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A B S T R A C T

With the aging of the population in worldwide, valvular heart disease has become one of the most prominent life-
threatening diseases in human health, and heart valve replacement surgery is one of the therapeutic methods for
valvular heart disease. Currently, commercial bioprosthetic heart valves (BHVs) for clinical application are pre-
pared with xenograft heart valves or pericardium crosslinked by glutaraldehyde. Due to the residual cell toxicity
from glutaraldehyde, heterologous antigens, and immune response, there are still some drawbacks related to the
limited lifespan of bioprosthetic heart valves, such as thrombosis, calcification, degeneration, and defectiveness of
re-endothelialization. Therefore, the problems of calcification, defectiveness of re-endothelialization, and poor
biocompatibility from the use of bioprosthetic heart valve need to be solved. In this study, hydrogel hybrid heart
valves with improved anti-calcification and re-endothelialization were prepared by taking decellularized porcine
heart valves as scaffolds following grafting with double bonds. Then, the anti-biofouling zwitterionic monomers
2-methacryloyloxyethyl phosphorylcholine (MPC) and vascular endothelial growth factor (VEGF) were utilized to
obtain a hydrogel-coated hybrid heart valve (PEGDA-MPC-DHVs@VEGF). The results showed that fewer platelets
and thrombi were observed on the surface of the PEGDA-MPC-DHVs@VEGF. Additionally, the PEGDA-MPC-
DHVs@VEGF exhibited excellent collagen stability, biocompatibility and re-endothelialization potential. More-
over, less calcification deposition and a lower immune response were observed in the PEGDA-MPC-DHVs@VEGF
compared to the glutaraldehyde-crosslinked DHVs (Glu-DHVs) after subcutaneous implantation in rats for 30
days. These studies demonstrated that the strategy of zwitterionic hydrogels loaded with VEGF may be an
effective approach to improving the biocompatibility, anti-calcification and re-endothelialization of bioprosthetic
heart valves.
1. Introduction

Currently, valvular heart disease is a life-threatening disease which
places a huge economic burden on humans, especially elderly people. For
the people with severe valvular heart disease, heart valve replacement is
still an effective and commonly accepted therapeutic method. According
to the statistics, more than 300,000 people with valvular heart disease
have undergone heart valve replacement surgeries each year and the
number is expected to triple by 2050 [1]. Therefore, the large demand for
ideal artificial heart valves has become a crucial problem within the
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With the development of science and technology, artificial heart

valves have made great progress, and several types of artificial heart
valves have been established since the first heart valve replacement was
performed in 1952 [2]. Currently, the artificial heart valves used for
replacement are mechanical heart valves and bioprosthetic heart valves.
Although mechanical heart valves exhibit excellent mechanical proper-
ties and durability, anticoagulation therapy for people with mechanical
heart valve replacement is lifelong, and the complications such as
thrombogenesis and hemorrhages are still inevitable [3,4]. Bioprosthetic
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heart valves are made from xenograft heart valves or pericardium treated
with glutaraldehyde. Bioprosthetic heart valves exhibit some advantages
over mechanical heart valves, such as freedom from lifelong anti-
coagulation therapy and good biocompatibility [3,4]. However, the
drawbacks of bioprosthetic heart valves, such as thrombus, calcification,
structural degeneration, and immune response have limited their dura-
bility [5,6]. The incidence of subclinical thrombus on interventional
artificial heart valves was reported to be nearly 10–15% after 1–3months
of implantation, which is associated with an increased risk of stroke [7,
8]. Additionally, instability of the extracellular matrix (ECM) and calci-
fication have been recognized as being associated with structural
degeneration and dysfunction of the bioprosthetic heart valve [9,10]. On
the other hand, calcification and the immune response have been re-
ported to be related to the exposure of antigen epitopes and nucleation
sites after structural degeneration [11]. The bioprosthetic heart valve is
usually maintained for 10–15 years after implantation and cannot meet
clinical demand ideally, especially for young patients who undergo heart
valve replacement [12,13]. Therefore, the ideal heart valve shouldmimic
the structure of the native heart valve, with excellent biocompatibility,
anti-calcification and re-endothelialization.

Calcification, degradation and poor re-endothelialization are the
main reasons for the limitations of the long-term implantation of bio-
prosthetic heart valves into the human body [6]. Several strategies in
previous studies have been applied to overcome these drawbacks.
Decellularization, referring to the removal of cells from the valves, has
been shown to be an anti-calcification method [14,15]. Crosslinking is a
way of improving the mechanical properties of collagens. Glutaraldehyde
is used as a crosslinker to stabilize collagen, but the toxicity of the
aldehyde groups can lead to poor endothelization and residual aldehyde
groups and impairing charges balances after glutaraldehyde treatment
have been shown to be involved in the calcification of the bioprosthetic
heart valve [11,16–18]. Some studies have reported that non-
glutaraldehyde crosslinking agents such as epoxy chitosan [19], ribo-
flavin [20], N-(3-Dimethylaminopropyl)-N0-ethylcarbodiimide
hydrochloride (EDC) and N-hydroxysuccinimide (NHS) [14] have been
used for the anti-calcification treatment of heart valves. Although good
results have been achieved, good blood biocompatibility cannot be
guaranteed. In recent years, multifunctional hydrogels have exhibited
great potential in cardiac tissue engineering and hydrophilic and anti-
fouling hydrogels have been developed and applied to improve the
properties of bioprosthetic heart valves [21–23]. They exhibit excellent
anti-biofouling and anti-calcification properties. Anti-biofouling refers to
the ability of materials to resist the aggregation of proteins and micro-
organisms on the surface of materials. This ability is required and crucial
for the implanted heart valves. The application of hydrophilic polymers
such as poly (ethylene glycol) diacrylate (PEGDA) and [2-(meth-
acryloyloxy)ethyl]dimethyl-(3-sulfopropyl) ammonium hydroxide
(SBMA) to the bioprosthetic heart valve improves its antifouling and
anti-calcification properties [22,24].

The endothelial cell layer plays an essential role in the long-term
stability of artificial valve stents due to its antithrombotic and anti-
degenerative abilities [25,26]. Currently, the toxicity of residual alde-
hyde groups from commercial glutaraldehyde-crosslinked bioprosthetic
heart valves leads to poor re-endothelialization. Although coating with
hydrophilic and anti-biofouling hydrogels can improve the biocompati-
bility and anti-calcification of artificial heart valves, few endothelial cells
adhere to the surface due to the nonspecific anti-biofouling property.
Therefore, strategies of grafting cell affinity peptides or loading VEGF
might promote re-endothelialization. VEGF is known to promote the
adhesion and proliferation of endothelial cells. In our study we combined
hydrophilic materials, including PEGDA and 2-methacryloyloxyethyl
phosphorylcholine (MPC), with vascular endothelial growth factor
(VEGF) to develop hydrogel-coated hybrid heart valves. As shown in
Fig. 1, fresh porcine heart valves were decellularized and then treated
with methacrylic anhydride to introduce vinyl groups. The obtained
heart valve (MADHVs) functioned as a double bond supplier for the
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hydrogel. Then, an anti-biofouling hydrogel film loaded with VEGF was
coated onto the surface of the MADHVs through photoinitiated free
radical polymerization. The obtained hydrogel-coated hybrid heart valve
(PEGDA-MPC-DHVs@VEGF) exhibited excellent anti-calcification, good
biocompatibility and rapid re-endothelialization.

