cell morphology parallel to the
direction of the electrospun fiber (Figs. 7d–7f). Additionally,
the random layer contained cells without an elongated mor-
phology.

The cells in the random/radial layers showed higher gene
expression of vimentin and collagen type I than cells in the
circumferential layer; however, there was no difference in
α-SMA gene expression in the different layers (Fig. 7g).
As shown in the histology section, significantly greater cell
proliferation and ECM material production occurred in the
circumferential layer than in the random/radial layers of the
trilayer cell-cultured constructs. More VICs′ vimentin and
collagen expression in the random/radial layers could have
indicated that more cells are in a growth state than in the
circumferential layer [65, 66]. Furthermore, greater TGF-β3
gene expression by VICs was observed in the random/radial
layers than in the circumferential layer, but their TGF-β1 and
BGLAP expression levels were similar (Fig. 7h). In native
leaflets, the random and radial layers express more TGF-β3
because they are typically softer and more flexible than the
circumferential layer [72]. Similarly, in substrates for tis-
sue engineering, the expression of TGF-β3 would be higher
in the random/radial layers than in the circumferential layer
because they were electrospun with lower PCL concentra-
tions, yielding lower mechanical properties [69]. The low
expression (Cp>34) of BGLAP in the random/radial layers
and circumferential layer suggests no sign of calcification in
any of the trilayer cell-cultured constructs.

Fig. 7 Cellular proliferation and gene expression in the circumferen-
tial, random, and radial layers of the trilayer cell-cultured constructs.
a–c Scanning electron microscopy (SEM) images of cells in the cir-
cumferential (a), random (b), and radial (c) layers of the trilayer
cell-cultured constructs with orientations parallel to the fibers (shown
with a double-headed arrow). d–f Circumferential (d), random (e), and
radial (f) surfaces of the trilayer cell-cultured constructs stained for
vimentin and Hoechst. The orientations of the cells are shown with
a double-headed arrow. g Normalized gene expression of vimentin,
α-smooth muscle actin (α-SMA), and collagen type I in the circumfer-
ential, random, and radial layers of the trilayer cell-cultured constructs.
h Normalized gene expression of TGF-β1, TGF-β3, and bone gamma-
carboxyglutamate protein (BGLAP) in the circumferential, random, and
radial layers of the trilayer cell-cultured constructs

This is the first study that compared random substrates to
trilayer substrates for heart valve tissue engineering and veri-
fied the effects of the trilayer structure on PVICs. Among the
two substrates, cell-cultured constructs developed with tri-
layer substrates had more anisotropic mechanical properties,
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more cell proliferation and ECM production, and better gene
and protein expression than random cell-cultured constructs.
This study established the benefits of developing trilayer
leaflet substrates that mimic the structure of native leaflet
tissues.

Conclusions

Random and trilayer microfibrous leaflet substrates were
produced by electrospinning. Trilayer substrates exhibited
higher circumferential and lower radial tensile proper-
ties—thus yielding anisotropic characteristics to the sub-
strate—compared to random substrates. PVICs were seeded
onto both substrates to produce cell-cultured constructs that
were then characterized. While the substrate exhibited sim-
ilar cell adhesion to the material, cell proliferation was
significantly greater in the trilayer cell-cultured constructs
than in the random cell-cultured constructs. Protein assays
indicated that GAG and collagen quantities were greater in
the trilayer cell-cultured constructs than in the random cell-
cultured constructs. Furthermore, protein mass spectrometry
confirmed that trilayer cell-cultured constructs contained
more ACTG1, tubulin, PGK-1, histones, collagen type I &
III, and vimentin proteins than random cell-cultured con-
structs. ThePVICs in trilayer cell-cultured constructs showed
increased expression of vimentin, collagen, TGF-β1, and
TGF-β3. These results demonstrated that the trilayer struc-
ture and anisotropic mechanical properties positively impact
the PVICs and the produced ECM. Additionally, analysis of
the trilayer cell-cultured constructs indicated that the VICs
expressed more vimentin, collagen, and TGF-β3 in the ran-
dom/radial layers than in the circumferential layer of the
constructs. These observations suggest that the layers of the
trilayer construct influence cell phenotypes and gene expres-
sion.
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