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Melt-electrowriting-enabled anisotropic
scaffolds loaded with valve interstitial cells
for heart valve tissue Engineering
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Abstract

Tissue engineered heart valves (TEHVs) demonstrates the potential for tissue growth and remodel, offering
particular benefit for pediatric patients. A significant challenge in designing functional TEHV lies in replicating the
anisotropic mechanical properties of native valve leaflets. To establish a biomimetic TEHV model, we employed
melt-electrowriting (MEW) technology to fabricate an anisotropic PCL scaffold. By integrating the anisotropic
MEW-PCL scaffold with bioactive hydrogels (GelMA/ChsMA), we successfully crafted an elastic scaffold with tunable
mechanical properties closely mirroring the structure and mechanical characteristics of natural heart valves. This
scaffold not only supports the growth of valvular interstitial cells (VICs) within a 3D culture but also fosters the
remodeling of extracellular matrix of VICs. The in vitro experiments demonstrated that the introduction of ChsMA
improved the hemocompatibility and endothelialization of TEHV scaffold. The in vivo experiments revealed that,
compared to their non-hydrogel counterparts, the PCL-GelMA/ChsMA scaffold, when implanted into SD rats,
significantly suppressed immune reactions and calcification. In comparison with the PCL scaffold, the PCL-GelMA/
ChsMA scaffold exhibited higher bioactivity and superior biocompatibility. The amalgamation of MEW technology
and biomimetic design approaches provides a new paradigm for manufacturing scaffolds with highly controllable
microstructures, biocompatibility, and anisotropic mechanical properties required for the fabrication of TEHVs.
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Introduction

Heart valves, crucial soft tissues ensuring the correct
direction of blood flow within the cardiovascular system,
undergo approximately 100,000 cycles of opening and
closing each day [1, 2]. Valvular heart disease impacts
over 100 million individuals globally, resulting in sub-
stantial morbidity and mortality [3]. Currently employed
mechanical or biological valves in clinical settings play a
vital role in saving the lives of patients with severe heart
valve damage or disease [4]. Nonetheless, these valve
substitutes still exhibit significant drawbacks, including
pronounced thromboembolic complications, extensive
calcification, and a decline in durability [5, 6]. Further-
more, they lack the ability to support tissue regeneration
and remodeling, a critical consideration for pediatric
patients [7, 8].

Heart valve tissue engineering (HVTE) seeks to over-
come the drawbacks of existing artificial heart valves by
creating an alternative valve that offers mechanical stabil-
ity, promotes tissue proliferation, and permits remodel-
ing [9, 10]. Natural leaflets undergo around 40 million
cycles of opening and closing each year, exposing them
and their underlying structures to recurrent mechanical
pressures [11]. The mechanical response of aortic valve
leaflets demonstrates non-linear attributes, illustrat-
ing stress-strain profiles and manifesting characteristic
anisotropic features of pliable biological tissues [12]. The
complex reaction arises from the distinct configuration of
tissue elements, including collagen and elastic fibers, pre-
dominantly clustered within the fibrous and ventricular
layers of this multifaceted tissue [13, 14]. Various manu-
facturing techniques are utilized in crafting scaffolds for
HVTE, including electrospinning, [15, 16] weaving, [17,
18] bioprinting, [19, 20] and molding, [21] with each
method bearing its unique advantages. Within the realm
of biofabrication technologies, solution electrospinning
has attracted considerable attention for its capacity to
generate ultrafine fibers that closely resemble collagen
strands [22, 23]. Nevertheless, a notable disadvantage
of fibrous scaffolds produced through electrospinning
lies in their constrained ability to facilitate cell penetra-
tion and the absence of precise control over microarchi-
tecture, attributed to their dense fibrous composition,
resulting in inadequate porosity. Recent in vivo examina-
tions of tissue-engineered valves have underscored this
as a noteworthy issue, [24] exposing unintended accumu-
lation of ECM predominantly on the external facets. This
leads to thickening and constriction of the valve, with the
potential consequence of jeopardizing cell-fiber interac-
tions [25]. Furthermore, the capacity to spatially modify
fiber structure through electrospinning is constrained
[26], or on the iterative repetition of the spinning process
with varied rotational axes. [27]
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Melt-electrowriting (MEW) distinguishes itself as a
precision-oriented biofabrication technique enabling the
digital generation and additive manufacturing of fibrous
scaffolds. MEW presents distinct benefits in comparison
to alternative methods for fiber formation, such as tradi-
tional electrospinning. It enables accurate placement of
fibers at the micrometer scale. This capacity simplifies
the fine-tuning of mechanical characteristics, macro-
porosities, and designs, rendering it applicable for diverse
purposes, including the field of tissue engineering [28,
29] and disease simulation [30]. However, the application
of MEW to engineer complex tissues, like native heart
valves with distinct regions featuring specific structural
properties, necessitates the integration of spatial com-
plexity into the design. Additionally, pure 3D scaffolds
exhibit drawbacks, including low hemocompatibility,
limited biological activity, and insufficient regeneration
capability, constraining their practical utility in HVTE.