2. Materials and methods

2.1. Materials

Fresh porcine hearts were purchased from a local slaughterhouse. The
porcine heart valves were harvested from the hearts and rinsed with
sterilized PBS to remove blood and contaminants. Then they were stored
in sterilized PBS (containing 100 U/mL penicillin and 100 μg/mL
streptomycin) at 4 �C for further processing.

The poly (ethylene glycol) diacrylate (PEGDA, Mw ¼ 1000 kDa), 2-
methacryloyloxyethyl phosphorylcholine (MPC), and methacrylic anhy-
dride were purchased from Aladdin Corp. (Shanghai, China). The lithium
phenyl(2,4,6-trimethylbenzoyl) phosphinate (LAP) was purchased from
Sigma-Aldrich (Shanghai, China). The recombinant human vascular
endothelial growth factor (VEGF) was purchased from PERPROTECH
Corp. (Shanghai, China). The Lactate-dehydrogenase (LDH) Assay Kit,
collagenase I, DAPI, Triton X-100, sodium dodecyl sulfate (SDS), and
ninhydrin were purchased from Solarbio Biotechnology (Beijing, China).
The sodium citrate, 25% glutaraldehyde and ethanol (analytical grade)
were purchased from Sinopharm Chemical Reagents Corp. (Shanghai,
China). The tetra-methylrhodamine (TRITC)-phalloidin was purchased
from US EVERBRIGHT INC (Suzhou, China), and a live/dead cell staining
kit was purchased from KeyGen Biotech. The 4% paraformaldehyde was
purchased from Biosharp Life Science Corp. (Hefei, China). A Cell
Counting Kit (CCK-8) was purchased from Japan Tongren. The Human
VEGF ELISA kit was purchased from Mukti Science (Hangzhou, China).
The DMEM and phosphate-buffered saline (PBS, pH ¼ 7.4) were pur-
chased from KeyGEN Biotech (Nanjing, China).

2.2. Decellularization

The porcine bioprosthetic heart valves from porcine (PHVs) were
decellularized according to the previous studies with few changes [27].
In a brief, the obtained porcine heart valves were treated with 1% Triton
X-100 for 24 h at 37 �C with continuous shaking. After being rinsed in
PBS three times, the heart valves were transferred to 1% SDS for another
1 h at 37 �C, followed by washing with sterilized PBS three times or more.
Finally, the obtained valve samples (DHV) were preserved in sterilized
PBS (containing 100 U/mL penicillin and 100 μg/mL streptomycin) at 4
�C for further experiments.

2.3. Preparation and characterization of methacrylic anhydride-modified
decellularized heart valves

The methacrylic anhydride modified decellularized heart valves
(MADHVs) were developed according to the previous research [28]. The
DHVs were blotted dry and weighed before immersion in deionized
water at a concentration of 0.1 g DHVs per 1 mL of deionized water.
Methacrylic anhydride (MA) was then added dropwise into the solution
at 4 �C with vigorous stirring. Then, an aqueous solution of sodium hy-
droxide (2 M) was dropped into the solution to maintain a pH of 7. The
reaction continued at room temperature for 24 h. MADHV-0.1,
MADHV-0.5, MADHV-1.0, and MADHV-3.0 refer to feed weight ratios
(MA: DHVs, v/w) of 0.1, 0.5, 1.0, and 3.0, respectively. Then, the
MADHVs were washed thoroughly with aqueous 50% alcohol and then
deionized water three times or more.

The remaining amino groups were detected by the ninhydrin assay
according to a previous study [29]. Briefly, the heart valve samples of
each group were cut into 5 mm � 5 mm pieces and then placed into a
small centrifuge tube, followed by the addition of 1 mL of ninhydrin



Fig. 1. Schematic preparation of the hydrogel-coated prosthetic heart valves and the microstructure of hydrogel on the PEGDA-MPC-DHV@VEGF.
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solution (ethylene glycol solution with 4% ninhydrin was mixed with an
equal volume of 0.2 M citrate acid solution containing 0.16% Tin chlo-
ride, pH ¼ 5). Then, the solutions were diluted to 2 mL with deionized
water. The tubes were kept in a water bath at 95 �C for 45 min. After the
solution had cooled down, 250 μL of isopropanol was added to each tube
to terminate the reaction before the 200 μL of supernatant was trans-
ferred into 96-well plates, and the OD values at 570 nm were detected by
a microplate reader (Multiskan MK3, Thermo Fisher, USA). The heart
valves were lyophilized and weighed. The remnant amino group content
was calculated with the following formula:

Remnant amino groups¼ODsample

�
Wsample

ODDHV=WDHV

The DHV and MADHV samples were washed and transferred into
centrifuge tubes before 0.5 mL concentrated HCl was added to each tube
to dissolve the samples for 24 h at 37 �C. The supernatant was collected
and dried in a vacuum oven. The obtained dried pellet was dissolved in
D2O for 1HNMR (Varian 400).

2.4. Preparation of hydrogel-coated hybrid heart valves

Glu-DHVs: The DHVs were cross-linked with the 0.625% glutaralde-
hyde solution (diluted with PBS) for 24 h at 37 �C. The samples were
further washed with PBS for at least three times.

PEGDA-DHVs: MADHVs were lyophilized and then immersed into the
hydrogel precursor solution (15% PEGDA and initiator 0.06% LAP, w/v)
for 2 h at 37 �C. Then, the samples were spread out, and 30 μL of hydrogel
precursor solution was added to the surface. The hydrogel precursor was
irradiated by a visible light source (405 nm, 60 mW/cm2) for 2 min.
Then, the samples were turned, and the above procedures were per-
formed again.

PEGDA-MPC-DHVs: The lyophilized MADHVs were immersed into
the hydrogel precursor solution (15% PEGDA, 15% MPC, and initiator
0.06% LAP, w/v) for 2 h at 37 �C and then were prepared as mentioned
above.

PEGDA-MPC-DHVs@VEGF: The MADHVs were developed with the
precursor solution (15% PEGDA, 15% MPC, and initiator 0.06% LAP, w/
v, 1 μg/mL VEGF) as described above.

All the obtained heart valves were stored in sterilized and antibiotic-
containing PBS at 4 �C for further experiments.

2.5. Characterization of hydrogel-coated hybrid heart valves

ATR-FTIR spectroscopy ((INVENIO, Bruker, Germany) was used to
verify the chemical compositions of all the sample surfaces. Scanning
electron microscopy (SEM) was used to observe the microstructure of the
heart valves. In a brief, samples were dehydrated by increasing gradient
ethanol solutions (30%, 50%, 70%, 90%, 100%) for 15 min at each
concentration and followed by CO2 critical point drying. Then, the
morphologies of the dried samples were observed by SEM (Nova Nano-
SEM 450, USA).

