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Abstract
Enhancing the mechanical properties and cytocompatibility of decellularized heart valves 
is the key to promote the application of biological heart valves. In order to further improve 
the mechanical properties, the electrospinning and non-woven processing methods are 
combined to prepare the polylactic acid (PLA)/decellularized heart valve nanofiber-rein-
forced sandwich structure electrospun scaffold. The effect of electrospinning time on the 
performance of decellularized heart valve is investigated from the aspects of morphology, 
mechanical properties, softness, and biocompatibility of decellularized heart valve. Results 
of the mechanical tests show that compared with the pure decellularized heart valve, the 
mechanical properties of the composite heart valve were significantly improved with the 
tensile strength increasing by 108% and tensile strain increased by 571% when the elec-
trospinning time exceeded 2 h. In addition, with this electrospinning time, the composite 
heart valve has a certain promoting effect on the human umbilical vein endothelial cells 
proliferation behavior. This work provides a promising foundation for tissue heart valve 
reendothelialization to lay the groundwork for organoid.

Keywords  Heart valve · Electrospun scaffold · Sandwich composite structure · 
Biomechanics · Artificial heart valve

 *	 Ruoyun Zhang 
	 ryzhang@wtu.edu.cn

 *	 Hongjun Yang 
	 h_j.yang@yahoo.com

1	 College of Materials Science and Engineering, Wuhan Textile University, No.1 Yangguang Road, 
Wuhan 430200, Hubei Province, China

2	 State Key Laboratory of New Textile Materials and Advanced Processing Technologies, Wuhan 
Textile University, Wuhan 430200, China

3	 Institute for Frontier Materials, Deakin University, Geelong, Victoria 3216, Australia

http://crossmark.crossref.org/dialog/?doi=10.1007/s12010-023-04756-8&domain=pdf
http://orcid.org/0000-0002-2980-1384


4257Applied Biochemistry and Biotechnology (2024) 196:4256–4272	

1 3

Introduction

More than 200 thousand heart valve replacements are performed worldwide each year, 
with a predicted increment to 850 thousand by 2050 [1]. Heart valve replacement is needed 
when the heart valve is defective, narrowed, or with a lesion, which leads to abnormal heart 
function and heart failure [2].

In clinical heart valve replacement, bioprosthetic valve and mechanical valve are the 
most common prostheses. Despite the lifelong durability of mechanical valve, the patients 
need to bear considerable intraoperative and postoperative bleeding risk and take vitamin K 
antagonists regularly after heart valve replacement [3]. Compared with mechanical valves, 
bioprosthetic valves have a lower rate of thrombosis contributing to the needless lifelong 
anticoagulation of patients [4]. However, structural heart valve deterioration (SVD) of the 
implanted heart valve may appear between 10 and 15 years after surgery, which is espe-
cially concerned in young, low-risk patients with a long-life expectancy [5]. Therefore, 
bioprosthetic valves have limited durability leading to the long-term repeated heart valve 
replacements. All above cause great harm and risk to patients, so tissue-engineered heart 
valves (TEHV) with characteristics of growth have been widely investigated [6].

There are two approaches of tissue engineering: [1] in vitro—autologous or allogeneic 
cells are isolated and seeded on bioabsorbable scaffolds, then cultured in bioreactor systems 
until the new composite scaffold obtains sufficient mechanical elasticity and strength for 
implantation; [2] in situ—allogeneic or xenograft materials are decellularized for implanta-
tion to make cells grow and remodel the extracellular matrix (ECM) [7]. Decellular heart 
valve membrane (DHV) is one of the most frequent supporting materials in tissue engi-
neering heart valves, as a stand-alone implant with the ability of recellularization in vivo 
due to the natural bioactive components, maintenance of the complex three-dimensional 
structure of the extracellular matrix, and splendid clinical relevance [8]. Biological scaffolds 
derived from natural tissues and organs are used in regenerative medicine for heart diseases 
in preclinical animal studies and clinical studies [9]. Typically, decellularized xenogeneic 
matrices involve the treatment of porcine or bovine tissue with detergents or enzymes to 
completely remove any of the cells to render it non-immunogenic with maintaining fiber 
orientation in the ECM [10–12], which were subsequently repopulated with autologous cells 
in vivo or in vitro [13]. Porcine heart valve is one of the biological scaffolds. The leaflets 
of the porcine heart valve are highly anisotropic, with radial elasticity almost four times 
stronger than the circumferential elasticity [14]. As shown in previous reports, porcine heart 
valve is an important research object [15, 16]. For example, Dai et al. combined degradable 
polyethylene glycol (PEG) hydrogel with decellularized porcine aortic heart valve to prepare 
a composite scaffold to promote the differentiation of bone marrow mesenchymal stem cells 
(BMSCs) into heart valve interstitial-like cells [17]. However, the decellularized porcine 
valve remains the problems of being hard to be stiffened and difficult to be processed.

