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ABSTRACT

Valvular heart disease (VHD) poses a thorny problem in cardiovascular diseases. The most effective treatment for
VHD is heart valve replacement. Biological heart valve (BHV) is more favored than mechanical heart valve due to
the maturity of transcatheter heart valve replacement (THVR) and the absence of the need for lifelong antico-
agulant use. However, traditional commercial BHV suffers degeneration within 10-15 years because of calcifi-
cation caused by the cross-linking reagent, glutaraldehyde. Considering the remarkable properties of POSS, PEG,
and the star-like eight-arm structure, we fabricated POSS-PEG-PP, which is a decellularized porcine pericardium
(DPP) crosslinked by a star-like eight-arm cross-linker octafunctionalized POSS of benzaldehyde-terminated
polyethylene glycol (POSS-PEG-CHO) based on the Schiff’s base reaction. POSS-PEG-PP exhibits more intense
fiber arrangement and better mechanical properties than GLUT-PP (glutaraldehyde crosslinked DPP). The results
also show that the cytocompatibility, endothelialization, and hemocompatibility of POSS-PEG-PP are
outstanding in vitro. Subsequently, in vivo assessments demonstrate that POSS-PEG-PP has anti-inflammatory
and anti-calcification abilities. Furthermore, RNA sequencing analysis of subcutaneous implants suggests that
the intervention of AMPK and IL-17 signaling pathways plays an important role in the inflammatory and immune
responses regulation of POSS-PEG-PP. Therefore, POSS-PEG-PP is an excellent substitute material for BHVs and is
expected to be clinically transformed.

1. Introduction

over MHV because MHV requires lifelong anticoagulant therapy and
BHV is more suitable for Transcatheter Heart Valve Replacement

Valvular heart disease (VHD) ranks as the third most common car-
diovascular condition, only following coronary artery disease and hy-
pertension. Currently, there are no pharmaceutical treatments approved
for VHD, and the only curative option is heart valve replacement, which
can be performed using either mechanical heart valve (MHV) or bio-
logical heart valve (BHV) [1,2]. Recently, BHV has gained preference
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(THVR) [3,4]. However, the majority of commercially available BHVs,
which are primarily made from glutaraldehyde-crosslinked porcine or
bovine pericardium, tend to undergo degenerative changes within
10-15 years due to calcification [5]. The calcification of BHV is pri-
marily attributed to immune responses, thrombosis, and the toxicity of
glutaraldehyde [6,7]. Hence, there is a pressing need for innovative
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cross-linking techniques that can endow BHV with reduced immuno-
genicity, improved cytocompatibility, hemocompatibility, and
anti-calcification properties.

Over the past few decades, a variety of methods have been explored
to replace glutaraldehyde in the crosslinking process of BHV. These
include the use of epoxy compounds [8], polyphenols [9,10], 1-eth-
yl-3-(3-dimethylaminopropylcarbodiimide
hydrochloride/N-hydroxy-succinimide (EDC/NHS) [11], oxidized hy-
aluronic acid [12] and photo crosslinking techniques [13,14]. Despite
the potential benefits of these alternatives, such as reduced cytotoxicity
and improved resistance to calcification, none have been implemented
in clinical practice due to a range of limitations. These shortcomings
may include issues with biocompatibility, durability, or the complexity
of the crosslinking process, which prevented these methods from
becoming the standard process for the fabrication of clinically applied
BHV.

In recent years, polyhedral oligomeric silsesquioxanes (POSS) have
emerged as a promising material in the cardiovascular field of
biomedical engineering [15]. The most prevalent variant is the POSS
cage(hereinafter called POSS), which features a central cubic structure
composed of eight silicon atoms connected to twelve oxygen atoms at
the edges (Si-O-Si), with each silicon atom capable of having an organic
group attached around the cage’s perimeter [16]. Seifalian’s group
demonstrated that POSS exhibited no cytotoxicity and was capable of
significantly enhancing the adhesion, proliferation, and confluence
formation of endothelial cells on polymer materials via an in vitro study
[17]. This finding suggests that POSS can create a more favorable
cellular microenvironment on these materials, which is crucial for their
potential biomedical applications. Besides, they discovered that POSS
could effectively reduce the infiltration of inflammatory cells and the
formation of capsules around the nanocomposite through subcutaneous
implantation in sheep [18]. Moreover, another in vitro study was carried
out by the group, which verified that POSS had the ability to alleviate
the adhesion of fibrinogen and platelets. Additionally, POSS could
decrease the formation of blood clots and increase the lysis of clots when
in contact with blood. The antithrombogenic property of POSS might
primarily stem from its incessant conformational changes, which endow
it with unique functions in regulating blood-material interactions. [19].
Additionally, the tensile strength and elastic modulus of the nano-
composite were elevated significantly in the case of the introduction of
POSS [20]. Furthermore, the anti-calcification ability of the material
was strengthened by POSS, which was verified via an in vitro acceler-
ated physiological pulsatile pressure system [21]. In summary, the
incorporation of POSS cage into cardiovascular polymer materials can
enhance the mechanical properties, cytocompatibility, biostability,
antithrombogenicity and anti-calcification ability of these materials.
Hence, POSS cage holds great potential for improving the performance
and longevity of cardiovascular implants and devices [15].