Immunohistochemical staining and VEGF quantification by ELISA
were used to verify the efficient loading of VEGF in the PEGDA-MPC-
DHVs@VEGF. Briefly, for immunostaining, sections were incubated
with the primary antibody rabbit anti-human VEGF (1:100, Servicebio,
Wuhan, China) and then visualized using a horseradish peroxidase
(HRP)-labeled goat antirabbit IgG (1:200, Servicebio) and dia-
minobenzidine (DAB) kit (Servicebio). Cell nuclei were stained with
hematoxylin. The images were captured by an automatic digital slide
scanner (Pannoramic MIDI, 3DHISTECH Ltd. Budapest, Hungary). For
VEGF quantification detected by ELISA in the samples, nearly 20 mg of
sample tissue was homogenized at 4 �C to obtain supernatant, and the
VEGF concentration was detected with the Human VEGF ELISA kit
(Mukti Science, EK183-02) according to the manual and the absorbances
at 450 nm were read with a microplate absorbance reader (BioTek,
4

Epoch).
The release property of loaded VEGF was assessed by ELISA to eval-

uate the release kinetics of VEGF in hydrogel. In a brief, 1000 ng/mL
VEGF were added into the PEGDA-MPC hydrogel precursor and the
photopolymerized to prepare PEGDA-MPC@VEGF hydrogel. Then the
hydrogel was immersed in sterilized PBS in 37 �C incubator. The su-
pernatants from the incubation solutions were withdrawn and frozen at
�20 �C at the determined time points (1, 3, 5, 7, and 14 days). The
quantitative measurement of the VEGF in the supernatants was per-
formed using the Human VEGF ELISA Kit (Mukti Science, EK183-02)
according to the manufacturer's specifications and the absorbances at
450 nm were read with a microplate absorbance reader (BioTek, Epoch).

2.6. Collagenase degradation

Collagenase degradation was performed to evaluate the stability of
collagen in the heart valve. The heart valves (n¼ 6) were cut into 1 cm�
1 cm pieces. Then, they were lyophilized and weighed. The weight ob-
tained before collagenase degradation was recorded as W0. Next, the
heart valves were immersed in collagenase I solution (80 U/mL, dis-
solved in PBS) at 37 �C for 24 h and 48 h, respectively. Then, the samples
were washed with deionized water and lyophilized again, and the ob-
tained dry weight was recorded as W1. The weight persistence after
degradation (%) was calculated with the following formula:

Weight persistence after degradation ð%Þ¼W1

W0
� 100%

2.7. Uniaxial tensile test

The uniaxial tensile test was conducted via an electronic universal
testing machine (BioTester, CellScale, Waterloo, Canada) to evaluate the
characteristics of the heart valves. Briefly, samples of the different
treatment groups (n ¼ 5) were cut into 20 mm � 5 mm strips along the
collagen fiber direction and washed with PBS three times. Then, three
random points on the surface of the heart valve were measured with a
thickness tester, followed by averaging for further statistics. Each sample
was pull tested at an extension rate of 12.5 mm/min until it fractured.
The elastic modulus and stress-strain curve were obtained from the
original data.

2.8. Adhesion assay of platelets in vitro

The platelet adhesion assay was performed to evaluate the throm-
bogenic properties of the heart valves. Platelet-rich plasma (PRP) was
obtained by centrifugation from rabbit citrated whole blood (1:9 volume
ratio of 3% sodium citrate to whole blood) at 1500 rpm for 15 min. The
heart valves were cut into 1 cm � 1 cm pieces and placed into 48-well
plates. Then 500 μL of PRP was added to the plates and incubated with
the samples for 2 h at 37 �C. Then, the heart valves were fixed with 2.5%
glutaraldehyde solution at 4 �C overnight. The heart valves were dried by
CO2 critical point drying and then the images were taken by SEM (Nova
NanoSEM 450, USA). For the LDH assay, the samples were treated with
0.5% Triton X-100 (v/v) for 30 min at room temperature. The LDH ac-
tivity in the lysed platelet suspension was detected by an LDH assay kit
according to the manuals.

2.9. Ex vivo antithrombogenicity assay

Animal experiments were approved by the Ethical Committee of
Sichuan University. The ex vivo antithrombogenicity assays were per-
formed according to previous reports [29]. Samples of each treatment
group (n ¼ 6) were cut into 0.5 cm � 1 cm strips and immersed in 75%
ethanol overnight, followed by rinsing with normal saline three times.
Then, the samples were constructed to tubes with an inner diameter of
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about 3mm and placed in the heparin-presoaked silicone tubes (the inner
diameter of silicone tube: 4.5 mm) (100 U/ml heparin solution). New
Zealand white rabbits were anesthetized with isoflurane continuously.
Then one side of the common carotid artery and the contralateral
external jugular vein were carefully isolated and cannulated with a
drainage tube. After 2 h of perfusion, the samples were removed and
rinsed with normal saline to remove uncoagulated blood. Then, the
samples were fixed with 2.5% glutaraldehyde solution and dehydrated
with CO2 critical point drying. A scanning electron microscope (Nova
NanoSEM 450, USA) was used to observe the morphology of the samples.

2.10. Hemolysis rate assay

The citrated rabbit blood was centrifuged and diluted with normal
saline to obtain a 2% erythrocyte suspension. The samples (1 cm � 1 cm)
were placed into 24-well plates and incubated with 500 μL 2% erythro-
cyte suspension for 1 h at 37 �C with continuous shaking. Then, the su-
pernatant was obtained by centrifugation at 1500 rpm for 15 min. The
supernatant absorbance at 540 nm was detected by a microplate reader
(Multiskan MK3, Thermo Fisher, USA). The treatment groups of eryth-
rocyte suspensions treated with normal saline and deionized water were
utilized as negative and positive controls, respectively. The hemolysis
rate was calculated using the following equation:

Hemolysis rate ð%Þ¼ODsample � ODnegative

ODpositve � ODnegative
� 100%

2.11. In vitro biocompatibility

2.11.1. In vitro cytotoxicity
To prepare the PEGDA-DHVs, PEGDA-MPC-DHVs, and PEGDA-MPC-

DHVs@VEGF, MADHVs were dialyzed in deionized water at room tem-
perature for 24 h and then sterilized in 75% ethanol for 24 h, followed by
washing with sterilized PBS for at least for 5 times. The hydrogel pre-
cursors were filtered through a 0.22 μm filter before they were used to
develop hydrogel-coated hybrid heart valves. The Glu-DHVs were ster-
ilized in 75% ethanol for 24 h. The sterilized Glu-DHVs and hydrogel-
coated hybrid heart valves were washed with sterilized PBS again at
least five times. Extracts were prepared by immersing the heart valves
into DMEM at a concentration of 0.1 g/mL for 24 h at 37 �C in a cell
incubator. The human umbilical endothelial cells (HUVECs) were seeded
in 96-well plates at a density of 2000 cells/well. After 8 h of incubation,
the mediumwas replaced with 200 μL of the obtained extract medium for
each well. Cells were cultured for 1, 3, and 5 days, and the culture ex-
tracts were replaced every two days. After culture, 100 μL of newmedium
and 10 μL of CCK-8 working solution were added to replace the previous
medium and incubated for another 2 h. The absorbance of supernatant at
450 nmwas read by a microplate reader (MultiskanMK3, Thermo Fisher,
USA) to detect cell viability.

