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Currently available heart valve replacements are limited in long-term performance or fail due to leaflet
thickening, lack of growth or remodeling potential. In order to address these issues, it is necessary to
mimic multiple factors of the native valvular extracellular matrix (ECM) such as architecture, mechanical
behavior and biochemical signals. Here, we successfully generated an electrospun PEGdma—PLA scaffold
adapted to the structure and mechanical properties of native valve leaflets. Valvular interstitial cells
(VICs) and valvular endothelial cells (VECs) were seeded on the scaffold and when cultured under
physiological conditions in a bioreactor, the construct performed like a native leaflet. Atomic force mi-
croscopy (AFM) was employed to obtain detailed mechanical information from the leaflets, which
enabled the first layer-specific measurement of the Young’s modulus. Interestingly, spongiosa stiffness
was much lower compared to the fibrosa and ventricularis. Moreover, investigations into human fetal
heart valve development identified collagen type I and versican as important structural proteins. As a
proof of principle, these proteins were introduced to the scaffold, demonstrating the ability to bio-
functionalize the hybrid valve based on natures’ blueprint.
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1. Introduction

A major limitation of the currently clinically available heart
valve replacements is their incapability to grow or remodel post-
implantation [1]. The valvular extracellular matrix (ECM) is a
complex fibrous network composed of structural proteins such as
collagens, elastic fibers and microfibrils as well as signaling mole-
cules like water-storing proteoglycans (PGs), glycosaminoglycans
(GAGs) and growth factors [2]. Electrospinning is a suitable method
to generate fibrous scaffolds that mimic the ECM structure [3—5]. A
high electric field is applied to a droplet polymer fluid. As the force
from the electric field overcomes the surface tension of the polymer
droplet solution, a fiber is formed, which travels in spinning
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motions to the counter electrode, while the solvent evaporates [3].
By changing parameters, for example polymer, solvent, voltage or
electrode distance, the fiber size as well as the mechanical prop-
erties of the scaffold can be adjusted [6]. Additionally, it is possible
to electrospin ECM components in order to biochemically func-
tionalize the material [5]. It has been previously shown that the
presence of defined signaling molecules, three-dimensionality and
appropriate mechanical properties significantly impact cell sur-
vival, adhesion, migration, proliferation and differentiation [7—10].
In natural ECM, the Young’s modulus strongly varies depending on
the organ. Bone tissue for example has a stiffness of 10—107 kPa,
meanwhile skin is much more elastic with a modulus of 10—
100 kPa [7]. The matrix density and thus the stiffness of a matrix
can be used as a cue for stem cell fate decision [8]. Accordingly,
mesenchymal stem cells were differentiated into neural tissue
when cultured on hydrogels with a stiffness of 0.1 kPa, into
myogenic tissue when exposed to 11 kPa hydrogels and osteogenic
differentiation was achieved when the cells were cultured on
34 kPa matrices [8]. Maturation of neonatal rat cardiomyocytes was
realized exposing the cells to 10 kPa, which was defined as the
stiffness of native rat myocardium [11]. The Young’s modulus is an
important parameter for tissue growth and remodeling. Therefore,
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it is important to identify the mechanical properties of the intact
tissue and translate these findings to organ- and tissue-tailored
biomaterials design [12].

Heart valve leaflets are permanently exposed to a high pressure
of 120/80 mmHg as well as to laminar and oscillatory shear stress
due to blood flow [13]. An engineered heart valve material should
therefore not only mimic the mechanical properties of the native
ECM, but also withstand the mechanical forces in vivo. In addition
to comprehensive materials and cell-matrix interaction analyses,
we employed atomic force microscopy (AFM) in order to measure
the Young’s modulus in each layer of native heart valve leaflets.
Here, we aimed to design a hybrid bio-functionalized heart valve
that mimics the native aortic valve, which can be potentially
manufactured as off-the-shelf medical product.

2. Materials and methods

The studies involving human tissues were in accordance with institutional
guidelines and were approved by the local Ethics Committees at the University of
California Los Angeles (UCLA) and the University Hospital of the Eberhard Karls
University (UKT) (UCLA IRB #05-10-093; UKT IRB #356/2008BO2 and #406/
2011BO1). The research was carried out in compliance with the rules for investi-
gation of human subjects, as defined in the declaration of Helsinki.