The electrospinning technology has the powerful ability to create polymeric fiber 
networks with high surface area at the nanoscale by mimicking the extracellular matrix 
to provide more binding sites to cells [18]. In this regard, Del Gaudio et al. reported 
flexible electrospun PCL scaffolds for TEHVs in pediatric patients [19]. As we know, 
electrospun scaffolds have a natural extracellular matrix like that of natural valves 
and are widely used in tissue engineering, which can avoid the calcification problem 
caused by traditional glutaraldehyde treatment of heart valves to a certain extent. For 
another, the mechanical properties of electrospun scaffolds are comparable to those of 
natural valves, which can solve the problem of insufficient mechanical support caused 



4258	 Applied Biochemistry and Biotechnology (2024) 196:4256–4272

1 3

by hydrogels as scaffolds [20–22]. Therefore, PLA electrospun scaffolds are used in 
bone, cartilage, blood vessel, nerve, liver, kidney matrix, and drug delivery applica-
tions [23]. All in all, electrospinning membrane can provide certain mechanical sup-
port for decellularized heart valves as an ideal material for tissue engineering. How-
ever, since electrospinning is generally a fibrous membrane composed of hydrophobic 
polymers, it has poor hydrophilicity [24]. Therefore, compounding electrospun mem-
brane with decellularized porcine valve attempts to address mechanical problems and 
obtain good hydrophilicity.

The sandwich structure enhanced the drain ability of cell flaps and polymer mate-
rials, as well as their overall mechanical qualities. The decellularized flap was both 
hydrophilic and mechanically weak; however, excessive hydrophilicity was not condu-
cive to long-term scaffold support in the physiological fluid environment, and mechan-
ical weakness would result in collapse when exposed to blood flow. To address the 
hydrophobic issue, a sandwich structure was created to improve the polymer’s strong 
hydrophobicity while also increasing the hydrophilicity of the decellularized flap, 
resulting in an initial hydrophobic surface for cell adhesion. Following that, nutrition 
exchange and waste transfer take place around the decellularized flap to generate com-
plete tissue, and when the PLA degrades, a tissue-engineered flap with tissue struc-
ture is formed. To improve the mechanical strength of the decellularized flap, which 
is mechanically weak and difficult to maintain in a straight state, a composite PLA 
electrostatic spinning membrane is used to enhance the overall mechanical strength of 
the composite flap scaffold with a sandwich structure to maintain uprightness under 
the action of blood flow. Therefore, the influence of the sandwich structure from the 
cellular valve composite polycystic acid on mechanical characteristics and drain ability 
is one of the breakthroughs of this work.

In this study, PLA and decellularized composite heart valve was prepared by the 
electrospinning process as raw materials with a sandwich structure electrospun scaf-
fold (Fig. 1). On the one hand, the decellularized heart valve with a nanofibrous struc-
ture like native ECM obtained an extremely positive effect on cell behavior [25]. On 
the other hand, the decellularized heart valve provided a mechanical support layer in 
the middle. Furtherly, the PLA electrospun membrane on the surface improved the 
mechanical properties and compatibility of the PLA sandwich structure electrospun 
scaffold (PSES). The physicochemical properties of the scaffolds, cell viability, and 
behavior of human umbilical vein endothelial cells (HUVECs) demonstrated PSES had 
certain mechanical properties like strength and flexibility and good biocompatibility, 
which validated the potential as a biological valve scaffold.

Materials and Methods

Materials

PLA resin (6202D) with an average molecular weight of 97 kDa consisting of 98% 
L-lactide and 2% D-lactide units was purchased from NatureWorks LLC., USA. 1, 
4-Dioxane was obtained from Sinopharm Chemical Reagent Co., Ltd. Dimethyl sulfox-
ide (DMSO) and dichloromethane (DCM) were purchased from Sinopharm Chemical 
Reagent Co., Ltd. All chemicals used in this work were analytical grade.
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Preparation of the PLA Electrospinning Solution

The polylactic acid particles were added in the solvent at a mass ratio of 10%, wherein the 
ratio of the solvent was DCM: DMSO=9:1. After magnetic stirring at room temperature 
for 4 h, a spinning solution was obtained for further use.