2.11.2. HUVEC proliferation
The sterilized heart valves were obtained as mentioned above. After

being cut into 1 cm� 1 cm pieces and rinsed with sterilized with PBS, the
samples were placed into 48-well plates. Then, HUVECs were seeded on
the valves at a density of 4 � 104 cells/mL and cultured for 1, 3, and 5
days. After incubation, the heart valves were transferred to a new 48-well
plate, and 200 μL of DMEM and 20 μL of CCK-8 working solution were
added to the culture for 2 h at 37 �C. The absorbance at 450 nm was read
by a microplate reader to detect cell viability. For fluorescence micro-
scopy, samples were stained with DAPI and TRITC-phalloidin. Cell
morphology on the valves was immediately captured with a laser scan-
ning confocal microscope (Olympus spin, Japan). After coculture with
HUVECs, samples were fixed with 4% paraformaldehyde and HE staining
and immunohistochemical (IHC) staining were conducted to evaluate the
adhesion of HUVECs onto the heart valves. Rabbit antihuman Von Wil-
lebrand Factor was used to label endothelial cells adhered to the surface
5

of the heart valves. Images were obtained with an automatic digital slide
scanner (Pannoramic MIDI, 3DHISTECH Ltd. Budapest, Hungary).

2.12. Subcutaneous implantation

Animal experiments were approved by the Ethical Committee of
Sichuan University. The heart valves were cut into 1 cm � 1 cm pieces
and sterilized as mentioned above. Each treatment group of heart valves
was implanted subcutaneously and randomly in each SD rat. In brief, the
180–200 g male SD rats were anesthetized with pentobarbital sodium
and four dorsal surgical incisions were made on the back of each rat and
the samples were implanted subcutaneously. 30 days after the implan-
tation, samples with fibrous capsules were resected. The excised tissue
was utilized for histology and calcium content analysis.

2.12.1. Calcium deposition assay
Briefly, the fibrous tissue attached to the heart valve was carefully

removed by tweezers. Then the obtained heart valves were freeze-dried,
weighed and dissolved in 6 M HCl for 24 h at 60 �C. The supernatants
were collected, filtered and diluted 40-fold in deionized water before
ICP-OES (5100 SVDV, Agilent, USA) analysis.

2.12.2. Histological and immunohistochemical assay
The freshly fixed valves of the group Glu-DHVs, PEGDA-DHVs,

PEGDA-MPC-DHVs, and PEGDA-MPC-DHVs@VEGF treatment groups
were stained with HE, Masson, alizarin and immunohistochemical
staining. H&E staining and alizarin red staining were utilized to visualize
the cells and verify the calcium deposition, respectively. Masson staining
were utilized to verify collagen fibers. As for immunohistochemical (IHC)
staining, rabbit anti-rat F4/80 antibody and rabbit anti-rat CD3 antibody
were utilized to label macrophages and T cells, respectively. Cell nuclei
were stained with hematoxylin.

2.13. Statistical analysis

All experimental results are presented as the mean � standard devi-
ation (SD). One-way analysis of variance was performed for statistical
analyses of the data. A P value < 0.05 was considered statistically
significant.

3. Results

3.1. Optimization of hybrid hydrogel composition and VEGF concentration

Zwitterionic hydrogels with various amounts of MPC were prepared
to optimize the anti-biofouling property. As shown in Fig. S1a, the water
contact angle of the PEGDA hydrogel was 35.75 � 6.60�. The water
contact angle of hydrogels decreases as more MPC was added to the
hydrogels, which indicated that adding MPC increases the hydrophilic
properties of hydrogels. As shown in Fig. S1b, the protein adsorption
content on the surface of the PEGDA hydrogels were approximately
14.98 � 0.70 μg/cm2. With the addition of MPC to the hydrogel, the
adsorption content on the surface decreased. As shown in Fig. S2a, less
cell adhesion was observed on the pure hydrogel substrate compared to
the TCP control (the blank orifice plates without hydrogel treatment),
which indicated a better anti-biofouling property of the hydrogel.
Moreover, with the addition of more MPC to the hydrogels, the zwit-
terionic hydrogels showed better anti-cell adhesion properties than the
PEGDA hydrogels. The quantitative results of the adhered cells are shown
in Fig. S2b. PEGDA-15%MPCwas chosen as the optimized composition of
the hybrid hydrogels for further experiments.

VEGF was used to facilitate the proliferation and adhesion of endo-
thelial cells. As shown in Fig. S3a, the PEGDA-MPC hydrogels exhibited
the least cell adhesion on the surface. With the addition of VEGF to the
hydrogels, more cell adhesion was observed on the surface of the
hydrogel compared to the PEGDA-MPC hybrid hydrogels. The
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quantitative results of adhesion cells in Fig. S3b showed a significant
difference between the PEGDA-MPC treatment group and the PEGDA-
MPC-DHVsþ1.0 μg/mL VEGF treatment group, while no significant dif-
ference was observed between the PEGDA-MPC treatment group and the
PEGDA-MPC-DHVsþ0.5 μg/mL VEGF treatment group, which indicated
that a higher concentration of VEGF leads to better proliferation and
adhesion of endothelial cells. In addition, with increasing concentrations
of MPC, the hybrid hydrogels did not exhibit much cytotoxicity, as shown
in Fig. S4. As a result, PEGDA-MPC-DHVsþ1.0 μg/mL VEGF was chosen
for further experiments.
3.2. Characterization of DHVs, MADHVs, and PEGDA-MPC-
DHVs@VEGF

Masson staining and H&E staining were used to confirm the efficiency
of decellularization of the heart valves. As shown in Fig. S5, no cells were
found in the DHV samples. MA was grafted onto DHVs via a reaction
between amino groups and anhydride. 1H NMR was utilized to directly
verify the successful grafting of MA into the DHVs. As shown in Fig. 2a
two obvious peaks (5.3 ppm and 5.6 ppm) were observed in the MADHVs
compared with the DHVs, which indicated the successful grafting of the
vinyl groups on MADHVs.

The content of remnant amino groups can indirectly reflect the
grafting degree of MA. As shown in Fig. 2c, the lower content of remnant
Fig. 2. Characterization of the hybrid hydrogel heart valve. (a) 1H NMR spectra o
PEGDA-MPC-DHVs. (c) Relative content of remnant amino groups detected by the n
ELLISA (n ¼ 5). (e) The in vitro cumulative release of VEGF in hydrogel over a span
for the hybrid hydrogel heart valves of PEGDA-MPC-DHVþ0.5 μg/mL VEGF and PE
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amino groups indicated a higher grafting degree of vinyl groups in the
MADHVs. With the increase in feed ratio from 0.1 to 1.0, the amino
content significantly decreased. However, the content of remnant amino
groups did not decrease significantly despite the feed ratio increasing
from 1.0 to 3.0, which indicated that the reaction between amino groups
and MA reached a saturated state. The feed ratio of 1.0 was chosen for
further experiments.