Polyethylene glycol (PEG) has gained widespread application in the
medical fields due to its versatile physicochemical properties [22]. The
process of PEGylation, which involves coating a material’s surface with
PEG, can prevent enzymatic degradation, reduce immunogenic and
antigenic reactions, and avoid recognition by the mononuclear phago-
cyte system (MPS) through a phenomenon known as the Stealth effect,
which prevents proteins from adsorbing to the material surface [23,24].
It has been verified through an in vitro study that the introduction of
POSS into 4-arm-PEG hydrogel is capable of enhancing the surficial
roughness, as well as improving the anti-thrombosis and
anti-calcification abilities of the hydrogel. Moreover, as the concentra-
tion of POSS increases within the range of 0-4 %, the aforementioned
properties are further strengthened. When the decellularized heart valve
was coated with POSS-PEG hybrid hydrogel, it obtained enhanced me-
chanical properties, improved endothelialization, heightened degrada-
tion resistance, and better anti-thrombosis and anti-calcification
abilities [25,26]. A star-like eight-arm cross-linker octafunctionalized
POSS of benzaldehyde-terminated polyethylene glycol
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(POSS-PEG-CHO) has exhibited excellent performance in the domain of
diabetic wound healing [27,28]. The composite hydrogels composed of
POSS-PEG-CHO and hydroxypropyltrimethyl ammonium chloride chi-
tosan (HACC) have displayed strong mechanical strength, favorable
cytocompatibility, remarkable cell proliferation, and potent antibacte-
rial properties. Furthermore, when applied to the wounds of diabetic
mice, the composite hydrogels exhibited a lower inflammatory response
[28]. Actually, apart from the fact that POSS can enhance the mechan-
ical property of materials, the larger number of cross-linking points of
star polymers can also enhance their strength [29].

Although aldehydes have been criticized for their toxicity in bio-
logical crosslinking applications, their benefits are not negligible. For
instance, the mechanical strength of materials can be markedly
enhanced through crosslinking with aldehyde groups, and the reaction
efficiency between amino groups and aldehyde groups is particularly
notable. Therefore, due to the relatively low aldehyde group content in
POSS-PEG-CHO than glutaraldehyde because of the high molecular
weight of POSS-PEG-CHO, it is possible to create BHV with superior
performance and little aldehyde content. In our study, as shown in
Fig. 1, we used POSS-PEG-CHO to crosslink DPP to get POSS-PEG-PP and
investigate its performance in various aspects.

2. Materials and methods
2.1. Materials

Allyl polyethylene glycol (Allyl-PEG-OH, Mn = 2 kDa) was sourced
from Jiangsu Haian Petroleum Chemical Factory (Nantong, China). 1-(3-
Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDCI) and
2,2-Dimethoxy-2-phenylacetophenone (DMPA) were purchased from
Adamas (Shanghai, China). Glutaraldehyde (50 %), citric acid, ninhy-
drin and ethylene glycol were obtained from Aladdin. Sodium dodecyl
sulfate (SDS) was purchased from Biofroxx. Triton X-100, bovine serum
albumin conjugated with fluorescein isothiocyanate (BSA-FITC), Calcein
AM/PI assay kit, and Alizarin Red S solution were all acquired from
Solarbio. Lucifer Yellow CH dilithium salt was sourced from MedChe-
mExpress. Fibrinogen conjugated with fluorescein isothiocyanate (FBG-
FITC) was obtained from Xi’an Ruixi Biological Technology Co., Ltd.
Phosphate-buffered saline (PBS) was purchased from Biosharp. Dul-
becco’s Modified Eagle Medium (DMEM) and fetal bovine serum (FBS)
were procured from Gibco. The LDH cytotoxicity assay kit and DAPI
solution were acquired from Beyotime. Cell Counting Kit-8 (CCK-8) was
obtained from Hycezmbio. CD3 antibody was sourced from Genetech,
and CD68 antibody was purchased from Boster.

2.2. Synthesis of octafunctionalized POSS of benzaldehyde-terminated
polyethylene glycol

POSS-PEG (2 kDa) -CHO was synthesized according to the previous
reports [28]. After that, 1H NMR and '3C NMR were used to characterize
POSS-PEG-CHO.

2.3. Preparation of DPP

In accordance with previous studies [30,31], fresh porcine pericar-
dium (PP) was obtained from the sacrificed porcine and washed with
PBS. Subsequently, the adipose tissue was gently removed from the PP.
After that, the PP was then immersed in 0.5 % (v/v) solution of Triton
X-100 for 12 h, followed by 0.5 % (w/w) solution of sodium dodecyl
sulfate (SDS) for an additional 12 h, both at a temperature of 37 °C with
continuous agitation. After this treatment, the substance was washing
with deionized water three times, each time 10 min. Then, the decel-
lularized porcine pericardium (DPP) was obtained.
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Fig. 1. The fabrication procedure of POSS-PEG-PP with pro-mechanical property, pro-endothelialization, anti-thrombosis, anti-inflammation and anti-
calcification property.
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2.4. Preparation of Glut-PP

DPP was soaked in 0.625 % (w/w) glutaraldehyde solution for 24 h
in 37 °C with constant shaking and glutaraldehyde crosslinked porcine
pericardium (GLUT-PP) was obtained. Before the tests, the Glut-PP was
washed by deionized water three times with each wash lasting for 10
min.

2.5. Preparation of POSS-PEG-PP

DPP was soaked in POSS-PEG-CHO solutions at varying concentra-
tions(10 mg/mL, 20 mg/mL, 30 mg/mL, 40 mg/mL, and 50 mg/mL) for
24 h in 37 °C with consistent shaking, respectively. Then, 5 types of
POSS-PEG-CHO crosslinked porcine pericardium were obtained. Before
the tests, the POSS-PEG-PP was washed with deionized water three
times for 10 min each.

2.6. Amino content test

the content of materials was quantified by the ninhydrin assay. The
materials were cut in to square shape (1 cm x 1 cm) and washed by
deionized water for 3 times. Then, the materials were lyophilized for 24
h and weighed (W),Ninhydrin and citrate acid (0.1 M) was mixed in
ethylene glycol solution to prepare the ninhydrin solution(1 mg/mL, pH
= 5). The materials were immersed in 1 mL ninhydrin solution and
bathed away from light at 95 °C for 1 h. After competition, the mixtures
were cooled to room temperature. Then, the supernatant was transferred
into a 96-well plate and absorbance at 567 nm was measured by a
microplate reader. The content of amnio was calculated by the followed
formulation:
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mm) and rinsed with deionized water three times. The materials were
then placed between two glass slides and freeze-dried. After drying, the
samples were flattened on a smooth glass slide, and the contact angle of
water was measured using a tensiometer.