2.1. Electrospun scaffold fabrication

Electrospinning was performed using a customized electrospinning device as
described before [5]. Equal amounts of poly(ethylene glycol) dimethacrylate (PEGdma;
687529, Sigma, Steinheim, Germany) and poly(i-lactide) (PLA; 93578, Sigma) were
dissolved in 1,1,1,3,3,3 hexafluoro-2-propanol (HFP; 804515, Merck, Darmstadt, Ger-
many). One percent 2-hydroxy-4’-(2-hydroxyethoxy)-2-methylpropiophenone
(Initiator; 410896, Sigma) was added to the solution to enable subsequent cross-
linking. Electrospinning was performed in the dark using a 20 G nozzle and 18 kV. The
distance of the nozzle to the target collector was 15 cm. To induce crosslinks between
the dimethacrylated groups, the initiator was activated with UV light (256 nm; 3] per
side) subsequently after the electrospinning process. For the pure PLA scaffolds,
0.15 mg PLA was dissolved per mL HFP. The polymeric PLA-solution was then elec-
trospun with a distance of 20 cm using 12 kV and an 18 G nozzle. Both scaffold types
were treated with 70% ethanol and washed thoroughly with sterile cell culture water
prior to cell seeding. Furthermore, the scaffold performance under physiological
conditions was investigated [14]. Details are displayed in the supplements.

2.2. Cell seeding and culture

Valvular endothelial cells (VECs) and valvular interstitial cells (VICs) were iso-
lated from porcine heart valve leaflets by collagen digestion [15]. Endothelial cell
growth medium (C-22010, Promocell, Heidelberg, Germany) was used for VECs and
smooth muscle cell growth medium (C-22062, Promocell) was used for the culture
of VICs. The medium was exchanged every second day. For cell-matrix interaction
studies, 2.5 x 10° cells were seeded per PLA or PEGdma—PLA scaffold and cultured
for 4 days at 37 °C and 5% CO,. Cell viability was determined using an MTT assay.

2.3. Scanning electron microscopy (SEM)

Native tissues as well as unseeded and cell-seeded electrospun scaffolds were
analyzed using a scanning electron microscope (1530 VP, Zeiss, Jena, Germany). All
samples were rinsed with DPBS and incubated in a 2% glutaraldehyde solution for
45 min. To remove remaining water, the samples were passed through ascending
alcohol concentrations (25%, 50%, 70%, 2 x 96% ethanol, isopropanol). Subsequently,
the samples were dried at room temperature, mounted onto stubs and sputtered
with platinum for 60 s.

2.4. Electron spectroscopy for chemical analysis (ESCA)

ESCA was performed to determine the atomic composition of the scaffold sur-
faces. Electrospun scaffolds were placed into the analysis chamber of the Axis Ultra
device (Kratos Analytical, New York, USA) and a pressure of 10~ mbar was applied.
All samples were activated via X-rays and the kinetic energy of emitted auger and
photoelectrons was measured. To validate the presence of both polymers (PEGdma
and PLA) on the fiber surface, the obtained results were compared with known
values from the literature for the single components.

2.5. Atomic force microscopy

Fresh dissected valve leaflets (n = 4) and electrospun scaffolds (n = 3) were
immersed in water-soluble tissue freezing medium (14020108926, Leica, Nussloch,
Germany) and immediately frozen at —80 °C. Cryosections with a thickness of 10—
20 um were prepared using a cryotome (Microm HM 560, Thermo Scientific, Waltham,
MA, USA). The slides were thawed and brought to room temperature prior to AFM

measurements. A commercial AFM setup (MFP3D Bio, Asylum Research, Santa Barbara,
CA) was used to perform force mapping [16] on the sample sections. The measure-
ments were performed in phosphate buffered saline (PBS) using a single sphere-tip
cantilever (FM-M-SPL, Nanoworld, Neuchatel, Switzerland) [17] with a radius of
980 nm and a spring constant of 4.0 N/m, determined by the thermal noise of the
cantilever [ 18]. Force—distance-curves were recorded within the scan area on 30 x 30
points (on the ventricularis, spongiosa and fibrosa layer of each leaflet) or on 40 x 40
points (on the scaffold sections). The scan area was chosen between 40 x 40 um? and
90 x 90 um?, depending on the size of each layer. The force curve rate was 2.5 Hz,
resulting in a force curve velocity of 20 pm/s. Each force—distance-curve was analyzed
by fitting the spherical Hertz model [19], giving images of the local Young's modulus
<E> as a dimension of local stiffness (“stiffness images”).