Preparation of Decellularized Heart Valves

The porcine aortic heart valves were removed under aseptic conditions, and the pig hearts 
were submerged in physiological saline containing sodium heparin. The swine aortic heart 
valves were shaken and rinsed in phosphate buffered saline (PBS) until no blood was vis-
ible on the surface of the heart valve. They were then put in high glucose Dulbecco’s modi-
fied eagle medium (DMEM) medium containing antibiotics for 12 h at 4 °C. The heart 
valves were then surface decellularized with water-soluble and fat-soluble proteins, and 

Fig. 1   Schematic illustration of PSES’s preparation by electrospinning
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the heart valves were placed in groups with three parallels in six-well plates. Specific steps 
were as follows: [1] The porcine aortic heart valve was placed in a TRIS hydrochloride 
(TRIS-HCL) buffer (pH=7.8) with a concentration of 2% 3-propane sulfonate (CHAPS) 
and 2 mmol/L tributyl phosphate at room temperature for 24 h shaked on a shaker to obtain 
water-soluble decellularized porcine heart valve (W-DPHV). [2] W-DPHV was rinsed 6 
times with deionized water, and each time more than 10 min was taken and was placed 
in TRIS-HCL buffer (pH=7.8) containing 2% CHAPS, 2 mmol/L tributyl phosphate, 1% 
amidosulfobetaine 14 (ASB-14), and 2% N-Decyl-N, N-dimethyl-3-ammonio-1-propane-
sulfonate (SB3-10). W-DPHV was continued to be shaked at room temperature for 24 h 
to get a fat-soluble decellularized porcine heart valve (F-DPHV). [3] F-DPHV was taken 
out and rinsed with PBS for 4 times, each time was 6 h. It was then placed in TRIS-HCL 
buffer (pH=8) containing 1mmol/L MgCl2 and 100 units/mL benzonase nuclease and con-
tinued to be shaked for 24 h at 37 °C to gain nuclear-soluble decellularized porcine heart 
valve (N-DPHV). [4] N-DPHV was rinsed for more than 4 times with PBS for 6 h each 
time. Finally, the decellularized porcine heart valve (DPHV) was obtained. The DPHV was 
placed in PBS containing antibiotics and stored at 4 °C for use.

Fabrication of the PLA Electrospun Scaffolds

The PLA electrospinning solution was imported into a 10 mL plastic syringe and spin 
using the electrospinning device. The spinning voltage was set to 18 kV, the injection dis-
tance was 15 cm, the injection speed was 1.5 mL/h, and the spinning humidity was about 
45%. After the fibers were deposited for 30 min, 1, 2, and 3 h, the decellularized heart 
valve was flattened on a petri dish, fixed with forceps, and punctured with needles (about 
30 times). The puncture-treated heart valve was laid flat on the center of the electrospin-
ning membrane with continuously spinning. After spinning, the obtained membrane was 
placed in a vacuum oven at 40 °C and a vacuum of −0.1 to −0.05 MPa and dried for 12 h. 
The dried membrane was cut along the contour of the heart valve and separated from the 
aluminum foil to obtain an electrospun scaffold with a sandwich structure. Then, the prod-
uct was placed in a PBS solution containing antibiotics and stored at 4 °C for use.

Characterization by Scanning Electron Microscopy (SEM)

The PSESs were lyophilized in a freeze dryer at −80 °C on the pressure of 5 Pa. Small 
pieces of the PSES were cut with a razor blade and attached to the electron microscope 
stage with conductive adhesive. The microscopic morphology of the samples was observed 
with a JSM-6700F scanning electron microscope (Electronics Co., Ltd, Japan). Electron 
microscope stage with the samples was sprayed with gold for 120 s and then placed under 
the electron microscope for observation. The fineness of the PLA electrospun fibers on 
the decellularized heart valve surface was then calculated and statistically analyzed using 
Image J image analysis software.