2.10. Thermal shrinkage temperature test

The thermal shrinkage temperature of the samples was determined
using Differential Scanning Calorimetry (DSC). DPP, GLUT-PP and
POSS-PEG-PP were cut into squares (10 mm x 10 mm) and rinsed with
deionized water for 3 times. Then, materials were places in between two
glass slides and freeze-dried. After drying, the samples were placed in
hermetically sealed pans and heated at a rate of 5 °C/min from 30 to
120 °C under nitrogen atmosphere. The maximum value of endotherm
peak was recorded as thermal shrinkage temperature.

2.11. Aldehyde group content test

The aldehyde group content of the samples was quantified using the
lucifer yellow CH assay. DPP, GLUT-PP, and POSS-PEG-PP samples were
cut into circular patches (¢ = 6 mm) and washed by deionized water for
3 times to remove any residual contaminants. Subsequently, the samples
were placed in the wells of a 96-well plate and incubated with a lucifer
yellow solution at a concentration of 10 pg/mL, with 500 pL per well, for
12 h. After the incubation, the samples were rinsed three times with
deionized water to remove unbound lucifer yellow. The fluorescence of
the bound lucifer yellow was then measured using a confocal laser
scanning microscope, with an excitation wavelength set at 405 nm and
an emission wavelength at 540 nm.

2.12. Protein adhesion

Relative Amino Content (%) = (ODmateriats / Wanateriats) / (ODppp / Wppp) X 100%

2.7. Characterizations

DPP, GLUT-PP, and POSS-PEG-PP samples were cut into squares (10
mm x 10 mm) and sandwiched between two glass slides to maintain
their shape. Subsequently, the sandwiched samples underwent a freeze-
drying process. To further analyze the properties of these samples, they
were then subjected to multiple advanced characterization techniques.
Specifically, Attenuated total reflection Fourier-transform infrared
spectroscopy (ATR-FTIR), Scanning Electron Microscope (SEM) and
Atomic Force Microscope (AFM). The sample went through gold
spraying in 40 mA for 60 s before SEM observation due to its non-
conductive property.

2.8. Uniaxial tensile performance test

DPP, GLUT-PP and POSS-PEG-PP were cut into rectangles (30 mm x
10 mm) and the samples were soaked in PBS before test. The thickness of
samples was measured and recorder by a vernier scale in three different
points. Thereafter, both ends of each sample were firmly pinched into
the clamps of a tensile tester. The initial lengths (LO) of samples between
clamps were recorded for later analysis. The PPs were stretched within
the tensile tester at a constant speed of 20 mm/min until fracture.
During this process, the force-displacement curve was recorded for
further analysis.

2.9. Water contact angle test

DPP, GLUT-PP and POSS-PEG-PP were cut into squares (10 mm x 10

DPP, GLUT-PP and POSS-PEG-PP were cut into circular patches (¢ =
10 mm) and washed by PBS for 3 times. Then materials were placed at
the wells of a 48-well plate and incubated with either bovine serum
albumin conjugated with fluorescein isothiocyanate (BSA-FITC) at a
concentration of 1 mg/mL or fibrinogen conjugated with fluorescein
isothiocyanate (FBG-FITC) at a concentration of 0.1 mg/mL, with 500 pL
per well, at 37 °C for 2 h. Following the incubation, the samples were
rinsed three times with PBS. The fluorescence of the samples was sub-
sequently measured using a confocal laser scanning microscope, with
excitation and emission wavelengths set at 488 nm and 525 nm,
respectively.

2.13. In vitro cytotoxicity evaluation

1929 cells were employed to assess the in vitro cytotoxicity of the
materials. DPP, GLUT-PP and POSS-PEG-PP samples were initially
washed with deionized water three times to remove any contaminants.
Subsequently, the samples were cut into small pieces and sterilized using
75 % ethanol for 24 h, followed by UV irradiation for 2 h. The samples
were then rinsed with PBS three times to remove the residual ethanol.
Complete medium was prepared with RPMI 1640 medium containing 1
% penicillin-streptomycin and 10 % fetal bovine serum. Then, the 30
cm? samples’ pieces were rinsed in 10 mL of complete medium at 37 °C
for 3 days with constant shake to obtain extract liquid. L929 cells were
seeded in a 96-well plate with a density of 5 x 10° cells per well. Once
the cells had adhered to the well bottom, the medium was replaced with
sample extract and complete medium was set as the negative control.
Cell viability was assessed using the cell counting kit-8 (CCK-8) assay at
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1 day and 3 days after incubation at 37 °C in a 5 % CO; atmosphere. For
the assay, 100 pL of Dulbecco’s Modified Eagle Medium (DMEM) con-
taining 10 % CCK-8 reagent was added to each well. After 1 h incuba-
tion, the reaction mixture was transferred to a new 96-well plate, and
the absorbance at 450 nm was measured using a microplate reader.
Besides, 1929 cells were seeded into Confocal Dishes and cultured ac-
cording to the previously described method. After 3 days culture, the
cells were gently washed with PBS. Subsequently, they were incubated
with the Calcein-AM/PI Assay solution at 37 °C for 30 min. Then, the
1929 cells were rinsed again with PBS. Finally, the cells were examined
under a confocal laser scanning microscope to evaluate their viability
and morphology.

2.14. Human umbilical vein endothelial cells growth

DPP, GLUT-PP and POSS-PEG-PP were cut into circular patches (¢ =
10 mm) and washed with deionized water 3 times. Then, these were
sterilized with 75 % ethanol for 24 h followed by UV irradiation for 2 h.
After that, the samples were rinsed in PBS 3 times to remove the residual
ethanol. Sterilized samples were placed in the wells of a 48-well plate,
and human umbilical vein endothelial cells (HUVECs) were seeded on
the samples at a density of 1.5 x 10* cells per well. The cells were
incubated at 37 °C in 5 % carbon dioxide atmosphere for 1 day, 3 days
and 5 days to allow for adhesion and proliferation. The Medium was
replaced per 24 h. After the accomplishment of culture, the cell viability
was measured by cell counting kit-8 (CCK-8) assay. Each well was
replaced by 300 pL. DMEM containing 10 % CCK-8 reagent. After 1 h
incubation, 100 pL reaction mixture was transferred into a new 96-well
plate and absorbance at 450 nm was measured by a microplate reader.
Besides, the samples cultured after 3 days and 5 days were washed with
PBS, and each well was incubated with 300 pL of Calcein-AM/PI assay
solution at 37 °C for 30 min. After incubation, each well was rinsed with
PBS, and the samples were observed under a confocal laser scanning
microscope to assess cell viability and morphology.