For each stiffness image the layer-specific mean Young’s modulus was calculated
as the geometric mean, because the Young’s modulus of tissues is log-normally
distributed [20—22]. Statistical significance was determined by using Student’s t-
test on the logarithmic values. In addition, the mean moduli were averaged sepa-
rately for each layer to give a total modulus <E>(y for each layer.

2.6. Uniaxial tensile testing

Native leaflets and electrospun scaffolds were cut into 10 mm x 40 mm rect-
angular pieces and clamped into the uniaxial tensile testing device (Zwick Roell,
Ulm, Germany). The exact sample dimensions were determined before each mea-
surement and recorded with the software for further calculations of Young's
modulus, tensile strength and elongation. An initial load of 0.1 MPa was used and the
scaffolds were then stretched with a velocity of 5 mm/min. Native leaflets were
directly measured after dissection. For better comparison, the scaffolds were also
measured in wet state. All measurements were performed at room temperature.

2.7. Contact angle measurement

Hydrophilicity of the electrospun substrates was analyzed with an OCA 40
(DataPhysics Instruments GmbH, Filderstadt, Germany). A water drop with the
volume of 2 pl was placed onto the sample and the contact angle was measured
using a video setup and the SCA20 software (DataPhysics Instruments).

2.8. Swelling ratio

To determine the water-holding capacity of the native valve tissues and electro-
spun scaffolds, the samples were weighed in their dry (Wg,y) and wet state (Wiyet) after
4 h swelling in water. The swelling ratio was calculated with the following formula:
Wivet — Wy
— X

dry

Swelling ratio[%] = 100

2.9. Immunofluorescence staining

Four days after VIC and VEC seeding, the scaffolds were rinsed with PBS and
processed for antibody staining. Unspecific binding sites were blocked using goat
serum. Paraffin-embedded human tissues were treated as previously described [23].
As primary antibodies served: anti-vWF (1:200; A0082, Dako, Hamburg, Germany),
anti-aSMA (1:500; A2547, Sigma), anti-FAK (1:100; ab4803, Abcam, Cambridge, UK),
anti-vinculin (1:500; MAB3574, Millipore, Darmstadt, Germany), anti-collagen type
I (1:100; HPA008405, Sigma) and anti-versican (1:375; HPA004726, Sigma). After
overnight incubation at 4 °C, the antibody solution was removed and the scaffolds
were carefully rinsed with PBS. A fluorescence-conjugated secondary antibody
(1:250; Alexa Fluor® 488, Molecular Probes, Darmstadt, Germany) served to visu-
alize the protein. Alexa Fluor 546-conjugated phalloidin (1:50; A12381, Alexa Fluor®
546, Molecular Probes, Darmstadt, Germany) was added to the secondary antibody
solution and the mixture was incubated for 25 min in the dark. Further washing
steps followed prior to DAPI staining. Images were taken with a Laser Scanning
Microscope (LSM710 inverted confocal microscope, Carl Zeiss, Jena, Germany).

2.10. Generation of a bio-functionalized leaflet

Electrospinning of PEGdma-PLA was performed as described earlier. A copper
negative mold of a valve served as the collector (Suppl. Fig. 1). After electrospinning,
the valve was removed from the mold and a collagen type I gel-coating was per-
formed to mimic the fibrosa. For gel formation, a ratio of 2:1 collagen type I (10 mg/
mL in acetic acid) and neutralization buffer was mixed and subsequently added onto
the scaffold [24]. The construct was placed in an oven and dried at 60 °C for
approximately 1 h. Furthermore, 50 pL human versican (H00001462-P01, Novus
Biologicals, Littleton, USA) was mixed in PBS, containing 15% PEGdma and 0.01%
photoinitiator. The tips of the leaflets were dipped in a versican—PEGdma solution
and additionally crosslinked using 365 nm UV light in order to mimic the thick
versican-containing tips of native heart valve leaflets. After fixation using 4% para-
formaldehyde and paraffin embedding, 10 pm sections were generated and Alcian
blue (visualization of PGs and GAGs) as well as Saffron (visualization of collagen-
containing structures) staining were performed to visualize the engineered con-
structs and to compare it to native tissues.
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2.11. Statistical analyses

Data are presented as mean + standard deviation unless stated otherwise.
Statistical significance was determined by ANOVA using Origin software (OriginPro
8G, Northampton, UK). p-Values less than 0.05 were defined as statistically signifi-
cant, unless stated otherwise.