FTIR was used to characterize the composition and successful grafting
of PEGDA andMPC onto the surface of the MADHVs. As shown in Fig. 2b,
the FTIR spectra of the PEGDA and PEGDA-DHVs showed the same peaks
at 840 cm�1, 1237-1280 cm�1, 1775 cm�1, and 2876 cm�1, which rep-
resented the rocking vibration CH2 of CH2CH2O, asymmetric stretching
C–O–C, stretching vibration C

–

–O of COOC, and symmetric stretching
CH2 respectively. The same peak between the PEGDA and PEGDA-DHVs
indicated that the DHV samples were fully covered by PEGDA hydrogels.
In addition, compared to the FTIR peak of the PEGDA hydrogel, the
spectrum of the PEGDA-MPC-DHV sample indicated additional peaks at
960 cm�1, which indicated the occurrence of –Nþ(CH3)3, at 1080 cm�1

and 1237 cm�1, which were ascribed to P–O stretching and P
–

–O
stretching, respectively. The FTIR results demonstrate the successful
grafting of MPC molecules into the PEGDA hydrogel. And the results in
Fig. S6 show that the dry weight remaining of hydrogel is decreasing with
the time increasing, which indicates that the PEGDA, PEGDA-MPC, and
PEGDA-MPC@VEGF hydrogels are degradable.
f MADHVs and DHVs. (b) FTIR spectra of PEGDA hydrogel, PEGDA-DHVs and
inhydrin assay (n ¼ 6). (d) VEGF in hydrogel-hybrid heart valve quantified by
of 14 days (n ¼ 3). (f) Representative VEGF immunostaining (anti-VEGF) images
GDA-MPC-DHVþ1.0 μg/mL VEGF groups.
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VEGF quantification and immunohistochemical staining were utilized
to characterize the efficient loading of VEGF in the hybrid hydrogel heart
valves. Fig. 2d shows that the amount of total loaded VEGF in the PEGDA-
MPC-DHV@VEGF increased with increasing VEGF content. Compared
with the PEGDA-MPC-DHVs, more brown VEGF staining was observed in
the PEGDA-MPC-DHVsþ1 μg/mL VEGF by immunostaining (Fig. 2f).
These results confirmed that VEGF was successfully and efficiently
loaded in the hybrid hydrogel heart valve system.

The in vitro release kinetics of VEGF was quantified in PBS at 37 �C
for up to 14 days. As shown in Fig. 2e, an initial important and rapid
release of VEGF from the PEGDA-MPC@VEGF hydrogel was observed
within 24 h, The total amount of VEGF released during 14 days reached
about 380.45 � 43.78 pg/mL.

3.3. Morphologies of heart valves

As shown in SEM in Fig. 3, the surface of the Glu-DHVs seemed rough
and obvious collagen fibers lined the surface. However, the surface of the
heart valve modified by the hydrogel appears smooth, and the cross-
section images show a clear boundary lines between the heart valves
and hybrid hydrogel films.

3.4. Collagen stability

Collagenase degeneration in vitro was used to evaluate the stability of
collagen. As shown in Fig. 4a, the weight persistence ratios of the Glu-
DHVs, PEGDA-DHVs, PEGDA-MPC-DHVs, and PEGDA-MPC-
DHVs@VEGF were 35.04 � 9.63%, 94.71 � 2.62%, 92.63 � 1.67%,
90.02� 2.48%, and 90.04� 4.68% after 24 h of collagen I treatment and
38.66 � 9.35%, 94.86 � 4.06%, 85.11 � 11.22%, 89.94 � 5.03%, and
85.19 � 3.36% after 48 h of collagen I treatment, respectively, which
were much higher than that of the DHVs. Moreover, no significant dif-
ference in the weight persistence ratio was observed among the Glu-
DHVs, PEGDA-DHVs, PEGDA-MPC-DHVs, and PEGDA-MPC-
DHVs@VEGF, which indicated that similar collagen stability can be
achieved by free radical polymerization compared to the Glu-DHVs. This
result indicates that hybrid coating treatment can provide comparative
collagen stability after implantation.

3.5. Mechanical property

As shown in Fig. 4b, the elastic moduli of the Glu-DHVs (10.08� 1.33
MPa) were significantly higher than that of the PHVs (6.79 � 2.12 MPa),
DHVs (5.95 � 1.71 MPa), PEGDA-DHVs (6.50 � 0.60 MPa), PEGDA-
MPC-DHVs (6.24 � 1.05 MPa) and PEGDA-MPC-DHVs@VEGF (6.38 �
1.02 MPa). However, no significant difference was observed among the
elastic moduli of the PHVs, DHVs, PEGDA-DHVs, PEGDA-MPC-DHVs,
Fig. 3. Morphologic characterization of the heart valves. (a) Surface and (b) cross sec
PEGDA-MPC-DHVs, and PEGDA-MPC-DHVs@VEGF groups.
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and PEGDA-MPC-DHVs@VEGF. Moreover, no significant difference in
fracture strain was observed among the six groups as shown in Fig. 4c.
The stress-strain curves are shown in Fig. S7.
3.6. Hemocompatibility

Platelet adhesion and hemolysis rate assays were performed to eval-
uate the hemocompatibility performance of the heart valves. As shown in
Fig. 5a, various platelets were observed to adhere to the surface of the
Glu-DHVs and PEGDA-DHVs, while less platelet adhesion was seen on the
surface of the PEGDA-MPC-DHV and PEGDA-MPC-DHVs@VEGF, which
indicated that the zwitterionic monomer MPC improved anti-platelet
adhesion on the surface of heart valves. Moreover, LDH quantification
in Fig. 5b showed that the LDH activity of the PEGDA-MPC-DHVs and
PEGDA-MPC-DHVs@VEGF was significantly lower than that of the Glu-
DHVs, which indicated significantly less platelet adhesion in the
PEGDA-MPC-DHVs and PEGDA-MPC-DHVs@VEGF than in the Glu-
DHVs.

The hemolysis rates of Glu-DHVs, PEGDA-DHVs, PEGDA-MPC-DHVs,
and PEGDA-MPC-DHVs@VEGF in Fig. 5c were 1.20 � 0.32%, 0.91 �
0.38%, 0.60 � 0.21%, and 1.13 � 0.29%, respectively and the hemolysis
rates of the four treatment groups were all lower than 5%. There was no
significant difference in hemolysis among the four groups. The hemolysis
assay images are shown in Fig. S8.

The ex vivo antithrombogenicity assay was further used to evaluate
the integrated hemocompatibility of the heart valves within a physio-
logical status as shown in Fig. 6a. After exposure of the heart valves to
blood in ex vivo blood circulation for 2 h, a large amount of thrombus
formed on the surface of the Glu-DHVs and PEGDA-DHVs whereas there
was little blood clotting on the surface of the PEGDA-MPC-DHVs and
PEGDA-MPC-DHVs@VEGF samples (Fig. 6b and c). Moreover, the SEM
results in Fig. 6d show that in the Glu-DHVs samples, there was a massive
number of activated platelets and erythrocytes trapped in the fibrin
network. In contrast, there were few adhered platelets and erythrocytes,
which was consistent with the macroscopic phenomenon. Therefore, the
PEGDA-MPC-DHVs and PEGDA-MPC-DHVs@VEGF samples exhibit bet-
ter hemocompatibility than the Glu-DHVs.
3.7. In vitro cytotoxicity

A cytotoxicity assay of the heart valve extracts was performed to
evaluate the cytotoxicity of the heart valves. As shown in Fig. 7a, there
was no significant difference in cell viability among the four treatment
groups, and the cell viability of all four groups was higher than 80%,
which indicated that the heart valve coated with hydrogel exhibited no
cytotoxicity.
tion images of the heart valves observed by SEM in the Glu-DHVs, PEGDA-DHVs,