2.15. Hemolysis test

DPP, GLUT-PP and POSS-PEG-PP were cut into circular patches (¢ =
10 mm) and washed with PBS 3 times. The samples were then placed at
the wells of a 48-well plate. Fresh rat artery blood was collected with
EDTA anticoagulant vacuum tube. The blood was centrifuged at 1500 r/
min for 15 min to separate the components, after which the supernatant
was discarded. 350 pL red blood cell suspension and 700 pL PBS were
added to each well and incubated together at 37 °C for 2 h. Deionized
water and PBS were set as positive control and negative control,
respectively. After the completion of the incubation, the samples were
removed and 1000 pL of the mixed solution was transferred into 2 mL
centrifuge tubes and centrifuged at 3000 r/min for 10 min. Finally, the
supernatant was transferred to a 96-well plate, and the absorbance value
at 541 nm was measured using a microplate reader. The hemolysis was
calculated by the followed formulation:
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thrombus were carefully transferred into new wells and washed with
PBS to remove any unbound blood components before being photo-
graphed. Finally, the samples were tested by LDH cytotoxicity assay kit
and the absorbance was measured at 490 nm using a microplate reader.

2.17. Platelet adhesion

DPP, GLUT-PP and POSS-PEG-PP were cut into circular patches (¢ =
10 mm) and washed with PBS 3 times. Then the samples were placed at
the wells of a 48-well plate. Fresh rat blood was collected and centri-
fuged at 1500 r/min for 15 min to separate and obtain platelet-rich
plasma (PRP). Subsequently, 300 pL of PRP was added on the samples
and incubated at 37 °C for 1 h to allow for platelet interaction with the
samples. After incubation, the samples were tested by LDH cytotoxicity
assay kit and the absorbance was measured at 490 nm using a microplate
reader.

2.18. Subcutaneous implantation test

The animal experiment was approved by Ethical Committee of
Zhongnan Hospital of Wuhan University. Materials were cut into squares
(10 mm x 10 mm) and rinsed with deionized water three times. Then the
samples were sterilized using 75 % ethanol solution for 24 h, followed by
UV irradiation for 2 h. Subsequently, the samples were rinsed with PBS
five times, with each rinse lasting 15 min within a biological safety
cabinet to ensure a sterile environment. Subcutaneous implantation
surgery was performed on Sprague Dawley rats (male, 50 + 10 g) raised
in individual ventilated cages (IVCs). Incisions were made with scalpel
on the back of each rat under sodium pentobarbital (30 mg/kg) anes-
thesia and the samples were implanted in both sides of each incision.
Each rat was implanted with 6 samples in 3 incisions. After implanta-
tion, the wounds were closed using 4-0 sutures. After 7 days, 14 days, 30
days, 60 days and 90 days of implantation, samples together with cap-
sules were retrieved for further analysis.

2.19. Histological and immunohistochemistry analysis

Initially, samples were fixed in a 4 % paraformaldehyde solution to
preserve their structure. Subsequently, the samples were dehydrated,
embedded in paraffin, and sectioned into 4 mm slices. These sections
were then subjected to various staining protocols to visualize different
components: hematoxylin and eosin (HE) for cellular morphology,
Masson’s trichrome for collagen fibers, 4/, 6-diamidino-2-phenylindole
(DAPI) for cell nuclei, and Alizarin Red S for calcium deposits. To spe-
cifically label immune cells, sections were treated with CD68 antibody
for macrophages and CD3 antibody for T cells. The ratio of CD3" lym-
phocytes and CD68" macrophages was quantified by analyzing images
captured at 40 x magnification.

2.20. Calcium analysis

The fibrous capsules enveloping the samples were meticulously

HemOlYSis ratio (%) = (ODmaterial_ ODnegative control / (ODpositive control ™ ODnegative Control) x 100%

2.16. Recalcification whole blood clotting

DPP, GLUT-PP and POSS-PEG-PP were cut into circular patches (¢ =
10 mm) and washed with PBS 3 times. The samples were then placed at
the wells of a 48-well plate. 500 pL fresh rat blood containing 2 % (v/v)
100 mM CaCl; were added on materials and incubated at 37 °C for 1 h to
allow for thrombus formation. After incubation, the samples with

dissected and removed, after which the samples were subjected to
freeze-drying. The dried samples were then weighed and subsequently
digested in 1 mL of 6 M hydrochloric acid (HCI) at a temperature of 95
°C for 12 h to solubilize the samples and release the calcium ions.
Subsequently, the supernatant was carefully filtered using 40 pm filters
and the filtrate was diluted with deionized water to prepare it for
analysis. The calcium content of the samples was then quantified using
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an inductively coupled plasma optical emission spectrometer (ICP-OES).
2.21. RNA-seq analysis