Hydrogel emerges as one of the most promising scaf-
folds for soft tissue engineering. Boasting a substantial
water content and molecular resemblance to natural soft
tissues, hydrogels establish a dynamic and accommo-
dating microenvironment. This environment facilitates
the emulation of native extracellular matrix functions,
encompassing anchorage, signaling, nutrient transport,
structural integrity, and homeostasis [31]. Hydrogels pos-
sess the ability to emulate essential elements of the ECM
microenvironment, thereby encouraging proper func-
tion of valve interstitial cell (VICs) and facilitating the
remodeling process in engineered valve constructs [32].
Collagen serves as a pivotal structural component in all
heart valves, [33] yet its sourcing is restricted. Gelatin, a
hydrolyzed derivative of collagen, has attracted consider-
able attention due to its wide-ranging sources and biode-
gradable properties. With more extensive raw material
source and relatively lower production costs, gelatin
exhibits potential advantages. Moreover, it possesses
the capability to mimic the characteristics of the ECM
found in natural tissues. Specifically, Gelatin modified
with methacrylate (GelMA), when exposed to UV light,
is extensively employed in the fabrication of hydrogels,
establishing itself as a prominent material in tissue engi-
neering applications. Furthermore, glycosaminoglycans
(GAGs) play a crucial role in resisting compressive forces
during the opening and closure of all four heart valves
[34]. Integrating GAGs into a collagen scaffold provides
an opportunity to capitalize on the biological charac-
teristics of these polysaccharides, thereby enhancing
the functionality of HVTE scaffolds [35]. However, the
mechanical strength of pure hydrogels, when used as tis-
sue engineering scaffolds, is insufficient.

We propose that, by encapsulating VIC cells within
the bioactive hydrogel and in combination with MEW
scaffolds, not only a three-dimensional cell culture
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microenvironment is established for HVTE scaffolds,
but anisotropic mechanical properties are also imparted.
Herein, we present a novel MEW platform crafted to facil-
itate the fabrication of exceptionally versatile, structurally
anisotropic, tri-layered scaffolds comprised of polycapro-
lactone (PCL) fibers. These scaffolds possess meticulously
controlled mechanical properties, catering to the specific
requirements of heart valve tissue engineering. Employ-
ing MEW techniques, we crafted tri-layered anisotropic
PCL scaffolds with a biomimetically porous structure
mimicking the role of collagen framework. Simultane-
ously, a soft gelatin methacryloyl (GelMA) hydrogel con-
taining the bioactive polysaccharide chondroitin sulfate

Shrinkage

Cyclic motion

Fibrosa
reartvalves Expansion
b .
PCL H High voltage |
polymer eater. 9 = -
i
Depositod ey SeSHRRRS

Melt Electrowriting printing
N fibrous scaffold

NOYTRR
N A ®®
= \f)
GelMA hns % - By
\_’ _ 05 0s0,_%
St o 0
& © s VIC cells
ChsMA
N
C \ /s
. 4’: l \_///4,/—— \*

PCL-GelMA/ChsMA

Scaffold ‘ Abdominal aorta

implantation

Multi-layered
structure

Tri-léyered PCL ™

Subcutaneous implantation

iy

Endothelialization

Page 3 of 18

methacryloyl (ChsMA) was infused into the tri-layered
MEW-PCL scaffold to emulate the extracellular matrix
(ECM) of natural heart valves (Fig. 1). The objective of
this approach was to harness the benefits inherent in
both a fibrous structure and a hydrogel material, aiming
to impart HVTE scaffold morphological, structural, and
biomechanical heterogeneity. We illustrate that PCL-
GelMA/ChsMA scaffolds effectively support the prolif-
eration of VICs within their 3D network, which in turn
facilitating the remodeling of the ECM of VICs. Through
a comprehensive mechanical assessment and initial bio-
logical evaluations in both in vitro and in vivo settings,
coupled with functional appraisal as an aortic valve, we
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Fig. 1 Schematic illustration of MEW-enabled biomimetic anisotropic nanofibrous scaffolds loaded with VIC for HVTE. (a) The heart valve has a tri-layered
structure with anisotropic extra-cellular matrix to enhance its fatigue resistance. (b) A MEW-enabled tri-layered PCL anisotropic scaffold in combination
with 3D cell culture within bioactive hydrogels (GelMA/ChsMA) was fabricated to construct a biomimetic HVTE scaffold. (c) In vivo functional investigation
of the biomimetic HVTE scaffold
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systematically explore the applicability of PCL-GelMA/
ChsMA scaffolds for HVTE.

Materials and methods

Preparation of MEW-PCL scaffolds

Scaffolds biologically inspired to replicate the anisotropic
tri-layered structure were crafted utilizing a MEW device
(BioMaker 4, SunP (Beijing) Biotechnology Co., Ltd.).
Briefly, medical grade PCL pellets (80 kDa, aladdin) were
loaded into a stainless-steel syringe, and the syringe was
heated to 80 °C to get a homogeneous polymer melt. Sub-
sequently, the melting PCL was squeezed out through a
20 G needle at a 5.5 mm s~ ! movement speed and 0.02
mm? s™! quantity of flow, where high voltage of 3.5 kV
drags the PCL fiber downward onto conductive glass col-
lector approximately 2 mm away from the needle.

Preparation of methacrylic anhydride modified gelatin
(GelMA) and chondroitin sulfate (ChsMA)

Gelatin (porcine skin, type A), chondroitin sulfate (Chs),
methacrylic anhydride (MA) and the photoinitiator lith-
ium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP)
were purchased from Sigma-Alrich. The synthesis of
GelMA and ChsMA involved the reaction of gelatin
and Chs, respectively, with MA, following established
methods. [36, 37] In brief, gelatin and Chs were dis-
solved in deionized water at concentrations of 10% and
20%, respectively. Gelatin underwent a one-hour reaction
at 60°C with 0.5 g of MA per gram of gelatin. Simulta-
neously, Chs underwent a 24-hour reaction with MA at
30°C, with pH adjustments maintained at 8 using sodium
hydroxide. The molar excess of MA over the hydroxyl
groups for Chs was tenfold. Following the reaction
period, insoluble MA was separated through centrifu-
gation, succeeded by dialysis against deionized water to
eliminate any residual unreacted MA and methacrylic
acid, followed by freeze-drying and storage at -20°C.