3. Results
3.1. Scaffold characterization

Uniaxial tensile testing, SEM and swelling ratio calculations
were utilized to characterize excised aortic heart valve leaflets and
compare them to the electrospun scaffolds. The native fibrous
leaflets were soft with a high (90%) water uptake capacity (Table 1).
PLA is an elastic and electrospinnable polymer, which is used in
clinics. Comparing the mechanical properties of native leaflets to
those of electrospun PLA (Table 1), no significant differences were
observable in regards to the Young's modulus (native:
62.4 + 36.7 MPa; PLA: 64.1 + 6.5 MPa; p = 0.09). However, PLA
scaffolds showed a significantly higher expansibility (native:
5.5 + 3.0%; PLA: 275 + 37%; p = 5.7 x 10~8), and exhibited larger
fiber diameters (native: 0.16 = 0.06 um; PLA: 5.02 + 1.10 um;
p = 14 x 107%%) and pore sizes (native: 1.58 + 142 pm?; PLA:
1836 + 1309 pum?; p = 1.3 x 10~12). Additionally, PLA scaffolds were
highly hydrophobic (contact angle: 131.8 4+ 2.8°) and could only
store 11 + 9% of water. PEGdma is a hydrophilic material with a high
water uptake capacity. Therefore, we utilized PEGdma and fabri-
cated PEGdma—PLA hybrid scaffolds in order to increase the water
uptake capacity. Employing a half/half mixture of PEGdma and PLA
led to an electrospinnable solution with photocrosslinkable fibers.
Higher PEGdma concentrations were not spinnable, whereas lower
concentrations could neither be crosslinked nor showed a more
hydrophilic property (data not shown). The PEGdma—PLA hybrid
scaffolds were highly hydrophilic (contact angle: 38.7 + 10.9°) and
could absorb five times more water than PLA alone (PLA: 11 + 9%;
PEGdma—PLA: 59 £ 6%; p = 7.5 x 107°). The contact angle was
measured in the first second after water drop deposition. After 10 s,
the water drop placed on the PEGdma—PLA scaffolds completely
spread, indicating a high wettability. Despite the strong hydrophi-
licity, we could demonstrate with ESCA the presence of PEGdma
and PLA domains facing the outside of the hybrid fibers
(Suppl. Table 1). The combination of the two materials allowed a
more natural material expansion (PLA: 275 + 37%; PEGdma—PLA:
4 + 0.4%), comparable to native leaflets (5.5 + 3.0%), while not
impacting the tensile strength (PLA: 2.0 + 0.15 MPa; PEGdma—PLA:
2.1 £+ 0.3 MPa). However, there was a significant increase of the
Young’s modulus when comparing PLA alone to PEGdma—PLA
(64.1 &+ 6.5 MPa versus 141 + 23.6 MPa; p = 0.006).

Table 1
Mechanical properties of native heart valve leaflets and electrospun hybrid scaffolds.
Native porcine PLA PEGdma—PLA
leaflet
SEM
Fiber diameter (um) 0.16 + 0.06 5.02 + 1.10° 0.37 + 0.08°
Pore size (um?) 1.58 + 1.42 1836 + 1309° 827 + 6.23°
Uniaxial tension
Young’s modulus (MPa) 62.4 + 36.7 64.1 £ 6.5 141 + 23.6*°
Tensile strength (MPa) 25+09 2.0 £ 0.15 21+03
Expansion in % 55+ 3.0 275 + 37° 4+04°
Swelling ratio in % 90 + 0 11+9° 59 + 6P
Contact angle (°) - 131.8 £ 2.8 38.7 + 10.9°

@ Significant compared to native.
b Significant compared to PLA.

SEM was performed for morphological assessments. When
compared to the native leaflets (Fig. 1A), electrospun PLA scaffolds
exhibited straight, randomly oriented fibers (Fig. 1B). Crosslinked
PEGdma—PLA scaffolds were morphologically more similar to
native leaflets (Fig. 1C). Additionally, a significant reduction of fiber
and pore size could be achieved in the hybrid scaffolds. The fiber
diameter (PLA: 5.02 + 1.10 pm; PEGdma—PLA: 0.37 + 0.08 pum) and
the pore size (PLA: 1836 + 1309 pm?; PEGdma—PLA:
8.27 + 6.23 pm?) of PEGdma—PLA were more comparable to native
leaflets (fiber: 0.16 & 0.06 pm; pore: 1.58 & 1.42 pm?) (Table 1).