Total RNA was collected from samples including DPP, GLUT-PP, and
POSS-PEG-PP after a 2 weeks subcutaneous implantation. Extraction of
total RNA was performed using Trizol Reagent (Invitrogen Life Tech-
nologies). Subsequently, 3 mg RNA was applied as the input for RNA
sample preparations. To generate sequencing libraries, mRNA was iso-
lated from the total RNA using poly-T oligo-attached magnetic beads.
Fragmentation was executed using divalent cations at an elevated
temperature within Illumina’s proprietary fragmentation buffer. First-
strand cDNA was synthesized with random oligonucleotides and Super
Script II. Then, second-strand cDNA synthesis was carried out using DNA
Polymerase I and RNase H. Remaining overhangs were transformed into
blunt ends through exonuclease/polymerase activities, and the enzymes
were removed. After adenylation of the 3’ ends of the DNA fragments,
Mlumina PE adapter oligonucleotides were connected to prepare for
hybridization. The library fragments were purified using the AMPure XP
system (Beckman Coulter, Beverly, CA, USA) to select the preferred
400-500 bp cDNA fragments in length. DNA fragments with ligated
adaptor molecules on both ends were selectively enriched using Illumina
PCR Primer Cocktail in a 15-cycle PCR reaction. Products were purified
(AMPure XP system) and quantified using the Agilent high sensitivity
DNA assay on a Bioanalyzer 2100 system (Agilent). The sequencing li-
brary was then sequenced on NovaSeq 6000 platform (Illumina)
Shanghai Personal Biotechnology Cp. Ltd. For bioinformatics analysis,
HTSeq was used to compare the Read Count values on each gene as the
original expression of the gene, and FPKM was used to standardize the
expression. The difference expression of genes was analyzed by DESeq2
(v1.38.3) with screened conditions as follows: expression difference
multiple |log2FoldChange| > 1, significant P value < 0.05.

2.22. Statistical analysis

Data was calculated and shown as mean = standard deviation (SD).
Comparisons between two groups were analyzed with unpaired t-tests.
One-way analysis of variance (ANOVA) was used for statistical analyses
of multiple comparisons. P < 0.05 were considered statistically
significant.

3. Results
3.1. Preparation of scaffolds

The synthesis of the crosslinking agent, POSS-PEG-CHO, was carried
out following previously established methods. The structural integrity of
POSS-PEG-CHO was confirmed through 'H NMR (Fig. S1A) and 3C
NMR (Fig. S1B) spectroscopic analysis. As shown in Fig. 2D, HE staining,
along with DAPI staining, demonstrated that cells were completely
removed from the PP, resulting in DPP. Furthermore, Masson staining
indicated that DPP retained the majority of the collagenous fibers from
PP, with a noticeable change that the fiber arrangement became looser
and more disorganized compared to the PP. POSS-PEG-PP were pre-
pared by reacting POSS-PEG-CHO solutions of varying concentrations
(10 mg/mlL, 20 mg/mL, 30 mg/mL, 40 mg/mL, and 50 mg/mL) with
DPP through Schiff base reaction (Fig. 2A). The crosslinking degree of
POSS-PEG-PP at concentrations of 40 mg/mL and 50 mg/mL showed no
significant difference and was found less than GLUT-PP (Fig. 2B).
Consequently, we selected the 40 mg/mL POSS-PEG-PP for subsequent
experiments. The successful fabrication of POSS-PEG-PP was validated
by ATR-FTIR spectroscopy. As shown in Fig. 2C, the disappearance of
the aldehyde group absorption peak at 1715 cm™!, along with the
emergence of characteristic peaks for Si-O-Si bonds at 1035 cm ™! and C-
H bonds at 2882 cm !, confirmed that POSS-PEG-CHO had reacted with
DPP and POSS-PEG was successfully conjugated to DPP.
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3.2. Characterization

The color of POSS-PEG-PP was white in general view (Fig. S2). As
shown in Fig. 2E, the surface morphology of the materials was examined
using SEM. It was observed that the arrangement of the wavy fibers
became more compact after the crosslinking process, with POSS-PEG-PP
exhibiting a denser structure compared to GLUT-PP. Additionally, both
POSS-PEG-PP and GLUT-PP maintained their integrity, showing almost
no visible cracks and no fiber breakage after undergoing the freeze-
drying procedure. The surface property of the materials was further
tested using AFM. The two-dimensional AFM images revealed denser
fiber networks for both POSS-PEG-PP and GLUT-PP. The three-
dimensional AFM images provided a more detailed view of the surface
topography, with POSS-PEG-PP displaying the highest roughness (Ra =
69.1 nm), followed by GLUT-PP at 67.4 nm. In contrast, DPP showed the
lowest roughness, with Ra = 24.3 nm.

3.3. Physical and chemical properties

The WCA measurements for the various materials revealed distinct
surface properties. The WCA of DPP was measured at 27.68 + 0.77°.
Crosslinking with GLUT resulted in an increase in WCA to 38.67 +
2.00°, suggesting a more hydrophobic surface. Conversely, the WCA of
POSS-PEG-PP decreased to 19.62 + 0.53° (Fig. 3B), indicating a more
hydrophilic surface. To evaluate the thermal stability of these materials,
DSC was employed to determine the thermal shrinkage temperature.
DPP demonstrated relatively poor thermal stability, with a thermal
shrinkage temperature of 83.71 + 1.47 °C. Crosslinking with GLUT or
POSS-PEG-PP significantly enhanced thermal stability. The thermal
shrinkage temperatures for GLUT-PP and POSS-PEG-PP were raised to
93.55 + 2.80 °C and 89.63 + 3.02 °C, respectively, with no significant
difference observed between the two (Fig. 3G). To confirm the me-
chanical stability of the materials, their tensile performance was
measured and analyzed. As shown in Fig. 3E, the ultimate tensile
strength of DPP was 7.95 + 1.88 MPa. The ultimate tensile strength of
the other two was improved, with POSS-PEG-PP (28.90 + 2.26 MPa)
showing a significantly higher value than GLUT-PP (15.78 + 1.30 MPa).
The slope of the stress-strain curve, representing the elastic modulus,
also increased for the crosslinked materials (Fig. 3A). The elastic
modulus of DPP was 19.45 4+ 3.23 MPa, while POSS-PEG-PP reached
97.44 + 10.87 MPa, outperforming GLUT-PP at 28.29 + 2.55 MPa
(Fig. 3D). The content of aldehyde groups in the materials is a critical
factor affecting cytocompatibility and biocompatibility. To detect re-
sidual aldehyde groups, the lucifer yellow CH assay and 2,4-dinitrophe-
nylhydrazine assay were applied. After incubation with lucifer yellow
CH solution, the color of GLUT-PP turned to green-yellow in general
view, while the other two groups did not change (Fig. S3). When
detected under confocal laser scanning microscope, the relative lucifer
yellow fluorescence intensity in the GLUT-PP group was markedly
elevated compared to the DPP group, indicating a greater abundance of
residual aldehyde groups. In contrast, the POSS-PEG-PP group exhibited
low fluorescence intensity that was not significantly different from the
DPP group (Fig. 3C and F). The 2,4-dinitrophenylhydrazine experiment
results (Fig. S7A and B) corroborated lucifer yellow CH assay results,
indicating low level of residual aldehyde groups of POSS-PEG-PP, which
is advantageous for cytocompatibility and biocompatibility.