The MEW-PCL scaffold was integrated into GelMA/
ChsMA hydrogel by suspending VIC cells (2 million
cells mL™!) in the polymerization starting solution (10
wt% GelMA, 0.5 wt% ChsMA, and 0.05 wt% LAP). The
MEW-PCL scaffold was filled with the components of
the GelMA/ChsMA hydrogel. The rapid polymerization
of the GelMA/ChsMA prepolymer solution occurred
under UV light exposure (10 mW¥ cm™2 365 nm) for 15 s
to achieve gelation, ensuring a consistent distribution of
cells throughout the graft.

Characterization of MEW-PCL scaffolds and hydrogel-
embedded PCL scaffolds

The morphological evaluations of all the scaffolds, com-
prising MEW-PCL scaffolds, PCL-GelMA scaffolds,
and PCL-GelMA/ChsMA scaffolds, were conducted
using a scanning electron microscope (SEM, FEI, The
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Netherlands). The rheological behavior of GelMA,
GelMA/ChsMA hydrogels, and hydrogel-embedded PCL
scaffolds (PCL-GelMA and PCL-GelMA/ChsMA) was
assessed at room temperature with a rheometer (Kinexus,
Malvern). The storage modulus (G’) and loss modulus
(G”) of the hydrogels were examined in the dynamic fre-
quency range of 0.1 to 10 Hz at a 0.5% strain amplitude.

A tensile strength tester (CMT4503, Metz Test Tech-
nology Co., Ltd) was utilized to assess the mechanical
properties of various scaffold samples under wet con-
ditions. Rectangular samples (30 mm X 10 mm) were
prepared and for testing. Tensile experiments were con-
ducted with a standardized gauge length of 10 mm and
a constant displacement rate of 10 mm min™~'. The typi-
cal stress-strain curves were analyzed to determine the
Young’s modulus, yield strength, and yield elongation of
the samples.

The water contact angle was measured using a contact
angle system. Microdroplets of liquid were dispensed
onto the surface via a micro syringe, and images were
captured using a camera for subsequent calculation of
the water contact angle.

Endothelialization
The specimens of PCL, PCL-GelMA, and PCL-GelMA/
ChsMA scaffolds (with a diameter of ¢$=8 mm and a
sample size of n=6) underwent sterilization in 75% etha-
nol for 24 h, followed by immersion in PBS to eliminate
residual ethanol. A total of 2x10° HUVECs were seeded
onto the scaffolds and cultured at 37 °C for 1 and 3 days,
respectively. The quantification of HUVECs on the scaf-
folds was conducted by CCK-8 assay. Additionally, a live/
dead staining assay was carried out by employing Cal-
cein-AM and PI, while cell morphology was visualized
through staining with DAPI and TRITC-phalloidin. The
observations were made by a fluorescence microscope.
The cell migration assay was conducted following a
previously described protocol [38]. Briefly, PCL-GelMA
and PCL-GelMA/ChsMA specimens (with a diameter of
¢$=8 mm) were subjected to sterilization in 75% ethanol
for 24 h. Subsequently, 2x 10> HUVECs were seeded onto
the specimens. After an incubation period at 37 °C for
24 h, a confluent monolayer of cells was created, and a
scratch was made using a 10 uL pipette tip. The scratched
area was then washed with PBS, and HUVECs were cul-
tured for an additional 0, 24, and 48 h. The scaffolds were
stained using DAPI and phalloidin, and captured by a flu-
orescence microscope.

In Vitro Hemocompatibility Assay

Platelet adhesion

The whole rabbit blood was collected and centrifuga-
tion at 3000 rpm for 5 min to prepare platelet-rich
plasma (PRP). Specimens of PCL, PCL-GelMA, and
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PCL-GelMA/ChsMA were then incubated with 100 pl of
PRP at 37 °C for 1 h. Subsequently, the PRP was removed,
and the specimens were thoroughly rinsed with PBS.
For scanning electron microscopy characterization, the
specimens were fixed with 4% paraformaldehyde for
a duration of 1 h, followed by triple rinsing with PBS.
The specimens underwent a dehydration process using
a series of gradient alcohol solutions (60%~100%) and
were imaged using a SEM (FEI, The Netherlands). The
quantitative assessment of platelet adhesion involved
measuring the content of LDH released from platelets
using the LDH kit (Beyotime, China).

Hemolysis analysis

Red blood cells (RBCs) were harvested from rabbit whole
blood after undergoing centrifugation at 6000 revolu-
tions per minute for 10 min. PBS served as the medium
for a tenfold dilution of the red blood cells (RBCs). Sub-
sequently, PCL, PCL-GelMA, and PCL-GelMA/ChsMA
scaffold specimens (with a diameter of =8 mm) were
dispersed into 200 pL PBS and positioned in a 48-well
plate. Each well was filled with 800 uL of the red blood
cell diluted solution. Positive and negative controls were
established using Distilled Water (DW) and PBS, respec-
tively. After an incubation period of 2 h at 37 °C, the
supernatant was separated via centrifugation, and 100
pL of the supernatant from all specimens was transferred
to a 96-well plate. The absorption at 541 nm was subse-
quently determined using a microplate reader (Multiskan
GO, ThermoScientific, USA). The hemolysis ratio was
computed using the formula: Hemolysis Ratio=Absorp-
tion (Sample) / Absorption (DW) x 100%.

Extracellular matrix remodeling analysis

2x10° VIC mixed with hydrogel and was injected into
a PCL scaffold, cultured for a period of 14 days. Follow-
ing this, the constructs were harvested and fixed in 4%
paraformaldehyde. The scaffolds samples were incu-
bated overnight at 4 °C with primary antibodies specific
to vimentin (ab8978, abcam), a-SMA (ab7817, abcam),
Collagen I (ab6308, abcam), Collagen III (68320-1-Ig,
proteintech), and Elastin (E4013, Sigma). Following the
primary antibody incubation, the samples were exposed
to secondary fluorescent antibodies for 2 h and sub-
sequently treated with DAPI nuclear dye for 10 min.
Finally, the stained samples were visualized using a Con-
focal Laser Scanning Microscope (FV3000, Olympus).