Fourier Transform Infrared Spectra Analysis of PSES

Fourier Transform Infrared analysis (FT-IR) was performed by a Tensor-27 Fourier trans-
form infrared spectrometer (Bruker, Germany). The samples were tested with several 
parameters, of which the scanning range was 4000~600 cm−1, the resolution was 8 cm−1, 
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the number of scans was 64, the test temperature was room temperature, and the method 
was attenuated total reflection.

Water Contact Angle of PSES

The electrospun scaffold with sandwich structure was taken out from PBS containing anti-
biotics, and the water on the surface was dried up with filter paper and then spread on a 
petri dish, placed in a −20 °C refrigerator, taken out after 10 h, and placed in the petri dish. 
Frozen samples and petri dish were lyophilized in a freeze dryer at −80 °C on the pressure 
of 5 Pa. The hydrophilicity and hydrophobicity of the electrospun scaffold surface were 
tested with a contact angle analyzer. The lyophilized samples were cut into small pieces 
and fixed on a glass slide to keep them flat. A total of 2 μL of distilled water was added 
dropwise with 5 to 7 parallels.

Softness of PSES

The electrospun scaffold of the sandwich structure was removed from the PBS containing 
antibiotics to keep the sample moist. The heart valve sample was clamped with a 5 mm 
tube clamp along the direction parallel to the warp yarn to keep a natural hanging state. 
Five samples were prepared for each group to be photographed at the same position and 
angle. Then, Image J image analysis software was used to calculate the overhanging angle 
of the heart valve. The calculation and analysis were performed based on the horizontal 
line, the intersection of the sample and the tube clamp, the angle formed by the sample, 
and the statistical angle, respectively.

Mechanical Properties of PSES

The electrospun scaffold membrane of the sandwich structure was cut into several parts 
along the longitudinal direction for strength test, of which the width was 5 mm. Six par-
allel samples for each group have been prepared. Tensile tests were performed by an 
Instron5943 Universal testing machine with a 10 N sensor, 50 N grips, a set grip spacing 
of 8 mm, and a fixed speed of 5 mm/min. Following the completion of the test, a drawing 
analysis of their mechanical properties was performed.

Thermal Properties of PSES

Differential scanning calorimetry (DSC) studies of the electrospun scaffold membrane of 
the sandwich structure were conducted on a DSCQ2000 (TA Instruments, USA) under N2 
at a temperature ranging of 0–200 °C with the increase rate of temperature set at 10 °C/
min. The preparation of samples involved cutting the electrospun scaffold into pieces with 
weights ranging from 5 to 10 mg.

In Vitro Cell Experiment

HUVECs were kindly provided by Union Hospital Affiliated to Tongji Medical College, 
Huazhong University of Science and Technology. The cells were cultured at 37 °C in 
Dulbecco’s Modified Eagle Media (DMEM, Gibco) with 10% fetal bovine serum (FBS, 
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Gibco) in a humidified incubator with 5% CO2. When the density of cell proliferation in 
the culture plate (25 cm2, Corning) reached 80–90%, the cells were digested with 0.25 % 
trypsin (1 mL) and then resuspended in culture medium. Subsequently, cells were cultured 
until passaged to 3–5 generations. The growth cycle and morphology of the HUVECs were 
observed by CKX41 inverted microscope (OLYMPUS, Japan) and EVOS M500 cell imag-
ing system (Invitrogen, USA), respectively.

Cell Adhesion

The electrospun scaffold with sandwich structure was prepared with diameters of 24 mm 
matching the 6-well plates (Corning). Thereafter, the samples were sterilized in 3 mL 
purified water with 0.1% (v/v) peracetic acid solution Aqueous One Solution for 3 h and 
washed with PBS. Subsequently, the cell suspension (200 μL) was seeded on each sample 
at a density of 1×105 cells/mL and co-cultured for 3 h. In brief, at periodic intervals, the 
samples were washed with PBS and incubated with 150 μL culture medium and 15 μL 
CCK-8 for 2 h. A total of 100 μL suspension was collected and placed in new 96-well 
plates. The optical density (OD) value of the suspension at 450 nm in each well was meas-
ured by an Enzyme Microplate Reader (Thermo Fish Scientific, USA). Four parallels in 
each group were tested (n = 4).

Cell Proliferation

Living cells were determined at 1, 3, and 5 days by cell proliferation assay according to 
the manufacturer’s protocol. The number of cells on the surface of the electrospun scaffold 
was determined in real time by the cell adhesion method using CCK-8. The OD value of 
the media was measured at 450 nm using a microplate reader. Four parallels in each group 
were tested (n = 4).