Fig. 4. Collagen stability and mechanical properties of the heart valves. (a) Weight persistence ratio after collagenase I treatment for 24 h and 48 h (n ¼ 6). (b) Elastic
modulus (n ¼ 5) and (c) fracture strain of the heart valves in groups PHVs, Glu-DHVs, PEGDA-DHVs, PEGDA-MPC-DHVs and PEGDA-MPC-DHVs@VEGF (n ¼ 5),
respectively. * indicates P < 0.05 and ** indicates P < 0.01.
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3.8. HUVEC proliferation on the heart valves

HUVEC proliferation on the heart valve surface reflected the endo-
thelialization potential of the hydrogel-coated heart valves. According to
the CCK-8 results shown in Fig. 7b, the cell viability of the PEGDA-DHVs
and PEGDA-MPC-DHVs@VEGF was much higher than that of Glu-DHVs
on the 3rd and 5th days, which indicated that more endothelial cells were
seeded on the surface of the PEGDA-DHVs and PEGDA-MPC-
DHVs@VEGF. Moreover, the cell viability of PEGDA-MPC-DHVs was
lower than that of PEGDA-MPC-DHVs@VEGF, which indicated that
VEGF promoted endothelial cell adhesion and proliferation on the sur-
face of heart valves. As shown in Fig. 7c, the PEGDA-MPC-DHVs@VEGF
exhibited the most endothelial cells on the 3rd and 5th days, while nearly
no cell adhesion or proliferation was observed on the surface of the Glu-
DHVs, which was consistent with the CCK-8 results. Moreover, the HE
and VWF immunohistochemistry in Fig. S9 shows that more endothelial
cells adhered to the surface of the PEGDA-MPC-DHVs@VEGF than that of
the Glu-DHV after coculture with HUVECs for 5 days.
3.9. Biocompatibility

After 30 days of subcutaneous implantation in the rats, the heart valve
samples were subjected to histological and immunohistochemical stain-
ing, which was utilized to evaluate the biocompatibility and immune
response of the heart valves. As shown in Fig. 8a, HE staining images
showed that there were large amounts of inflammatory cells on the
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interface between the implanted heart valves and the surrounding
fibrous capsule, and some inflammatory cells could even be seen infil-
trating deep into the heart valve tissue in the Glu-DHV group. However,
fewer cells were recruited around the implanted heart valve in the other
groups. And the Masson staining images in Fig. 8b showed the collagen
structure of heart valve and the hydrogel on the surface and among the
collagens can be observed in the hydrogel-hybrid hear valves.

Then, to further evaluate the immune response, biomarkers such as
F4/80 and CD3were utilized to verify the phenotype of the inflammatory
cells around the implanted heart valves. In immunohistochemical stain-
ing, the inflammatory cells marked by F4/80 and CD3 antibodies were
macrophages and T cells, respectively. As shown in Fig. 9, for all samples,
various F4/80-marked macrophages were distributed around the inter-
face between the samples and surrounding tissue, while fewer CD3-
marked T cells were observed around the samples. In the immune
response, microphages seemed more active than the T cells, especially
the Glu-DHVs. More microphages and T cells were disturbed around the
sample tissues in the Glu-DHV groups than in the hydrogel-hybrid heart
valve groups, which indicated that the hydrogel coating elicited a much-
mitigated immune response than the Glu-DHVs. Moreover, there were
more recruited microphages than CD3-positive T cells in the four groups.
3.10. In vivo calcification

Alizarin red staining and calcium quantitation by ICP-OES were uti-
lized to determine the calcification degree of heart valves after 30 days of



Fig. 5. Hemocompatibility of the heart valves. (a) SEM images of the heart valves after incubation with platelet-rich plasma. (b) LDH quantification of adhered
platelets on the heart valves (n ¼ 6). (c) Hemolysis rate of the heart valves in groups Glu-DHVs, PEGDA-DHVs, PEGDA-MPC-DHVs, and PEGDA-MPC-DHVs@VEGF (n
¼ 5), respectively. ** indicates P < 0.01.
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implantation. As shown in Fig. 10a, a high degree of calcium deposition,
dyed orange, can be observed in the heart valve tissue in the Glu-DHVs,
which indicated that heart valve calcification occurred. However, less
calcium deposition was observed in the other treatment groups. ICP-OES,
which determined the calcification quantitation of the heart valves, is
shown in Fig. 10b. The calcium contents of the Glu-DHVs, PEGDA-DHVs,
PEGDA-MPC-DHVs, and PEGDA-MPC-DHVs@VEGF were 1.66 � 0.67
μg/mg, 0.86 � 0.10 μg/mg, 1.03 � 0.07 μg/mg, and 0.85 � 0.25 μg/mg,
respectively. Significant differences were observed among the Glu-DHV
group and PEGDA-DHVs, PEGDA-MPC-DHVs, and PEGDA-MPC-
DHVs@VEGF groups. However, there was no significant difference
among the PEGDA-DHVs, PEGDA-MPC-DHVs, and PEGDA-MPC-
DHVs@VEGF groups. The results suggested that the zwitterionic
hydrogel-coated heart valves exhibited higher anti-calcification proper-
ties compared with the Glu-DHVs.

4. Discussion

Currently, bioprosthetic heart valves are popular in the clinic due to
their excellent natural structure and hemodynamic characteristics.
However, clinically used bioprosthetic heart valves, which are cross-
linked with glutaraldehyde, still exhibit some drawbacks such as calci-
fication, cytotoxicity, triggering an immune response, and
thrombogenesis [16,30–33]. Cytotoxicity of glutaraldehyde can lead to
failure of endothelialization of the heart valve, which is crucial to their
lifespan. These drawbacks lead to the failure of
glutaraldehyde-crosslinked heart valves between 12 and 15 years [31].
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Therefore, anti-calcification, coagulation deactivation and endotheliali-
zation of prosthetic heart valves are considered important for prolonging
their lifespan of heart valves.

Nonglutaraldehyde crosslinker and anti-biofouling material have
been used to modify bioprosthetic heart valves to improve anti-
calcification and biocompatibility [21,34]. For example, zwitterionic
monomers, such as SBMA, have been used to coat heart valves and
exhibit excellent antiadhesion of proteins, platelets and cells and
improved anti-calcification and biocompatibility [22]. However, this
repealing of the nonspecific adhesion of cells can lead to failure of
endothelial cell adhesion, which is not beneficial for rapid
re-endothelialization of heart valves and their long-term stability.
Therefore, in this study, we developed a hydrogel hybrid-coated heart
valve from porcine heart valves, zwitterionic monomers MPC, and VEGF
to improve anti-biofouling, anti-calcification and biocompatibility. First,
we used porcine heart valves as scaffolds for the bioprosthetic heart
valves. Second, the heart valves are grafted by vinyl groups through re-
actions between amino groups and anhydrides, which were used to
crosslink collagen and provide chemical bonds between the heart valves
and hydrogels. Third, the zwitterionic hydrogel was coated onto the
surface of the MADHVs via photoinitiated radical polymerization.
Furthermore, to improve the endothelialization of the heart valve, VEGF
was loaded into the zwitterionic hydrogel system. As a result, the hybrid
hydrogel-coated heart valves could be developed with anti-calcification,
anti-biofouling and rapid endothelialization properties.