Subcutaneous implantation

Animal experiments adhered to the ethical standards
established by the Institutional Animal Care and Use
Committee of Huazhong University of Science and
Technology. To assess the in vivo histocompatibility of
the scaffolds, a rat subdermal implantation model was

Page 5 of 18

employed. Scaffold samples, sized at 1 cm X 1 cm, were
sterilized with 75% ethanol. Following this, implantation
procedures were carried out on male SD rats (200£10 g,
Hubei Laboratory Animal Research Center). Surgical
incisions were made on the dorsal area of each rat using
surgical scissors. Subsequently, scaffold samples were
inserted into the subcutaneous pocket, and the incisions
were closed using surgical staples. Detailed operational
procedures can be found in the supporting information.
After 30 days of implantation, the samples were removed
and subjected to characterization using HE staining,
macrophage markers (CD68, iNOS, CD206, and Arg-1),
and alizarin red staining to demonstrate the in vivo histo-
compatibility of the scaffolds and assess calcification.

In vivo rat abdominal aorta implantation model

To evaluate the scaffolds’ performance in a hemody-
namic environment, we established a rat abdominal
aorta implantation model. Detailed operational can be
referenced in the supplementary information. Follow-
ing a 4-week interval, the scaffolds underwent immuno-
fluorescent staining involving HE, iNOS, CD206, CD31,
Vimentin, and alizarin red. Macrophage markers (iNOS
and CD206), endothelial cell marker (CD31), interstitial
cell marker (vimentin), and alizarin red were employed to
assess inflammation, cellularization, and calcification of
the implanted scaffolds, respectively.

Statistical analysis

Quantitative data are presented as mean+standard devi-
ation (SD). All experiments were conducted with a mini-
mum of three replicates per group. Statistical analyses
were performed using ANOVA with Schefté post hoc test
for multiple group comparisons and unpaired t-test for
two-group comparisons. A significance level of p<0.05
was considered statistically significant.

Results and discussion

Biomimetic design and fabrication of melt-electrowriting
scaffolds

Our study aims to create a synthetic leaflet with hydrogel-
filled tri-layered PCL composite scaffold, which is metic-
ulously designed to mirror the structural and mechanical
attributes of natural heart valves. Native heart valve tis-
sues exhibit intricate 3D structures comprising multiple
interconnected layers, and the architecture of these lay-
ers plays a pivotal role in determining their mechani-
cal characteristics and functionality [39]. The crucial
mechanical properties of these tissues are anisotropic,
which arises from the alignment of fibers within the
extracellular matrix (ECM). The natural valve tissue pri-
marily consists of collagen, with a small amount of poly-
saccharide [34]. To simulate the composition of natural
valves, we initiated the process by preparing GelMA and
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ChsMA molecules. These molecules were synthesized
by reacting gelatin and chondroitin sulfate (Chs) with
methacrylic anhydride, as illustrated in Fig. 2a. Figure S1
illustrates the FTIR and 1H NMR spectra of gelatin and
GelMA, revealing a novel peak at 1564 cm™! in the FTIR
spectrum of GeIM A and the emergence of two additional
peaks at 5.6 and 5.4 ppm in the 1H NMR spectrum. These
findings affirm the successful grafting of methacrylic
anhydride onto gelatin. ChsMA was also successfully

be
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obtained, as confirmed by FTIR and 'H NMR spectra.
The stretching band of the C=C bond from methacry-
late at 1570 cm™! was detected in ChsMA (Fig. 2b). The
presence of two distinct peaks at 5.6 and 6.1 ppm was
ascribed to the two protons linked to the CH=CH, bond
of methacrylate (Fig. 2c). We then employed a Bio-3D
printer equipped with an electrostatic direct writing noz-
zle to fabricate various poly(e-caprolactone) (PCL) MEW
scaffolds. Initially, we designed and printed monophasic
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Fig. 2 Design and fabrication of MEW-enabled biomimetic anisotropic scaffolds for HVTE. (a) Diagram of modification reaction of chondroitin sul-
fate methacrylate. (b) FTIR spectra show the comparison before and after the modification of chondroitin sulfate with methacrylate anhydride. (c) 'H
NMR spectra of chondroitin sulfate and chondroitin sulfate methacrylamide. The SEM images display (d) transverse-aligned fibers on the top layer, (e)
diamond-shaped fibers on the middle layer, and (f) vertically aligned fibers on the bottom layer of the tri-layered anisotropic MEW-PCL scaffolds. (g) SEM
images of tri-layered anisotropic MEW-PCL scaffolds. SEM images of the GelMA-hydrogel-filled MEW-PCL composite scaffold (h) and a local magnifica-
tion image (i). SEM images of the GelMA/ChsMA-hydrogel-filled MEW-PCL composite scaffold (j) and a local magnification image (k). (I) A photograph
of GelMA/ChsMA-hydrogel-filled MEW-PCL composite scaffold. (m) G'and G” of GelMA and GelMA/ChsMA scaffolds. (n) G'and G” of PCL-GelMA and PCL-
GelMA/ChsMA composite scaffolds. (o) The elastic modulus (G') at 1 Hz of different scaffolds



Xu et al. Journal of Nanobiotechnology (2024) 22:378

scaffolds, which included transverse-aligned fibers, dia-
mond-shaped fibers, and vertically-aligned fibers archi-
tectures (Fig. 2d-f). Subsequently, we proceeded to print
tri-layered anisotropic PCL MEW scaffolds in one pack-
age (Fig. 2g). The mean fiber diameter within the con-
structs was determined to be 55+1.5 um. Notably, this
dimension is smaller than the typical fiber diameters of
the 3D-printed scaffolds manufactured using conven-
tional melt extrusion techniques such as fused deposition
modeling and extrusion. Typically, these conventional
methods result in fiber diameters exceeding 200 um [40].