Cell Viability of PSES

The cell suspension (200 μL) was first seeded on the prepared and sterilized electrospun 
scaffold for the cell viability test at a density of 1×105 cells/mL. After cultured for 1, 3, 
and 5 days, the cell viability of PSES was stained with the Calcein-AM/PI double staining 
kit (BestBio, China). The cells were observed with a cell imaging system to detect living 
cells (stained by Calcein-AM, green fluorescence) and dead cells (stained by PI, red fluo-
rescence). The number of live and dead cells was counted using Image J in each sample, 
and the live ratio was calculated by the number of living cells divided by the total number 
of cells.

Cell Morphology After Cultured for 1 Day

After cultured for 1, 3, and 5 days, the culture medium was removed, and the cells were 
stained with 1 μg/mL F-actin phalloidin (Yisheng Bio-Technology Co., Ltd., Shanghai) for 
30 min and 10 μg/mL 4,6-diamidino-2-phenylindole, dihydrochloride (DAPI, Beijing Lab-
gic Technology Co., Ltd.) for 5 min. The cells were observed with a cell imaging system to 
detect the cell skeleton (stained by F-actin phalloidin, green fluorescence) and the nucleus 
(stained by DAPI, blue fluorescence).
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Statistical Analysis

Statistics were performed with GraphPad Prism 8.3 software (GraphPad Software, San 
Diego, California). All data were represented as mean values ± standard deviation (SD, 
n≥3). The statistical significance was determined using two-tailed Student’s test (*p<0.05, 
**p<0.01) unless otherwise stated.

Results and Discussion

Fabrication and Characterization of PLA Electrospun Scaffolds

In this paper, PLA sandwich structure electrospun scaffold (PSES) was obtained by decel-
lularizing porcine valves as heart valve scaffold cores, which were subsequently used as 
PLA coverings for superficial structures. After puncture treatment and electrostatic spin-
ning, the different thicknesses of PSES were investigated, which were obtained by electro-
static spinning at different times. The scaffold composed of electrospun as the surface layer 
and decellularized heart valve as the core layer was shown in the heart valve after punc-
ture treatment was flattened in the center of the electrospinning fiber. After different times, 
electrospinning scaffolds with different thicknesses were obtained.

To enhance the mechanical properties of decellularized porcine valves and to provide a 
more suitable three-dimensional environment for cell growth, electrospinning was used to 
cover the surface of the decellularized heart valve with PLA. The surface and cross-section 
of PSES and DHV were characterized by SEM (Fig. 2A). The surface departs the extra-
cellular substrate after decellularization, and the membrane interface has a nest-shaped 
porous structure. In the surface images of PSES, PLA fibers could be seen on the sur-
face of the decellularized heart valve layer, which proved that there was a certain adhesion 
between the decellularized heart valve and the PLA electrospinning membrane. The outer 

Fig. 2   SEM of the surface and the cross-section morphology of DHV and PSES at 1, 2, 4, and 6 h (A); the 
surface fiber diameter distribution of PSES (B)
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synthetic fabric was of uniform thickness and was tightly attached to the inner tissue, as 
indicated by the thin interface between layers. Pingli Wu et al. reported that to provide a 
snug-fitting fibrous tissue layer, a hybrid small-diameter catheter consisting of electrostati-
cally spun wire-coated polyurethane wrapped around decellularized aortic intima was also 
employed. The decellularized heart valve was shown in cross-sectional PSES images to 
be sandwiched between two layers of PLA electrospun fiber membranes. The thickness 
of the PLA electrospun film increases with increasing electrospinning time, indicating the 
electrospinning time could be changed to alter the scaffold’s thickness. It is important to 
note that after 6 h of electrospinning, the PLA electrospinning film showed apparent signs 
of delamination. This delamination may have resulted from the electrostatic spinning film’s 
increased thickness, which suggests that the electrospinning period should not be exces-
sive. Following quantitative analysis, all of the photos demonstrated that PLA fibers were 
uniformly fine after 1, 2, 4, and 6 h of electrospinning (Fig. 2B). The fibers on the surface 
of the decellularized heart valve were mainly concentrated at 1.8, 2.0, 1.9, and 1.6 μm, 
when the spinning time was 1, 2, 4, and 6 h, suggesting that changing the spinning time 
would not have a significant impact on the fiber surface structure while keeping other elec-
trospinning process parameters constant. Based on earlier research, the 1.8 μm PLA fiber 
diameter was chosen for its high cell viability [26]. As a result, the sandwich-shaped elec-
trospun scaffold made from PLA had a stable surface microstructure.