Decellularization has been considered a way of deactivating the im-
mune response and calcification [35–37]. To affirm the efficiency of



Fig. 6. Ex vivo antithrombogenicity assay. (a) Intraoperative image of the establishment of ex vivo blood circulation. (b) Photos of the heart valve samples before the
test and (c) after the test. (d) SEM images of the heart valves in the Glu-DHVs, PEGDA-DHVs, PEGDA-MPC-DHVs and PEGDA-MPC-DHVs@VEGF groups after the ex
vivo antithrombogenicity assay.

Q. Tong et al. Materials Today Bio 17 (2022) 100459
decellularization, HE and Masson staining were performed and the re-
sults of decellularization showed that no cells remained in the heart
valves.

The surface of the natural porcine heart valves exhibits limited
hemocompatibility and immune response. Therefore, PEGDA-MPC
zwitterionic hydrogels were coated on the surface of native heart
valves. To crosslink collagen and provide chemical bonds for the
hydrogel precursor, vinyl groups were grafted onto the heart valves. 1H
NMR spectra also demonstrated successful grafting of vinyl groups into
the DHVs and FTIR spectra demonstrated that PEGDA and MPC mole-
cules were grafted in the PEGDA-MPC hydrogel-coated heart valve.

VEGF is a protein that can promote the adhesion and proliferation of
endothelial cells and has been utilized to promote re-endothelialization
of implanted cardiovascular devices [38–40]. In this study, VEGF was
loaded in a hybrid hydrogel, which can function as a drug delivery sys-
tem in medical fields. In the next experiments, we then demonstrated the
efficiency of VEGF loading on the PEGDA/MPC hybrid hydrogel by VEGF
staining. Our results showed that VEGF was effectively present on the
surface of the heart valves. The in vitro release kinetics of VEGF
demonstrate that the most VEGF was released within 1 day, when VEGF
can play a role in promoting adhesion and proliferation of endothelial
cells. However, the defect of hydrogel loaded with VEGF is the uncon-
trolled rapid releasing within the early time. Moreover, we performed
HUVEC culture experiments and found enhanced HUVEC adhesion and
proliferation on VEGF-loaded hybrid hydrogel heart valves via fluores-
cence microscopy and CCK-8 cell viability quantification. Thus, loaded
VEGF can improve HUVEC adhesion and proliferation, which exhibits the
improved re-endothelialization potential of heart valves.

Collagen, the main component of the heart valve, has been recognized
as crucial for structural stability and mechanical properties. Glutaralde-
hyde has been reported to increase the stability of collagen because of its
ability to increase the cross-linking of collagen fibers through Schiff base
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reactions. It has been reported that the stability of collagen in meth-
acrylated DHVs can also be improved via radical polymerization of vinyl
[5]. Crosslinking via radical polymerization of the heart valve shows
comparable collagen stability compared with glutaraldehyde treatment.
In our study, the hybrid hydrogel-coated heart valves showed similar
weight persistence after collagenase treatment, which indicates that they
have comparable collagen stability compared with that of the Glu-DHV.
Therefore, the improved collagen stability, compared to the control, is
from crosslinking via radical polymerization. Moreover, we hypothesize
that hydrogel film can act as a barrier to protect the collagenase bonding
site in the heart valve from exposure to collagen, thus decreasing the
degeneration of collagen. The results of the subcutaneous implantation
assay showed that almost intact collagen structures can be maintained for
hybrid hydrogel-coated heart valves.

The proper mechanical properties of the bioprosthetic heart valve
play a crucial role in maintaining the normal function of opening and
closing. According to previous studies, the elastic moduli of the natural
aortic leaflet are 3–15 MPa in the circumferential direction and 1–2 MPa
in the radial direction [41]. In our results, the hybrid hydrogel coating
treatment did not significantly improve the elastic moduli compared with
that of the DHVs, while the glutaraldehyde treatment significantly
improved the mechanical properties compared with DHVs. It might be
associated with degree of crosslinking in PEGDA-MPC-DHVs@VEGF,
which is lower than that of Glu-DHVs [28]. However, the elastic
moduli of hybrid hydrogel-coated heart valves remained within the
range of elastic moduli of natural aortic valve leaflets, which indicated
that PEGDA-MPC-DHVs@VEGF can exhibit comparable mechanical
properties to natural heart valves. Moreover, excessive crosslinking of
collagen might lead to high stiffness of heart valves and sacrifice the
compliance, thus negatively affecting the opening and close function of
heart valves [42].

Blood compatibility is considered essential for implanted



Fig. 7. In vitro biocompatibility of the heart valves.
Cell viabilities of the HUVECs after culturing with (a)
the extraction and (b) seeding on the surface of the
heart valves of the Glu-DHVs, PEGDA-DHVs, PEGDA-
MPC-DHVs and PEGDA-MPC-DHVs@VEGF groups
for 1 day, 3 days, and 5 days, respectively (n ¼ 6); (c)
Fluorescence images of the HUVECs being seeded on
the heart valves in the Glu-DHVs, PEGDA-DHVs,
PEGDA-MPC-DHVs and PEGDA-MPC-DHVs@VEGF
groups, respectively, for 1 day, 3 days, and 5 days. *
indicates P < 0.05, ** indicates P < 0.01.

Fig. 8. (a) HE and (b) Masson staining images of heart valves after subcutaneous implantation for 30 days.
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cardiovascular devices and undesirable protein absorption, and platelet
adhesion leads to dysfunction and a decreased lifespan of implants.
Thrombosis on artificial heart valves may result in stent occlusion or
influence their opening and closing function, even leading to severe
complications such as stroke [43]. Although glutaraldehyde-crosslinked
heart valves show good hemocompatibility and hemodynamic
11
characteristics, thrombosis still occurs in patients who undergo bio-
prosthetic heart valve surgery [3,44]. Protein adsorption and platelet
adhesion are not inevitable on the surface of glutaraldehyde-crosslinked
heart valves, which might lead to thrombosis. Previous studies showed
that zwitterion polymer hydrogels exhibited excellent anti-biofouling
(ability to repeal proteins and microbe adhesion onto the surface of



Fig. 9. Immune response elicited by the heart valves after subcutaneous implantation in rats for 30 days. Representative IHC images stained with (a) F4/80 and
(b) CD3.

Fig. 10. In vivo calcification after subcutaneous implantation for 30 days. (a) Alizarin red staining images and (b) quantitative analysis of calcium content by ICP-OES
(n ¼ 5). * indicates P < 0.05.
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materials) and biocompatibility properties [45,46]. PEGDA functions as a
crosslinker and exhibits good hydrophilicity and biocompatibility and
thus has been used in many fields of medicine, such as tissue engineering
[47] and drug delivery systems [48]. Zwitterion polymers contain equal
amounts of anionic and cationic groups, thus exhibiting electrical
neutrality, and a stable hydrated layer can be formed by the ionic sol-
vation of cationic and anionic groups, which leads to anti-biofouling
properties [49–51]. And the hydration layer can avoid favorable inter-
action with protein molecules. As for the implants in cardiovascular
systems, the activation of coagulation first originates from the biofouling.
Plasma protein adhesion can lead to activation of complement, thus
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further supporting platelet adhesion and activation. Then activated
platelets initiate coagulation activation ending with the generation of
thrombin and fibrin and thrombus formation [52]. Therefore, anti-
biofouling property of implants modified with zwitterionic polymers can
lead to improved hemocompatibility. Zwitterionic monomers such as
SBMA and MPC have been used in cardiovascular devices due to their
excellent hemocompatibility and antibiofouling properties [22,53]. In
our study, zwitterionic monomer MPC was assembled in the PEGDA
hydrogel, and this hybrid hydrogel exhibited anti-biofouling properties.
In the platelet adhesion experiments, fewer platelets adhered onto the
surface of the zwitterionic hydrogel-coated heart valves, which was
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attributed to the anti-biofouling ability of the zwitterion hydrogel. The
cytotoxicity experiment and hemolysis rate experiment showed that the
zwitterionic hydrogel-coated heart valves were not toxic to HUVECs and
showed a hemolysis rate of less than 5%, which indicated that they had
improved hemocompatibility.