The MEW-PCL scaffolds were integrated into hydro-
gel via molding, generating hybrid constructs that har-
ness the strengths of each constituent. Precisely, these
hybrid constructs derive advantages from the customized
mechanical properties and biomimetic microarchitec-
ture provided by the fiber phase. The validation of these
structural characteristics was accomplished through a
morphological examination of SEM images (Fig. 2h-k).
The GelMA and GelMA/ChsMA hydrogel, when intro-
duced into the PCL MEW scaffold, forms a tightly bound
dimensional pore structure. The actual appearance of
this composite scaffold is depicted in Fig. 21, revealing a
tough, multilayered structure. A deeper understanding
of the viscoelastic properties of these composite scaffolds
was obtained through a frequency sweep analysis cov-
ering a wide range of frequencies (0.1-10 Hz). As illus-
trated in Fig. 2m-o, both GelMA and GelMA/ChsMA
hydrogel exhibited similar nonlinear rheological behav-
iors, with an elastic modulus of about 2000 Pa. It’s note-
worthy that the storage modulus (G’) and loss modulus
(G”) noticeably increased when MEW-PCL scaffold was
embedded in the hydrogel.

Characterization of bioactive-hydrogel-embedded
composite scaffold

We conducted uniaxial tensile experiments to evaluate
the influence of a precisely regulated anisotropic struc-
ture on the mechanical characteristics. Uniaxial test-
ing has been extensively utilized in characterizing the
mechanical behavior of native valvular tissue, [41] pro-
viding benchmark values essential for the advancement of
scaffolds in HVTE. Before tensile testing, we do a crimp
test on the scaffold to see how strong it is. The result is
shown in Fig. 3a. MEW-PCL scaffold has good tough-
ness, so that it can be rolled into a tube shape and bent.
To showcase the viability of employing PCL-GelMA/
ChsMA for the heart valves, a 3D-printed valve stent
was manufactured. The valve stent, depicted in Figure
S2a, possessed a diameter of 20 mm. The PCL-GelMA/
ChsMA leaflet was positioned circumferentially and suc-
cessfully enveloped around the valve stent with the use
of cyanoacrylate. The leaflet placement resulted in an
excess length of 5 mm above the valve post, as measured.
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In Figure S2b-d, the mounted PCL-GelMA/ChsMA leaf-
let is observed in open, semi-closed, and tightly closed
states, demonstrating its potential for advancement as
scaffolding for heart valves.

Figure 3b shows the tensile properties of the tri-
layered MEW-PCL scaffold and its individual layers.
The tri-layered MEW-PCL scaffold displayed a mark-
edly higher tensile strength, registering at 7.1+0.56MP,
compared to the aligned PCL fibers (3.5+0.24 MPa)
and random PCL fibers (2.2+0.18 MPa) (Fig. 3c).
The Young’s modulus of the MEW-PCL scaffold was
(2.2£0.29 MPa), which was notably higher for the
aligned PCL fibers (1.29+0.12 MPa) and random PCL
fibers (0.26+£0.15 MPa) (Fig. 3d). The mechanical prop-
erties of GelMA/ChsMA-bioactive-hydrogel-embedded
composite MEW-PCL scaffold have improved slightly
(Fig. 3e). Ultimate tensile strength of GelMA/ChsMA-
hydrogel-embedded aligned PCL fibers and random PCL
fibers was 4.8+0.25 MPa and 3.5+0.23 MPa, respec-
tively, while ultimate tensile strength of GeIMA/ChsMA-
hydrogel-embedded tri-layered MEW-PCL scaffold was
7.610.49 MPa (Fig. 3f). The Young’s modulus of the
MEW-PCL scaffold also increased with the embedment
of the hydrogel. The Young’s modulus of GelMA/ChsMA
hydrogel-embedded aligned PCL fibers and random
PCL fibers was 1.9+0.24 MPa and 1.3+0.42 MPa, while
GelMA/ChsMA hydrogel-embedded tri-layered MEW-
PCL scaffold was 4.7£0.32 MPa (Fig. 3g). We further
evaluated the hydrophilicity of specimens by the water
contact angle (Fig. 3h). The contact angles of MEW-PCL
scaffold, PCL-GelMA scaffold, and PCL-GelMA/ChsMA
were 114.7°, 15.3°, and 10.6°, respectively, which indicated
that hydrogels can significantly improve the hydrophilic-
ity of the tri-layered MEW-PCL scaffold.

In vitro cytotoxicity and endothelial cell growth and
proliferation

The integration of endothelial cells in bioprosthetic heart
valves holds significant importance for anti-coagulant
and anti-calcification functionalities [42]. To assess the
potential for endothelialization, we utilized the HUVEC
viability assay to assess the specimens [43]. Live and dead
staining of HUVECs grown on the surface of scaffolds
reveals a significant presence of viable cells on both the
MEW-PCL scaffold and hydrogel-filled PCL scaffolds.
This observation suggests the exceptional biocompatibil-
ity of both the MEW-PCL scaffold and the hydrogel-filled
PCL scaffolds, as illustrated in Fig. 4a. Observations of
HUVEC morphologies on the scaffolds were conducted
through actin staining. Figure 4b indicates that HUVECs
exhibited excellent spreading and adhesion on the hydro-
gel-filled PCL scaffolds. Conversely, the MEW-PCL scaf-
fold displayed larger apertures, proving challenging to
support cell adhesion and growth. Additionally, HUVECs
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assumed their typical elongated shape on the hydrogel-
filled PCL scaffolds. Furthermore, cellular viability of
HUVECs on the specimens was evaluated using the
CCK-8 assay (Fig. 4c). HUVECs cultured on hydrogel-
filled PCL scaffolds displayed continuous proliferation
over a 5-day incubation period, exhibiting higher absor-
bance values compared to those on the MEW-PCL scaf-
fold. These results suggest that the hydrogel-filled PCL
scaffolds enhanced the proliferation of HUVECs. Alto-
gether, these findings highlight the GelMA/ChsMA
hydrogel’s capability in providing a biocompatible micro-
environment conducive to HUVEC growth.