3.4. Cytocompatibility

To evaluate the cytotoxicity of the materials, L929 cells were
exposed to extracts derived from the different materials. Cell viability
was evaluated using the CCK8 assay at two time points: 1 day and 3 days
post-exposure. Additionally, the cellular survival status was assessed on
day 3 using the Calcein AM/PI Assay. The CCK8 assay results demon-
strated that both DPP and POSS-PEG-PP did not exhibit significant dif-
ference in cell viability when compared to the negative control
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Fig. 2. Preparation and characterization of materials. (A) Scheme of the reaction between POSS-PEG-CHO and DPP. (B) Amino content of DPP, GLUT-PP and POSS-
PEG-PP (10 mg/mL, 20 mg/mL, 30 mg/mL, 40 mg/mL and 50 mg/mL). (C) The FTIR spectra of POSS-PEG-CHO, DPP, POSS-PEG-PP and GLUT-PP. (D) HE, Masson
and DAPI staining of PP and DPP. (E) SEM and AFM images of the surface morphology of DPP, GLUT-PP and POSS-PEG-PP. Data are expressed as the mean + SD, *p
< 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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Fig. 3. Physical and chemical properties of materials. (A) The strain-stress curve of DPP, GLUT-PP and POSS-PEG-PP. (B) The water contact angle of DPP, GLUT-PP
and POSS-PEG-PP. (C) Lucifer yellow CH staining images of DPP, GLUT-PP and POSS-PEG-PP. (D) The Elastic modulus of DPP, GLUT-PP and POSS-PEG-PP. (E) The
ultimate tensile strength of DPP, GLUT-PP and POSS-PEG-PP. (F) Fluorescence intensity of DPP, GLUT-PP and POSS-PEG-PP after lucifer yellow CH staining. (G) The
thermal shrinkage temperature of DPP, GLUT-PP and POSS-PEG-PP. Data are expressed as the mean =+ SD, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. Cytocompatibility of materials. (A) Calcein-AM/PI staining images of L929 cells cultured for 3 days in the extracts of DPP, GLUT-PP and POSS-PEG-PP. (B)
Calcein-AM/PI staining images of HUVECs grown on the surface of DPP, GLUT-PP and POSS-PEG-PP. (C) CCK8 assay quantification of the viability of L929 cells
cultured in the extract of DPP, GLUT-PP and POSS-PEG-PP. (D) CCK8 assay quantification of the viability of HUVECs grown on the surface of DPP, GLUT-PP and
EOSS-PEG-PP. Data are expressed as the mean + SD, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

(complete medium) after both 1 day and 3 days of culture. In contrast,
the GLUT-PP group displayed significant cytotoxicity relative to the
negative control, with a particularly obvious effect observed on day 3
(Fig. 4C). This suggests that GLUT-PP has a higher cytotoxic potential
compared to DPP and POSS-PEG-PP, while there was no significant
difference in cytotoxicity between DPP and POSS-PEG-PP. The Calcein
AM/PI staining images (Fig. 4A) corroborated the findings from the
CCKS assay, further validating the observed trends in the cytotoxicity of
materials. To assess the adhesion and proliferation of HUVECs on
various materials, HUVECs were cultured on these substrates, and their
viability was evaluated using the CCK8 assay at 1 day, 3 days and 5 days
post-seeding. Additionally, the Calcein AM/PI assay was employed for
visual confirmation of cell viability at 3 days and 5 days post-seeding.
The CCK8 assay results indicated that both the POSS-PEG-PP and DPP
groups fostered superior adhesion and proliferation of HUVECs
compared to the GLUT-PP group, with the POSS-PEG-PP group
demonstrating the most robust function (Fig. 4D). The cell survival
staining images (Fig. 4B and Fig. S4) confirmed the CCK8 results,
showing a higher density of live cells on POSS-PEG-PP and DPP
compared to GLUT-PP. Furthermore, the images revealed the formation
of endothelial cell confluence on POSS-PEG-PP by day 5. This observa-
tion is significant as it indicates that POSS-PEG-PP not only supports
HUVECs adhesion and proliferation but also facilitates the development
of a confluent monolayer, which is a crucial step in the formation of a
functional endothelium.

3.5. Hemocompatibility

Thrombosis is a complex process that initiated by the non-specific
adsorption of proteins. To assess the protein adsorption properties of
the materials, BSA and FBG adhesion assays were conducted. The find-
ings demonstrated that POSS-PEG-PP significantly resisted protein
adsorption compared to the other materials (Fig. 5A, B and Q).
Regarding platelet adhesion, LDH assays and SEM were utilized to
evaluate the performance. The results indicated a substantial number of
platelets adhered to the surfaces of DPP and GLUT-PP, whereas only a
few attached to POSS-PEG-PP (Fig. 5H and I). This suggests that POSS-
PEG-PP possesses a propensity to repel platelet adhesion. For a more
comprehensive verification, recalcification whole blood clotting assay
was performed. As depicted in Fig. 5F and G, numerous blood clots were
observed on the surfaces of DPP and GLUT-PP, whereas only a few clots
adhered to POSS-PEG-PP. This observation implies that POSS-PEG-PP
exhibits a superior anti-thrombotic property. Hemolysis, an indicator
of erythrocyte compatibility, was also assessed as part of the evaluation
of material safety for blood contact. The hemolytic ratios for DPP, GLUT-
PP, and POSS-PEG-PP all were within the safety standards for materials
in contact with blood (hemolysis rate <2 %) according to ISO 10993-1
(Fig. 5D and E).