To assess the suitability of the PEGdma—PLA crosslinked scaf-
folds to serve as valve leaflets, we replaced a native leaflet of a
porcine heart valve with the hybrid scaffold and simulated the
in vivo situation in a bioreactor [14]. The PEGdma—PLA leaflet
opened and closed properly and appeared to function well with the
two remaining native leaflets (Suppl. Movie 1).

Supplementary video related to this article can be found at
http://dx.doi.org/10.1016/j.biomaterials.2013.10.080.

3.2. AFM characterization

The native outflow tract valve leaflet is a three-layered tissue
(Fig. 2A). AFM was employed to determine the Young’s modulus of
each individual layer (fibrosa, spongiosa and ventricularis) of a
native heart valve leaflet (Fig. 2B) and the electrospun PEGdma—
PLA scaffold (Fig. 2C). AFM force mapping was used to generate
topography (Fig. 2D—G) and stiffness images (Fig. 2H—K) of both,
heart valve leaflet and scaffold sections. Darker colors in the stiff-
ness images indicate a lower local Young's modulus. In each
measured porcine valve leaflet (Fig. 2L), the fibrosa and ven-
tricularis layers were significantly stiffer when compared to the
GAG-containing spongiosa (p < 0.001). As expected, the collagen-
rich fibrosa layers were significantly stiffer when compared to the
elastin-rich ventricularis layers (p < 0.05). The absolute values of
the moduli, however, varied between leaflets, reflecting biological
variability. We used the same method to determine the Young’s
modulus of the PEGdma—PLA hybrid scaffolds (Fig. 2M). The
measured scaffold sections (<E>¢oa] = 122 + 19 kPa) were about
10x stiffer when compared to the ventricularis
(<E>total = 12.3 4 4.6 kPa) or the fibrosa (<E>tota; = 13.8 & 5.0 kPa)
and about 20x stiffer when compared to the spongiosa
(<E>total = 6.1 £1 kPa) of the porcine heart valve leaflets.

3.3. Cell-scaffold interactions

To determine cell—scaffold interactions as well as to exclude
cytotoxic effects of the electrospun material, we seeded primary
isolated VECs and VICs onto the PLA and PEGdma—PLA scaffolds.
SEM images revealed that the cells adhered and spread on both
scaffolds (Fig. 3). As revealed using an MTT assay, the cells on the
scaffolds were able to metabolize the tetrazolium dye, indicating
cytocompatibility of the electrospun materials (Suppl. Fig. 2). Four
days after cell seeding, immunostaining was performed in order to
identify potential cell phenotype changes and to demonstrate cell
attachment (Fig. 4). The adhesion markers vinculin (Fig. 4C, D, K, L)
and FAK (Fig. 4E, F, M, N) were both expressed in VECs and VICs
cultured on PLA as well as on PEGdma—PLA scaffolds. FAK
expression was significantly higher on PEGdma—PLA scaffolds (GVI
per cell on PLA: 0.53 + 0.04; PEGdma—PLA: 0.76 + 0.03;
p = 8 x 107). It could be further observed that there were fewer
VECs on the PLA scaffolds when compared to the PEGdma—PLA
scaffolds, a phenomenon that was not observed for VIC cultures in
which the same confluence was achieved on both scaffolds. The
actin cytoskeleton of VECs and VICs was much more distinct on the
PEGdma—PLA matrices (Fig. 4A, B, I, J). Both VECs and VICs,
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Fig. 2. AFM mapping on cryosections of porcine heart valve leaflets and PEGdma—PLA scaffolds: (A) Movat pentachrome staining of a native human heart valve leaflet. Elastic fibers
in the ventricularis are black, the collagen-rich fibrosa is yellow, GAGs — mainly in the spongiosa — are stained blue and cell nuclei are shown in red/black. (B) Image of a porcine
leaflet section with the AFM scan areas (red boxes) on the ventricularis, the spongiosa and the fibrosa. (C) Bright-field image of a PEGdma—PLA scaffold section with the AFM scan
area (red box). (D—F) Topography images of a heart valve leaflet section. (G) Topography image of the PEGdma—PLA scaffold section. (H—K) Stiffness images correspond to the
topography images (D—G). Darker colors indicate a lower local Young’s modulus. Layer-specific mean Young's moduli (+standard error of the mean) are displayed for (L) the
ventricularis, spongiosa and fibrosa layers of the porcine heart valves and (M) the electrospun PEGdma—PLA scaffold. *p < 0.05 and **p < 0.001 indicate statistically significant
differences using Student’s t-test.
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Fig. 3. SEM of cell-seeded electrospun scaffolds: (A) VICs on PLA, (B) VECs on PLA, (C) VICs on PEGdma—PLA and (D) VECs on PEGdma—PLA. Scale bars equal 15 pm.

maintained their phenotype on PLA and PEGdma—PLA scaffolds
(Fig. 4G, H, O, P).