Next, cell migration test and RT-qPCR analysis were
used to analyze the endothelialization of HUVECs on
hydrogel-embedded scaffolds. Cellular migration plays a
crucial role in wound healing, particularly for HUVECs,
as it accelerates the endothelialization process [44].
In Fig. 4d, it is evident that cell migration was nota-
bly enhanced in the PCL-GelMA/ChsMA group when
compared to the PCL-GelMA group. At the 48-hour
mark, the PCL-GelMA/ChsMA group exhibited a sig-
nificantly improved closure effect. Quantitative analysis
further indicated that the PCL-GelMA/ChsMA group
demonstrated a superior closure effect compared to the
PCL-GelMA group (Fig. 4e), which should be mostly
attributable to bioactive chondroitin sulfate. Endothelial
growth factors are important in the modulation of endo-
thelial cell behaviors. Therefore, we further investiga-
tion the expression of endothelial growth factor-related
genes in HUVECs. After culturing HUVECs on hydro-
gel-embedded PCL scaffolds for 7 days, we evaluated the
gene expression levels of HIF-1a, VEGF, vWF, and bFGFE.
The gene expression analysis of HUVECs cultivated on
PCL-GelMA/ChsMA reveals an elevated level of gene
expression, specifically for HIF-la, VEGF, vWF, and
bFGE, as illustrated in Fig. 4f-i. These findings indicate
that the PCL-GelMA/ChsMA scaffold exhibits favorable
biocompatibility, and supports the growth and prolifera-
tion of endothelial cells. Consequently, these results posi-
tion the PCL-GelMA/ChsMA scaffold as a promising
candidate for the application of TEHVs.

In vitro biocompatibility and hemocompatibility

Hemocompatibility is a critical assessment param-
eter for materials intended for blood contact [45, 46].
Before delving into the investigation of the hemocom-
patibility, the biocompatibility of MEW-PCL scaffolds
to VICs was examined. As depicted in Fig. 5a, live/
dead-stained images of VICs on PCL-GelMA and PCL-
GelMA/ChsMA scaffolds reveal a significant presence
of living cells on both scaffolds, indicating excellent bio-
compatibility for both PCL-GelMA and PCL-GelMA/
ChsMA scaffolds. The morphologies of VICs on the scaf-
folds were further examined through actin staining. As
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depicted in Fig. 5a, the VICs exhibited good spreading
and attachment on the scaffolds. Moreover, the biocom-
patibility of the hydrogels was assessed using the CCK-8
assay (Fig. 5b). VICs cultured on the scaffolds displayed
continuous proliferation over a 5-day incubation period,
with no significant difference observed compared to the
control group (culture plate). This suggests that both the
PCL scaffold and hydrogel-filled PCL scaffolds were not
cytotoxic to VICs. These findings underscore that the
PCL scaffold and hydrogel-filled PCL scaffolds provide
a biocompatible microenvironment conducive to the
growth of VICs.

To investigate the hemocompatibility of the PCL-
GelMA and PCL-GelMA/ChsMA scaffolds, SEM was
employed to examine platelet adhesion on these scaffolds.
In Fig. 5¢, numerous platelets adhered to the surface of
the PCL scaffold, whereas only a few were observed on
the surfaces of PCL-GelMA and PCL-GelMA/ChsMA
scaffolds. The lactate dehydrogenase (LDH) release assay
further demonstrated that the platelet adhesion on PCL-
GelMA and PCL-GelMA/ChsMA scaffolds was sig-
nificantly lower than that on the PCL scaffold (Fig. 5d).
Additionally, the hemolysis test results shown in Fig. 5e
indicated no apparent hemolysis phenomenon in the
PCL, PCL-GelMA, and PCL-GeIMA/ChsMA scaffold
groups. The hemolysis ratios for PCL, PCL-GelMA, and
PCL-GelMA/ChsMA scaffolds were 3.6%, 3.1%, and
2.8%, respectively (Fig. 5f). These hemolysis rates were
well below 5%, meeting the requirements of ISO 5840-
3.2013 [47]. This underscores the satisfactory hemocom-
patibility of the PCL, PCL-GelMA, and PCL-GelMA/
ChsMA scaffolds.

In vitro biological activity evaluation of the HVTE scaffold

To evaluate the suitability of PCL-GelMA/ChsMA scaf-
folds for HVTE, GelMA/ChsMA hydrogels laden with
primary VICs were incorporated into MEW-PCL scaf-
fold through molding. This method produced hybrid
constructs that leverage the customized mechanical
characteristics and biomimetic microarchitecture offered
by the PCL fiber phase, along with the heightened ECM
production commonly observed in cell-laden hydrogels.
Previous reports have indicated that healthy adult VICs
display a quiescent fibroblast-like phenotype, express-
ing vimentin and, to a lesser extent, aSMA (a myofibro-
blast marker) [48, 49]. Nevertheless, valves subjected to
irregular hemodynamic circumstances have shown the
presence of activated VICs. These activated VICs, iden-
tified as myofibroblasts, initiate a proliferation process
and actively participate in the extensive remodeling of
the ECM. [50] As illustrated in Fig. 6a-c, the VICs encap-
sulated within all hydrogel samples displayed the expres-
sion of both a-SMA and vimentin following a 14-day
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cultivation period, signifying the transition of VICs from
a fibroblastic to a myofibroblastic phenotype.