For group structure analysis, qualitative and quantitative analysis of compound materi-
als, FT-IR analysis was used to investigate decellularized porcine heart valve treated with 
different electrospinning times. Decellularized heart valves after electrospinning for 1, 2, 
4, and 6 h were tested, and pure PLA membrane was the control (Fig. 3A). The absorption 
bands at 1182 cm−1 and 1091 cm−1 correspond to the stretching mode of C-O-C and C-C 
functional groups [27, 28], the symmetric and asymmetric stretching, respectively. The 
spectral band at 921 cm−1 which could confirm the formation of α crystals was not found; 
this might be due to the lower crystallinity of electrospun PLA films [29]. Furthermore, the 
corresponding peaks of the spectra of the decellularized heart valves with different electro-
spinning times were completely consistent with those of pure PLA membranes. Addition-
ally, the absorption bands at 1380 cm−1 and 1761 cm−1 in the spectra of the decellularized 
porcine heart valve without electrospinning (HV) were due to the stretching vibration of 

Fig. 3   The FT-IR spectra of PSES and pure PLA membrane after 1, 2, 4, and 6 h PLA electrospinning 
treatment (A); the FT-IR spectra of decellularized porcine heart valve without electrospinning (B)
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-CH- and the -C=O bond in PLA (Fig. 3B), respectively. It could be seen that the absorp-
tion bands in spectra at 1089 cm−1, 1186 cm−1, and 1753 cm−1 were completely inconsist-
ent with the spectra of the decellularized porcine heart valve treated with PLA. The afore-
mentioned findings show that, depending on the electrospinning period, PLA fibers could 
completely cover the decellularized pig heart valve.

The contact angle of the decellularized porcine heart valve treated with different elec-
trospinning times was characterized (Figure S1). Decellularized porcine heart valve sur-
faces’ contact angles were 120.85 ± 1.17°, 120.05 ± 1.4°, 125.68 ± 1.71°, and 132.73 ± 
1.69°with hydrophobic structures, respectively. This indicated that the hydrophobic proper-
ties of the PSES surface had not changed, and the contact angles were all greater than 120°. 
These could be the cause of the other surface PLA electrospinning process parameters, 
with the exception of the spinning time, remaining unaltered. The sandwich structure elec-
trospun scaffold was able to achieve stability of the surface structure with stable hydro-
philic and hydrophobicity, as evidenced by the measured hydrophilic and hydrophobicity 
of the surface, which matched those of surface-covered electrospun polylactic acid film.

Thermal Properties of PLA Electrospun Scaffolds

The thermal stability of decellularized porcine heart valve treated with different electro-
spinning times was investigated. After heating scan of PSESs with different electrospin-
ning times, DSC curves were obtained with pure PLA as the control (Fig. 4A). The results 
of quadrant II of DSC curves showed the melting temperatures of PSES and pure PLA at 
different times were 161.53 °C, 162.01 °C, 162.07 °C, 162.18 °C, and 161.83 °C (Fig. 4B), 
which was consistent with melting peaks of pure PLA in previous work [30]. The results of 
quadrant I of DSC curves showed the cold crystallization temperature (Tc) of PSESs was 
76.18 °C, 88.11 °C, and 87.57 °C, and melting point (Tm) was 60.81 °C, 61.36 °C, and 
63.48 ° (Fig. 4C). The Tc of PLA film was 86.4 °C, which was within the range of glass 
transition temperature (Tg, 40–70 °C) and the Tm (130–230 °C or typical 170–180 °C) 
of PLA reported in the literature [31]. Around 60 °C, which corresponds to the densifica-
tion of the glassy amorphous chains of PLA during physical aging, is where the endother-
mic peaks with the glass transition of PLA and its nanocomposites overlap. This may be 
because molecular rearrangements encouraged thermodynamic variables to move towards 
equilibrium value. With longer electrospinning times, a little rise in Tg, Tc, and Tm was 
seen. The thermal characteristics of electrospun PLA were somewhat altered as expected 
by the different electrospinning times.