3.4. Biofunctionalization — proof of principle

In order to identify crucial proteins that can be utilized for the
functionalization of the PEGdma—PLA hybrid scaffolds, we studied
early human heart valve development (Fig. 5). Although it had been
previously reported that the cardiac jelly and early cardiac cushions
are mainly composed of PGs, we revealed that collagen type [ was also
expressed at the onset of cushion formation in semilunar valves
(Fig. 5A). Collagen type I protein expression remained present in all
fetal (Fig. 5A, C, E) and postnatal leaflets (Suppl. Fig. 3A). Moreover,
collagen type [ expression was more distinctly found in the fibrosa as
early as in the second trimester (Fig. 5E). Versican was highly
expressed in the cushion mesenchyme of 3—4 week atria-ventricular
valves (AVVs) and in the outflow tract (OFT) (Suppl. Fig. 3B). It was
homogenously expressed throughout the semilunar cushions and
leaflets during the first trimester (Fig. 5B, D). The spatial distribution
within the leaflet changed during the second trimester, where ver-
sican was more distinctly expressed close to the arterial wall and in
the leaflet tip (Fig. 5F; white arrows). This expression pattern was
maintained in the adolescent leaflet (Suppl. Fig. 3C—E). Alcian blue
staining confirmed these expression patterns, with PGs predomi-
nantly expressed in the leaflet tip (Fig. 6A; blue), and collagen type I
being present in the fibrosa layer (Fig. 6B; yellow). To closer mimic
this valvular histoarchitecture, we modified in a proof-of-principle
experiment the PEGdma—PLA scaffolds by introducing a versican-
containing tip (Fig. 6C) and a collagen type I-composed gel layer
(Fig. 6D).

4. Discussion

PLA is a degradable, aliphatic polyester, which is synthesized
either by condensation polymerization of the free acid or by cata-
lytic ring-opening polymerization of the lactide [25,26]. Due to its
biocompatibility, it is a standard polymer in the biomedical field
and is already used in clinics for drug delivery systems as well as for

sutures [25]. It has previously been shown that PLA has good me-
chanical properties with a Young’s modulus of 3500 MPa and a
tensile strength of 50 MPa [27]; however, these results refer to the
bulk material. For electrospun PLA, we assessed in this study a
Young’'s modulus of 64.1 MPa, which is comparable to results found
in a previous study [28]. This modulus is similar to the Young’s
modulus of the native valve with 62.4 MPa; however, we aimed to
find a material that mimics the multifactorial properties of the ECM
and not only the Young’s modulus. We identified that electrospun
PEGdma—PLA in a ratio 1:1 possessed properties including pore
sizes, fiber diameters, tensile strength and expansion similar to
these seen in native valve leaflets. PEGdma—PLA scaffolds showed a
significant lower water uptake capacity compared to the native
valve; however, comparing the two polymer scaffolds, the
PEGdma—PLA mixture had a significantly higher swelling ratio.
PLA is highly hydrophobic. We determined contact angles
ranging between 129.3° and 135.6°, similar to what had been re-
ported before (135.7° [28]). In order to prevent protein adsorption,
it is necessary to lower the contact angle and modify the material
to a more hydrophilic state. Biomaterials often fail in vivo due to
inflammatory reactions. Thereby, proteins such as IgG and fibrin-
ogen attach to the implant, leading to subsequent leukocyte
adhesion and finally mediating a foreign body reaction [29]. This
process is called “biofouling” and can be prevented by using hy-
drophilic surfaces. Several chemical groups have been identified to
lower protein adsorption such as polyethylene glycol (PEG)
[29,30]. Here, we aimed to combine the advantageous mechanical
properties of PLA and the hydrophilic non-fouling characteristics
of PEG. There are many ways to modify PEG such as linking
selected proteins directly to the polymer [31]. Besides pharma-
ceutical applications, PEG is commonly used as a plasticizer for
brittle polymers [32]. Jacobsen et al. had previously shown that
the addition of PEG to PLA results in a decreased Young’s modulus,
a decreased tensile strength and a shorter elongation [27]. Here,
we aimed to keep the stress—strain behavior and lower the
elongation of PLA. PEGdma, which can be photochemically cross-
linked, was used to additionally stabilize the fibrous scaffold. With
an electrospun 1:1 mixture of PEGdma and PLA, we obtained a
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Fig. 4. Immunofluorescence staining of VEC- and VIC-seeded electrospun PLA and PEGdma—PLA scaffolds. Cell nuclei are depicted in blue (DAPI). Scale bars equal 50 pm.