Re-endothelialization is crucial to improve the hemocompatibility
and stability of cardiovascular implants. The layer of endothelial cells
plays an important role in the cardiovascular system in antithrombotic
and antiproliferative properties. Adhesion and aggregation of platelets
and leucocytes can lead to potential inflammation and thrombi [25,26].
However, a previous study showed that cytotoxicity from glutaraldehyde
can result in endothelial cell death, thus leading to deficient
re-endothelialization of bioprosthetic heart valves [32]. In this study,
VEGF released from hydrogel can attract HUVECs to immigrate towards
the heart valve surface and promote the proliferation of the adhered
HUVECs to enhance the re-endothelilalization potential of the heart
valves. Because of the antibiofouling of zwitterionic hydrogel-coated
heart valves, endothelial cells rarely adhere to their surface. As shown
in the results of fluorescence microscopy and CCK-8 cell viability quan-
tification, fewer HUVECs were observed to adhere to the surface of the
zwitterionic hydrogel-coated heart valves than the zwitterionic
hydrogel-coated heart valves loaded with VEGF. However, significant
difference in cell number was observed between the treatment group
PEGDA-MPC-DHVs and the PEGDA-MPC-DHVs@VEGF in the 3 days and
5 days, which might attribute to the effect of promoting proliferation of
HUVECs [40]. All the results indicate that VEGF promotes HUVEC
adhesion and proliferation onto the surface of heart valves, which is
consistent with the previous hypothesis. Moreover, the adhesion of
endothelial cells on the PEGDA-MPC-DHVs@VEGF might attribute to the
cell adhesion sites, such as RGD in the extracellular matrix of natural
heart valves [21].

Immune/inflammatory response are reported to be associated with
structural valve deterioration. After implantation of prosthetic heart
valves, an immune response is inevitable and is considered closely
related to deterioration and calcification [16,54]. The excessive or
chronic inflammation response to implanted heart valve may be adverse
and undesired. Studies have found that monocytes in inflammatory re-
actions can drive the degradation of extracellular matrix of implanted
heart valve scaffolds while macrophages can release proteolytic enzymes
such as matrix metalloproteinase (MMP) and plasmin, leading to ECM
degradation and stratification [55,56]. In addition, macrophages can also
secrete calcium binding proteins such as osteopontin and osteopontin to
promote calcification of the bioprosthetic heart valve [57]. However,
previous studies have found the macrophage such as M2 macrophages
plays a positive role in repair and regeneration process by supporting and
activating stem/progenitor cells, clearing damaged tissue, remodeling
extracellular matrix to prepare scaffolding for regeneration and pro-
moting angiogenesis, which indicates that inflammation might have a
positive effect on repair and regeneration [58,59]. Therefore, immu-
ne/inflammatory response have both beneficial and adverse aspects. In
our study, heart valve samples were implanted subcutaneously into rats
to evaluate the immune response, and T cells and macrophages were
evaluated by immunohistochemical staining marked by CD3 and F4/80
antibodies, respectively. The PEGDA-MPC-DHVs and
PEGDA-MPC-DHVs@VEGF exhibited less T-cell and microphage infil-
tration in the heart valve tissue than the Glu-DHVs, which indicated that
zwitterionic hydrogel coating can inhibit the infiltration of inflammatory
cells in some extent, thus decreasing the immune response in the early
stage. And the stratification of collagen can be observed in the Glu-DHVs,
which indicates that severe and excessive immune/inflammatory
response led to structural valve deterioration. However, there was still
T-cell and microphage infiltration into the heart valve tissues where the
coated hydrogel had degenerated. This infiltration of immune cells might
result from antigen exposure after degeneration of the hydrogel. There-
fore, the property of decreasing immune response needs to be verified by
further experiments.
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Calcification accounts for the dysfunction of heart valves, which
limits the lifespan of prosthetic heart valves [60]. In our study, alizarin
red staining and ICP-OES were used to evaluate the calcification of the
heart valve after 30 days of subcutaneous implantation. As these results
showed, the Glu-DHVs exhibited the most calcification of the four
groups, while less calcification deposition was observed in the zwitter-
ionic hydrogel-coated heart valves, which indicated that the
anti-calcification effect might be due to the hydrogel coating. A previous
study showed that the anti-calcification property of zwitterionic hydro-
gels with a molecular network had steric and electrostatic obstruction,
which can hinder the permeation of calcium [61]. However, the quan-
tification of calcification deposition in the Glu-DHV group was lower
than that in a previous study [39,62]. Multiple factors, such as the con-
centration of glutaraldehyde and implantation duration can affect the
degree of calcification of glutaraldehyde-crosslinked bioprosthetic heart
valves after implantation. Increased concentrations of glutaraldehyde
and longer implantation times can lead to more calcification of bio-
prosthetic heart valves [17,62].

5. Limitations

The limitations of our study are as follows: first, the VEGF loading
strategy by one-layer hydrogel might have some drawbacks, such as a
limited amount of VEGF loading and rapid release of VEGF. The rapid
released of VEGF may be detrimental to its long-term effect of promoting
the adhesion and proliferation of endothelial cells. Further studies are
needed to achieve a slow release of VEGF in the hybrid heart valves.
Secondly, the immune response cannot be completely restrained in
hybrid hydrogel-coated heart valves. Some inflammatory cells, such as
microphages, can still be observed to infiltrate into hybrid hydrogel-
coated heart valves. Therefore, a strategy using only zwitterion hydro-
gels to suppress the immune response seems limited. Further studies and
anti-immune response strategies, such as the utilization of immunosup-
pressor, need to be developed to improve the biocompatibility of pros-
thetic heart valves. Moreover, the stability and durability of the seeded
layer of endothelial cells is unknown. And it is unknown whether the
seeded endothelial cells grow firmly on the valve surface. Maybe, it is a
challenge to maintain the re-endothelialization under bloodstream,
especially under high shear stress in physiological situation and further
studies are needed to verify it.

6. Conclusion

In this study, hydrophilic PEGDA and zwitterionic MPC were used to
coat heart valves, and the PEGDA-MPC-DHVs exhibited excellent
hemocompatibility properties. The VEGF-loaded PEGDA-MPC-DHVs
exhibited improved re-endothelialization potential, reduced calcifica-
tion, and a mitigated immune response compared with the Glu-DHVs. In
conclusion, the PEGDA-MPC-DHVs@VEGF might be a promising and
alternative prosthetic heart valve for heart valve replacement in the
future.
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