To further assess the ECM deposition and remodeling
capabilities of VICs seeded in the hydrogel-embedded
PCL scaffolds, biological assays were conducted to quan-
tify the contents of collagen I, collagen III, and elastin
after 14 days of culture. The incorporation of ChsMA
facilitated increased deposition of collagen and elastin.
As depicted in Fig. 6d-f, VICs within the PCL-GelMA/
ChsMA scaffold exhibited significantly higher levels of
collagen I and collagen III compared to those within the
PCL-GelMA scaffold. Furthermore, VICs in the PCL-
GelMA/ChsMA scaffold also demonstrated significantly
higher levels of elastin compared to those in the PCL-
GelMA scaffold (Fig. 6g, h). The gene expression levels of
collagen I, collagen III, and elastin were evaluated after 14
days of VICs culture in scaffolds. VICs cultured in PCL-
GelMA/ChsMA demonstrated a heightened gene expres-
sion for collagen I, collagen III, and elastin, as illustrated
in Fig. 6i. These findings substantiate our hypothesis that
the synergistic combination of bioactive GelMA/ChsMA
hydrogel with anisotropic PCL MEW scaffolds has a pos-
itive impact on cell-scaffold interactions, particularly in
terms of ECM secretion and deposition.

The anticalcification ability of engineered scaffolds
is an assuredly important property for HVTE scaffold.
GelMA/ChsMA hydrogels laden with VICs were incor-
porated into MEW-PCL scaffold and cultured in a pro-
osteogenic environment using osteogenic differentiation
medium (ODM) for 14 days to explore how the scaffold
components affected the osteogenic differentiation of
VICs. ODM supports VICs proliferation, with no sig-
nificant cytotoxicity observed (Figure S3a). It was found
that large areas of Alizarin Red staining (ARS) and quan-
titative analysis were observed on both the PCL and
PCL-GelMA scaffolds, lower ARS was detected on the
PCL-GelMA/ChsMA scaffold (Figure S3b, c). To fur-
ther validate the phenotypic change of VICs seeded in
the three different HVTE scaffolds in ODM, IF staining
was carried out to visualize the expression of Runx2 (an
essential transcription factor for osteogenic differen-
tiation), (Figure S3d, e). The VICs cultured in the PCL-
GelMA/ChsMA scaffold exhibited the lowest expression
of Runx2. RT-qPCR analysis was utilized to determine
the expression of two gene markers, including alkaline
phosphatase (ALP) and Runx2. It was found that the
VICs cultured in the PCL-GelMA/ChsMA scaffold sig-
nificantly downregulated the expressions of ALP and
Runx2 genes compared to the VICs cultured in the PCL
and PCL-GelMA scaffolds (Figure S3f, g). These results
demonstrated that the introduction of ChsMA into the
HVTE scaffolds effectively reduced VICs calcification.
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In vivo immuno-inflammation and calcification analysis of
the scaffolds

The rat subcutaneous implantation model was employed
to evaluate cellular infiltration, inflammation, and calci-
fication resistance in vivo. Figure 7a presents a series of
hematoxylin and eosin (H&E) staining images depicting
PCL, PCL-GelMA, and PCL-GelMA/ChsMA scaffolds.
After 30 days of implantation, all three types of scaffolds
displayed a dense tissue capsule surrounding the samples.
The PCL fibers, being non-dyeable, resulted in a porous
representation of fiber cross-sections in the sections.
H&E staining aided in distinguishing nuclei, appearing as
deep purple, and infiltrated connective tissue, exhibiting
pink staining. Remarkably, Fig. 7a observations revealed
the absence of a significant inflammatory response or
damage in the adjacent tissues, indicating that all PCL
scaffolds exhibited good in vivo biocompatibility.

Macrophages are adaptable cells capable of transition-
ing into various states when exposed to different stimuli.
To characterize the polarization of macrophages after a
30-day implantation, triple-labeled immunofluorescence
was conducted. M1-polarized macrophages were identi-
fied via co-staining of CD86 and iNOS, while M2-polar-
ized macrophages were labeled by CD206 and arginase-1
(Arg-1). Notably, fewer M1I-polarized macrophages
and an increased presence of M2 macrophages were
observed around PCL-GelMA/ChsMA scaffolds com-
pared to the other groups (Fig. 7b-e). These findings sug-
gested a tendency for macrophages around PCL-GelMA/
ChsMA scaffolds to polarize towards the M2 pheno-
type. The favorable anti-inflammatory performance of
PCL-GelMA/ChsMA scaffolds might be attributed to
the anti-inflammatory properties of chondroitin sulfate,
a sulfur-containing polysaccharide known for its certain
anti-inflammatory and immunomodulatory capabilities
[51, 52]. Additionally, the excellent biocompatibility of
the hydrogel coating may contribute to the reduced likeli-
hood of immune rejection.

Sections of the three samples exhibited signs of calcifi-
cation in both the materials and their surrounding tissues
(Fig. 7c). Following a 30-day implantation period, aliza-
rin red staining revealed calcification deposits (dark-red
portions) on the PCL scaffold, while no calcification was
observed on PCL-GelMA or PCL-GelMA/ChsMA scaf-
folds. The calcification also appeared to extend into the
surrounding tissues, particularly at the interface between
the tissue and the PCL scaffold. In the rest of the encap-
sulated tissue, little to no calcification was present. To
validate these histological findings, a calcium content
assay was conducted. ICP-OES was utilized for quantita-
tive analysis of calcification. After a 30-day implantation
in SD rats, the calcium content of PCL, PCL-GelMA, and
PCL-GelMA/ChsMA scaffolds was measured at 2.8, 2.1,
and 1.7 pg/mg, respectively (Fig. 7f). This result indicates
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that PCL-GelMA/ChsMA exhibits potential anti-calcifi-
cation properties.