material with the same tensile strength as PLA alone and as the
native leaflet. Additionally, we could reduce the expansion of the
material to the same value in vivo. In contrast to other studies
[28], we found a significant higher Young’s modulus of the
PEGdma—PLA scaffold compared to PLA. However, Wang et al. [28]
used a PEG content of only 30%. It has previously been shown that
the Young's modulus decreases with increasing PEG concentration.
As soon as the PEG content exceeds 30%, the Young’s modulus
increases [25]. We hypothesize that the high PEG content of 50% as
well as the induced crosslinks of the methacrylated groups are
responsible for the significant increase of the Young’s modulus.
Technically, it was only possible to measure the native leaflets in
the direction of the collagen bundles due to their small size. It has
been shown before, that the direction in which a leaflet is
measured can impact the Young’s modulus significantly [33,34].
However, in these studies it had not been considered that the
native heart valve leaflets are three-layered heterogeneous tissues
with mainly stiff collagen fibrils in the fibrosa and highly

extensible elastin with low stiffness in the ventricularis [35,36]. To
obtain more detailed insights into the mechanics of the three in-
dividual layers, we applied AFM. We identified that the measured
Young's modulus of the separate layers is much smaller than the
modulus measured via uniaxial tensile tests. The AFM measure-
ments are based on indentation of materials on the nanometer
scale and the Young’s moduli gained from these experiments
represent the behavior of tissues on very small deformations.
Different techniques such as uni or biaxial experiments might lead
to different values regarding the stress—strain behavior of tissues
on a much larger scale. In this study we determined that the
fibrosa was stiffer than the ventricularis, which has already been
shown by employing micropipette aspiration experiments [37].
However, with the AFM technique it was also possible to deter-
mine the Young’s modulus of the spongiosa layer. Stradins et al.
previously demonstrated that the mechanical properties of aortic
and pulmonary valves are non-linear and significantly differ in
circumferential and radial directions [34]. It has to be further
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16 weeks

Fig. 5. Immunohistological analyses reveal protein expression patterns in developing human heart tissues. (A), (C), (E): collagen type I (red); (B), (D), (F): versican (green). Asterisks

indicate erythrocytes. Scale bars equal 50 um. fibrosa (f); ventricularis (v).

investigated whether this anisotropic behavior also affects the
Young’s modulus measured via AFM.

The use of the PEGdma—PLA hybrid material resulted in a
scaffold with a fiber and pore size similar to native leaflets. A sig-
nificant decrease of fiber and pore sizes by 30% due to PEG addition
has been previously described [28]. Due to earlier reports that the
fiber dimensions have an impact on cell viability and cell prolifer-
ation [38], it was important to adjust the fiber size and morphology
towards these of native heart valve leaflets. Although the water
uptake capacity of the PEGdma—PLA scaffolds still differed from the
one of native leaflets, it was much better than the uptake seen in
PLA scaffolds. Further improvements of the material by modifica-
tions such as GAG-coupling may achieve more physiological
features.

It has been previously shown that electrospun 3D nano-fibrillar
scaffolds with a high surface area-to-volume ratio can improve cell
attachment and proliferation [39]. Here, we seeded primary iso-
lated valvular cells onto pure PLA scaffolds and PEGdma—PLA
hybrid scaffolds in order to study cell—scaffold interactions as well
as cytotoxicity. VWF was used to confirm the VEC phenotype and
aSMA, a marker that has been previously employed to characterize
cultured VICs [40], was used to verify proliferative VICs. VECs

proliferated better on PEGdma—PLA scaffolds, whereas VICs
behaved the same on either scaffold. These results are contrary to
other studies, where cells showed a delayed adhesion and prolif-
eration on hydrophilic PEG—substrates [28]. We speculate that the
cells adhered on the hydrophilic scaffolds, where they were able to
improve their proliferative capacity, which is in contrast to cultures
on PLA substrates. Hence, despite the delayed cell adhesion, there
are more VECs present. The increased cell proliferation of PEGdma—
PLA scaffolds is based on the similarity to the native ECM. Addi-
tionally, a higher FAK expression could be determined for
PEGdma—PLA scaffolds, indicating an increased cell proliferation
due to the fact that FAK plays a crucial role in cell adhesion, pro-
liferation, migration and cell survival [41]. Both immunofluores-
cence staining and scanning electron microscopy revealed well
adhered, spread, phenotype-maintaining and, most important,
viable cells on the generated PEGdma—PLA material indicating a
good biocompatibility.