Furthermore, XRD of decellularized porcine heart valve without electrospinning, pure 
PLA, and PSESs were characterized. The results showed the typical characteristic peak of 
heart valve at ~16.60° and pure PLA at ~22.52° in PLA electrospun scaffolds (Fig. 4D), 
indicating that these PSESs were a mixture of amorphous and crystalline phases and that 
no secondary phase was produced during the synthesis [32]. Additionally, it was discov-
ered that as the electrospinning duration increased, the PLA phase’s signal became more 
pronounced and the decellularized porcine heart valve’s diffraction peaks became weaker, 
which was consistent with the steady rise in PLA content.

Mechanical Properties of PLA Electrospun Scaffolds

Heart valves in our bodies encounter a variety of complex mechanical forces. Uniaxial ten-
sile testing was widely used to characterize native heart valve tissue as well as biological 
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prostheses in clinical, so that the results could be used as a benchmark for the development 
of scaffolds in HVTE [33–36]. To analyze the mechanical properties of PSESs affected by 
the thickness of PLA, uniaxial tensile tests were performed (Fig. 5). With the electrospin-
ning time, the results of the stress-strain curve showed the strength and tensile deforma-
tion gradually increased (Fig. 5A). At 6 h of the electrospinning time, the result showed 
the strength was 2–6.5 N, the tensile deformation was between 150 and 400%, and the 
elastic modulus reached 15 MPa (Fig. 5B–D). According to previous works, the pressure 
on the heart valve should be 2–6 kpa when the flow rate was 2.5–4.5 L/min [37]. As the 
electrostatic spinning period lengthens, the resulting support becomes thicker. These ten-
sile mechanical test findings showed that the heart valve’s thickness expanded over time 
while its mechanical characteristics also greatly improved. As a result, we could control the 
mechanical characteristics of the heart valve by varying the length of the electrospinning 
time to suit needs.

The PSESs manufactured in the wet state with various electrospinning times had their 
bending degrees measured (Fig. 6A–D). According to the findings, the angles of PSESs 
with electrospinning times of 1, 2, 4, and 6 h were 54.47 ± 7.60°, 43.96 ± 1°, 26.63 ± 
6.57°, and 16.66 ± 4.45°, respectively. The degree of the control, a decellularized porcine 
heart valve in the wet state without electrospinning, was 90°(Fig. 6E). The degree of crook 

Fig. 4   The DSC curves of PSESs treated with different electrospinning times at 1, 2, 4, and 6 h (A), partial 
enlargements of quadrant II (B) and quadrant I (C) in A; XRD spectra of decellularized porcine heart valve 
without electrospinning (gray), pure PLA (purple) and 1 h (red), 2 h (blue), 4 h (yellow), and 6 h (green) of 
PSESs (D)
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Fig. 5   Mechanical properties with stress-strain curve (A); strength (B), tension elongation (C); the elastic 
modulus (D) of PSESs treated with different electrospinning times (n=6)

Fig. 6   The bending degree of the decellularized porcine heart valve in the wet state treated with different 
electrospinning times at 1 (A), 2 (B), 4 (C), and 6 h (D); the bending degree of the decellularized porcine 
heart valve without electrospinning (E); the quantitative analysis (F) of A–E (n=5)
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histogram revealed that as the length of the electrospinning time increased, the samples’ 
degree of bending shrank and shrank with the length of the electrospinning time (Fig. 6F). 
The amount of bending after coming into contact with water revealed how fragile the heart 
valve was. As a result, everything said above suggested that by adjusting the electrospin-
ning duration, the softness of the heart valve could be easily altered.

Biocompatibility and In Vivo Cell Behaviors

Cell adhesion on the surface of the sandwich structure electrospun scaffolds treated with 
different electrospinning times was tested by CCK-8 (Fig. 7A). The results showed there 
were significantly more cells adhered to the surface of HV compared with the PSESs 
treated with PLA electrospinning (*p<0.05). In addition, there were no significant differ-
ences between the adhesion performances of the sandwich structure electrospun scaffolds 
treated with electrospinning at 1, 2, 4, and 6 h. It was because the decellularized porcine 
heart valve was a natural biomaterial with excellent cytocompatibility, of which cell adhe-
sion ability was significantly better than that of the PLA electrospun membrane as the 
scaffold on the surface. While DHV offers good short-term cell compatibility, composite 
shelves with larger rooms have higher cell compatibility for long-term cell development. 
The cell culturing cycle is longer, and time is more pressing. Thus, comparisons between 
the experimental group and the control group can also reflect good cellular compatibility of 
PSESs in the short and long term.