3.6. In vivo inflammation evaluation

The immunogenicity of biomaterials is a critical factor in the
degeneration of BHV, with T lymphocytes and macrophages playing an
essential role in immune responses. To assess in vivo immunogenicity of
the materials, subcutaneous implantation of materials in rats was con-
ducted, with samples retrieved after 1 week and 2 weeks for further
analysis. The presence of T lymphocytes and macrophages was identi-
fied through positive staining for CD3 and CD68, respectively. HE
staining revealed that the inflammatory cell infiltration around POSS-
PEG-PP was less compared to the other two groups.
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Immunohistochemical staining results indicated that POSS-PEG-PP
recruited the fewest CD3-positive T cells (Fig. 6A and B) and CD68-
positive macrophages (Fig. 6A and C) among the three groups, sug-
gesting lower immunogenicity. These findings imply that POSS-PEG-PP
has a capacity to escape from immune system, which is a desirable
attribute for biomaterials intended for long-term implantation in body.

3.7. In vivo calcification and degradation evaluation

Calcification is a major factor affecting the longevity of bioprosthetic
heart valves, and the ability to resist calcification is an essential evalu-
ation criterion for new materials intended for use in prosthetic valves.
Similar to in vivo inflammation evaluation, in vivo calcification
assessment also used rat subcutaneous implantation model and the im-
plants were retrieved after 1 month, 2 months and 3 months for further
analysis. HE was utilized to evaluate the whole performance. Alizarin
red staining and ICP-OES were employed to detect calcium salt content,
while Masson staining was used to assess the degradation of collagen
fibers. As shown in Fig. 7A, the results showed that POSS-PEG-PP dis-
played a good biocompatibility with the angiogenesis in the material. It
also demonstrated that POSS-PEG-PP exhibited superior anti-
calcification capabilities (Fig. 7B) and the majority of collagen fibers
remained intact after three months of subcutaneous implantation, in
contrast to GLUT-PP. This finding is significant as it suggests that POSS-
PEG-PP not only effectively resists calcification but also maintains the
structural integrity of collagen fibers, which is vital for the durability
and functionality of bioprosthetic heart valves.

3.8. RNA-seq analysis

To investigate the mechanism of POSS-PEG-PP in the regulation of
inflammation and calcification, we performed RNA-seq analysis of 2
weeks subcutaneous implants of DPP, GLUT-PP and POSS-PEG-PP. Gene
heatmaps and the top 20 differentially expressed genes (DEGs) are
shown in Fig. 8A. Moreover, the trend of 9 gene clusters is shown in
Fig. 8B and the difference among the 3 groups is obvious. The statistics
on the results of Differentially expressed genes (DEGs) of three com-
parison groups (DPP vs GLUT-PP, DPP vs POSS-PEG-PP and GLUT-PP vs
POSS-PEG-PP) were shown in Fig. S5A. There are 40 DEGs appearing in
all three comparison groups (Fig. 8C). DEGs between DPP and POSS-
PEG-PP were identified via the volcano plot (Fig. 8D), which showed
that 196 genes were up-regulated and 320 genes were down-regulated in
POSS-PEG-PP groups [log2(fold change) > 1, P < 0.05]. The volcano
plots of the other two comparison groups were shown in Figs. S5B and C.
Gene Ontology Enrichment analysis suggested significant associations of
the DEGs with immune system process, immune response, cell differ-
entiation, complement activation and signaling receptor binding
(Fig. 8E). The KEGG (Kyoto Encyclopedia of Genes and Genomes)
enrichment analysis showed the different performance between DPP and
POSS-PEG-PP is related to AMP-activated protein kinase (AMPK) and IL-
17 signaling pathways (Fig. 8F). Gene ontology and KEGG enrichment of
comparison between DPP and GLUT-PP was shown in Figs. S5D and E,
and the osteoclast differentiation pathway was significantly changed.
GO Gene Set Enrichment Analysis of the group (DPP vs POSS-PEG-PP)
suggested that the biological performance of POSS-PEG-PP was signifi-
cantly related to cell differentiation (Fig. S6A), negative regulation of
immune system process (Fig. S6B), negative regulation of leukocyte
activation (Fig. S6C), negative regulation of lymphocyte activation
(Fig. S6D). Besides, KEGG Gene Set Enrichment Analysis of the group
(DPP vs POSS-PEG-PP) was shown in Fig. S6E and it indicated the AMPK
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Fig. 5. Hemocompatibility of materials. (A) Confocal fluorescence microscope images of adhered BSA-FITC and FBG-FITC on the surface of DPP, GLUT-PP and POSS-
PEG-PP. (B) Fluorescence intensity of DPP, GLUT-PP and POSS-PEG-PP after 2 h incubation with BSA-FITC. (C) Fluorescence intensity of DPP, GLUT-PP and POSS-
PEG-PP after 2 h incubation with FBG-FITC. (D) The representative images of hemolysis. (E) The quantification of the supernatant at OD 490 nm of DPP, GLUT-PP
and POSS-PEG-PP. (F) SEM images of the clot on the surface on DPP, GLUT-PP and POSS-PEG-PP. (G) The representative images of clot and the relative content of
blood cells quantified by LDH assay on the surface of DPP, GLUT-PP and POSS-PEG-PP. (H) SEM images of the platelets adhered on the surface of DPP, GLUT-PP and
POSS-PEG-PP. (I) The relative content quantification of the platelets adhered on the surface of DPP, GLUT-PP and POSS-PEG-PP by LDH assay. Data are expressed as
the mean =+ SD, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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GLUT-PP and POSS-PEG-PP after 1 week and 2 weeks implantation. (B) The ratio of CD3-positive cells around DPP, GLUT-PP and POSS-PEG-PP after 1 week and 2
weeks implantation. (C) The ratio of CD68-positive cells around DPP, GLUT-PP and POSS-PEG-PP after 1 week and 2 weeks subcutaneous implantation. Data are