Overall scaffold performance under hemodynamic
conditions

To evaluate scaffold performance in a hemodynamic
environment, we established a rat abdominal aorta
implantation model. After 4 weeks of implantation, the
PCL scaffold exhibited signs of thrombogenesis (Fig. 8a)
and underwent significant dilation, resembling an aneu-
rysm, while the PCL-GelMA and PCL-GelMA/ChsMA
scaffolds maintained their tubular structure. Hematoxy-
lin and eosin (H&E) staining images (Fig. 8b) revealed a
layer of cell infiltration on the inner surface of the scaf-
fold. Notably, the cells infiltrating the inner surface of the
PCL scaffold exhibited a higher presence of inflammatory
cells, whereas the PCL-GelMA and PCL-GelMA/ChsMA
scaffolds displayed reduced inflammatory cell infiltration.
These findings indicate that the PCL-GelMA and PCL-
GelMA/ChsMA scaffolds exhibited favorable biocompat-
ibility within the hemodynamic environment.

Post-implantation inflammation of the scaffolds was
evaluated using immunofluorescence staining for iNOS
(indicative of M1 subtype macrophages) and CD206
(indicative of M2 subtype macrophages) (Fig. 8c, e).
Overall, all scaffolds exhibited some degree of inflam-
mation, with PCL scaffolds demonstrating a more
pronounced inflammatory response compared to PCL-
GelMA and PCL-GelMA/ChsMA scaffolds. Following a
4-week implantation period, CD206 M2 macrophages,
indicative of immunoregulation, dominated within the
scaffolds, while the presence of iNOS M1 macrophages,
associated with immune stimulation, was minimal. This
observation suggests a subsiding acute inflammatory
response, with ongoing tissue remodeling in the scaffolds
at this juncture. In contrast to PCL and PCL-GelMA
scaffolds, PCL-GelMA/ChsMA scaffolds displayed an
earlier transition from the acute inflammatory phase to
tissue repair and remodeling, suggesting their potential
anti-inflammatory functionality.

Endothelialization holds paramount importance for
TEHYV scaffolds. Its importance stems not only from its
vital role in integrating and regenerating TEHV to mimic
a native valve but also from its diverse physiological func-
tions. These functions encompass the maintenance of
blood homeostasis, the formation of an immune barrier,
and the regulation of the phenotype of VICs [52]. Immu-
nofluorescence staining for CD31 and vimentin was
employed to visualize endothelialization and cellulariza-
tion (CD31 for endothelial cells and vimentin for inter-
stitial cells). As depicted in Fig. 8c and f, CD31 staining
revealed the formation of a confluent CD31+endothe-
lial cell monolayer in the PCL-GelMA/ChsMA scaffold,
albeit with some incomplete sections still present. The
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inner surface of the PCL-GelMA scaffold exhibited only
a sparse presence of endothelial cells, while no endothe-
lialization was observed in the PCL scaffold. Vimentin
staining outcomes suggested that both PCL-GelMA and
PCL-GelMA/ChsMA scaffolds underwent cellulariza-
tion, wherein endothelial cells formed a monolayer on
the inner surface, and interstitial cells infiltrated into the
main body of the scaffolds. This observed pattern resem-
bled the cellular composition and structure of native
valves.

Alizarin red stain was employed to assess the calcifi-
cation of these scaffolds under a hemodynamic environ-
ment. After 4-week implantation, alizarin red stained
calcification deposits (brown portions) were observed
in the PCL scaffold group, and a few calcifications were
present in the PCL-GelMA scaffold group (Fig. 8d, g).
In contrast, no visible brown portions were detected on
PCL-GelMA and PCL-GelMA/ChsMA, signifying the
absence of significant calcification after 4-week implanta-
tion. As a result, we introduced an innovative approach
by suturing the scaffold into a tubular graft, which was
subsequently implanted in the abdominal aorta to par-
tially emulate the hemodynamic environment of a native
valve. This model demonstrates that the PCL-GelMA/
ChsMA scaffold possesses immunomodulatory effects,
excellent hemocompatibility, and endothelialization, par-
ticularly in terms of recruiting and capturing endothelial
cells from peripheral blood sources, coupled with anti-
calcification ability.

Conclusions

In this investigation, we employed melt-electrowriting
techniques to fabricate tri-layered biomimetic PCL scaf-
folds for HVTE. The biomimetic MEW-PCL scaffolds
were combined with a microporous bioactive hydrogel
(GelMA/ChsMA), providing both the necessary struc-
tural integrity to withstand challenging cardiovascular
loading conditions and sufficient porosity for facilitat-
ing cell infiltration. The composite PCL-GelMA/ChsMA
HVTE scaffolds offer significant advantages, exhibiting
tunable anisotropic mechanical properties reminiscent
of the structural and mechanical characteristics of native
heart valves. The incorporation of ChsMA enhances the
hemocompatibility and endothelialization of HUVECs in
vitro. Moreover, the PCL-GelMA/ChsMA scaffolds sup-
ported the growth of VICs within the 3D structure, fos-
tering the remodeling of the heart valve ECM. Upon in
vivo implantation in SD rats, the PCL-GeIMA/ChsMA
scaffolds effectively suppressed immune responses and
calcification when compared to the PCL scaffold. These
findings suggest that this newly-developed TEHV scaf-
fold addresses the limitations of mechanical and biopros-
thetic valves, meeting the clinical demand for prosthetic
valves in practical applications.
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