Fig. 7   Cell adhesion (A) of HUVECs incubated with PSESs treated with different electrospinning times 
after 4 h, cell proliferation (B), cell viability (C), and the quantitative analysis of fluorescence-stained bone 
cell viability (D) of HUVECs incubated with PSESs treated with different electrospinning times after 24 h
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The cell proliferation of cells on the surface of the sandwich structure electrospun scaf-
folds treated with different electrospinning times at 1, 3, and 5 days were investigated by 
the CCK-8 tests (Fig. 7B). According to the findings, cells on both the PSES and the decel-
lularized porcine heart valve proliferated quite effectively at 1–3 days. The results showed 
that, on the 5th day, the number of cells on the PSESs that had been electrospun for 6 h had 
dramatically decreased, whereas the number of cells on the other samples had stabilized. 
The multilayer PLA electrospinning membrane hampered the delivery of nutrients to the 
cells in the medium, causing some cells to undergo apoptosis, and the surface of the sam-
ple was entirely covered with proliferating cells after being cultured for 5 days. These fac-
tors were the causes of the decreasing trend.

After being treated with the PSESs, HUVECs were stained with green fluorescent cal-
cein (AM) and red fluorescent propyliodide (PI), respectively, to distinguish between living 
and dead cells (Fig. 7C). As seen, a significant amount of green fluorescence occurred in 
the cells incubated with PSESs for 1, 2, and 4 h of electrospinning, indicating that there 
are more live cells. As can be observed in the image, there are much less viable cells on 
the surface of the electrospun scaffolds when the electrospinning time is 6 h. Combined 
with the quantitative analysis of the fluorescence-stained bone cell viability (Fig. 7D), the 
results demonstrated that the PSES with electrospinning at 2 h expressed the largest living 
cell fluorescence compared with the other electrospinning time of PSES.

These findings showed that the electrospun scaffolds electrospun for 1, 2, and 4 h had good 
biocompatibility and cell-growth-friendly surfaces. The 2 h PSES group may offer a favorable 
environment that will encourage the growth and division of live cells. The PLA coating on the 
surface of the decellularized porcine heart valve was too thick when the electrospinning period 
was 6 h, which caused an evident delamination effect and inhibited cell development.

HUVECs were stained with F-actin phalloidin and DAPI fluorescent in order to observe 
the morphological alterations of the HUVECs cultured with PSESs treated with various 
electrospinning times (Fig.  8). The findings revealed that HUVECs had a polygonal cell 

Fig. 8   Cell morphology of HUVECs incubated with PSESs treated with different electrospinning times 
after 24 h



4270	 Applied Biochemistry and Biotechnology (2024) 196:4256–4272

1 3

morphology on the electrospun scaffold after 1 and 2 h of electrospinning, indicating that the 
cells might spread out entirely and had a clear propensity to do so. However, HUVECs on the 
electrospun scaffold surface after 4 and 6 h of electrospinning displayed a clumped distribu-
tion with an oval cell shape and were not completely dispersed. According to the findings, 
if the electrospinning time was too long, the PLA electrospinning film on the surface of the 
decellularized porcine heart valve was too thick, resulting in delamination and other phenom-
ena that affected the migration behavior of cells and affected their biocompatibility.

Conclusion

In this study, decellularized heart valve and PLA were employed as raw materials in the 
electrospinning method to create a sandwich-shaped electrospun scaffold. The next conclu-
sions were reached: [1] The change in electrospinning time would not have a significant 
impact on the physicochemical characteristics of the decellularized porcine heart valve sur-
face. [2] The thickness of the electrospun scaffold could be adjusted by changing the elec-
trospinning time. [3] The longer the electrospinning time, the greater the strength and ten-
sile strain, and the stiffer the heart valve scaffold would be. [4] When the electrospinning 
time was too long, the stiffness of the heart valve scaffold would also significantly increase. 
In conclusion, electrospinning for 2 h can produce a biological heart valve with specific 
biomechanical features and strong biocompatibility. It gave researchers an approach that 
seemed promising for creating tissue-engineered heart valves that could eventually satisfy 
the needs of heart valves for replacement, regeneration, and growth.
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