The generated PEGdma—PLA hybrid fiber scaffold is a promising
base material for the generation of an engineered heart valve due to
its superior structural and mechanical properties; however, further
modifications have to be made to closer mimic the native tissue.
Biofunctionalization of the base material using native proteins that
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Fig. 6. Alcian blue and saffron staining of (A, B) a native 19 year old human aortic valve and (C, D) a tissue-engineered valve leaflet. Collagen is stained in yellow and proteoglycans

are visualized in blue. Scale bar equals 200 pm.

are routinely expressed in native valve tissues such as GAGs or PGs
could prove to be useful when aiming to lower for example the
stiffness of the constructs. Highly negatively charged GAG-chains
produce a hydrated gel-like structure [36]. In further studies, this
phenomenon could be transferred to the scaffold by either applying
simple coating techniques or even directly electrospin GAGs. Our
group has previously reported that GAGs can be electrospun
without the loss of function [5]. Tissue engineering is a technology
that aims to mimic tissue and organ development. It is known, that
collagen type I is responsible for stability and stiffness of many
tissues and organs [42], whereas GAGs and PGs have been identi-
fied to maintain the water content [43]. In this study, we monitored
ECM protein expression patterns during human semilunar valvu-
logenesis. Based on routine histological analyses, cardiac cushions
consist only of PGs [44]. However, our data revealed that the
structural protein collagen type I and versican were present in the
early cardiac cushion mesenchyme, which differs from reports us-
ing human third trimester tissues [44]| and AVV mouse embryonic
tissues at E12.5, which equals the fifth week of human gestation
[45]. The early and distinct collagen type I expression indicates that
this structural protein is crucial for the human semilunar valve
formation. During second trimester, collagen type I was predomi-
nately detected in the fibrosa. These data demonstrate that a bila-
minar ECM structure is already arranged by cells during this early
developmental stage. Here, we identified that the stratification of
human semilunar leaflets begins at the end of the first trimester,
which is much earlier than previously projected [44,46]. Versican
has been recognized as one of the earliest expressed PGs in the
cardiac jelly of mice and is thought to be involved in endothelial—
mesenchymal transition (EndMT) processes [47—49]. During
EndMT, versican is thought to regulate the transition from highly
proliferative endocardial cells to less proliferative remodeling

mesenchymal cells [50—53]. Our findings demonstrate that versi-
can is similar to the rodent system expressed during early valvu-
logenesis. Versican was strongly detected throughout the cardiac
cushions and rudimentary leaflets. Therefore, we hypothesize that
versican is a key regulator of valvulogenesis as it facilitates EndMT
and neural crest-derived cell migration [53,54], which are both
crucial events during early cardiac cushion formation and leaflet
elongation. The spatial distribution of versican changes within the
second trimester. Here, versican was predominately found at the
annulus and tip of the leaflet. This remarkable distribution pattern
points out the importance of collagen type I and versican. In order
to generate an off-the-shelf heart valve with growth potential, it is
necessary that the PEGdma—PLA base material enables further
modifications. Technically, it was possible to achieve the two-
layered structure as well as the PG tip; however, while embed-
ding and sectioning, the versican tip lost its original shape.

5. Conclusion

In this study, we identified the mechanical properties of native
outflow tract valve leaflets in order to translate our findings in the
design of a suitable biomaterial for the application in heart valve
tissue engineering. We established a method to determine the
Young’s modulus of the three individual leaflet layers. Employing
AFM enabled a valuable first insight into the spongiosas’ mechan-
ical properties. Moreover, we generated PEGdma—PLA hybrid
scaffolds via electrospinning, which showed biomechanical prop-
erties that resembled the native valve matrix. Cell seeding experi-
ments confirmed viable and phenotype-maintaining valvular cells,
concluding that the hybrid material possessed no cytotoxic prop-
erties. Moreover, we biochemically modified the hybrid scaffolds
utilizing ECM proteins that have been identified to play a crucial
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role in human heart valve development. Therefore, the generated
scaffolds are a promising material for the production of a poten-
tially human-based off-the-shelf heart valve.
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