expressed as the mean + SD, *p < 0.05, **p < 0.01,

signal pathway of POSS-PEG-PP was down-regulated.
4. Discussion

The decellularization of porcine pericardium is essential for the
fabrication of BHV due to its inherent immunogenicity. However, this
procedure often results in a more loosely arranged fiber structure and a
corresponding reduction in mechanical properties [32]. Due to the
complex hemodynamic environment and the billions of cycles of open-
ing and closing that heart valves must endure, it is vital to enhance the
mechanical property of DPP. Traditionally, most commercially available
biological heart valves have utilized glutaraldehyde crosslinking to
bolster the mechanical strength of DPP. Nonetheless, GLUT-PP behaves
poorly in cytocompatibility, hemocompatibility, and anti-calcification
properties [33]. In light of these limitations, we have opted to utilize
POSS-PEG-CHO as crosslinking agent for DPP. Firstly, POSS-PEG-CHO
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*¥**p < 0.001, and ****p < 0.0001.

reacted with decellularized porcine pericardium (DPP) based on the
Schiff’s base reaction between the amino group within DPP and the
aldehyde group within POSS-PEG-CHO. And the fiber arrangement
changed after reaction mainly because of the star-like eight-arm
branches structure of POSS-PEG and the rigidity of POSS. Therefore, the
surface topography and the structural stability were altered. Besides, the
properties of material were improved with the introduction of POSS and
PEG. Such as, hydrophilicity, anti-thrombotic ability, immune regula-
tion ability, anti-calcific ability and so on. At a deeper level, the mech-
anism of biological performances of POSS-PEG-PP involved cell
differentiation, negative regulation of immune system process, negative
regulation of leukocyte activation, negative regulation of lymphocyte
activation and down-regulation of AMPK signaling pathway.

The arrangement of fibers of POSS-PEG-PP is notably more compact
compared to GLUT-PP, which aligns with our mechanical testing out-
comes. These results indicate that POSS-PEG-PP possesses superior
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for 1 month, 2 months and 3 months measured by ICP-OES. Data are expressed
as the mean + SD, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
(For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

ultimate tensile strength and tangent modulus, endowing it with
enhanced resilience against the pressures of bloodstream. The superior
mechanical performance of POSS-PEG-PP is mainly attributable to the
star-like eight-arm branches structure of POSS-PEG and the rigidity of
POSS having a strong framework with shorter bond lengths [20].
Additionally, POSS-PEG-PP exhibits good thermal stability, indicating
an excellent structural stability [34]. Hydrophilicity refers to the phys-
ical property of a substance that exhibits a strong affinity for water,
allowing it to interact, dissolve, or become wetted by water.
POSS-PEG-PP showed a more hydrophilic surface than both DPP and
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GLUT-PP mainly because of a multitude of C-O-C of PEG exiting on the
surface of POSS-PEG-PP. The hydrophilicity of materials’ surface is
closely related to the anti-thrombotic ability. Hydrophilic surfaces have
less blood protein adsorption which is the initiating event of thrombosis
than hydrophobic surfaces [35]. And less platelets adhere to the hy-
drophilic surfaces than hydrophobic surfaces because less fibrinogen
which is necessary for platelet adhesion is retained on the hydrophilic
surfaces [35-37]. Therefore, the hydrophilicity of POSS-PEG-PP makes a
significant contribution to the antithrombotic performance. Roughness
refers to the microscopic irregularities or deviations on a surface of a
material. The direct relationship between the material’s roughness and
the material hemocompatibility is controversial. However, it has been
demonstrated that the rough surface topography could facilitate the
adhesion, proliferation and migration of HUVECs [38,39]. And the
formation endothelial surface layer could endow material with
anti-thrombotic and immune regulation ability [40,41]. Hence, the
rough surface topography of POSS-PEG-PP could foster endothelializa-
tion process and further regulate anti-thrombotic and anti-inflammatory
property.

Cytocompatibility especially non-cytotoxicity and endothelialization
are crucial for BHV. The toxicity of implanted materials, such as GLUT-
PP, can lead to the death of surrounding cell and the local inflammation.
The toxicity of GLUT-PP is mainly attributed to the residual aldehyde
groups [42]. In contrast, POSS-PEG-PP has been shown to have fewer
residual aldehyde groups compared to GLUT-PP because of the relative
scarcity of aldehyde groups available for reaction with amines due to the
high molecular weight of POSS-PEG-CHO and the insufficient cross-
linking degree. Therefore, the L929 cell proliferation test showed
POSS-PEG-PP was nontoxic. The endothelialization of BHV plays a
pivotal role as a natural defense function, effectively preventing the
accumulation of calcium ions and resisting the adhesion of fibrin and
platelets. Hence, it is critically important in the prevention of throm-
bosis, a significant complication associated with cardiovascular im-
plants. Therefore, enhancing the adhesion and proliferation of
endothelial cells on the surfaces of cardiovascular materials is vital for
reducing post-implantation complications. In our study, POSS-PEG-PP
demonstrated superior performance in endothelialization. The rough
surface of POSS-PEG-PP could contribute to the enhanced endothelial-
ization observed in POSS-PEG-PP [43,44]. This characteristic is partic-
ularly important as it could lead to improved biocompatibility, reduced
thrombogenicity and calcification, thereby potentially extending the
lifespan and functionality of the bioprosthetic heart valves [45].

Hemocompatibility is a critical evaluative indicator for BHV due to
their direct contact with blood [46]. Erythrocyte safety is of primary
importance, as reflected by the hemolysis test. In the study,
POSS-PEG-PP has demonstrated no potential for erythrocyte toxicity,
indicating its safety in terms of erythrocyte interaction. Additionally, the
ability to resist thrombosis is essential for blood-contacting medical
devices because the detached thrombus can be carried by the blood-
stream and blocks blood vessels in the body. Besides, the attached
thrombus can lead to dysfunction and degeneration of BHV [47,48]. The
formation of thrombosis is a complex process involving the activation,
adhesion, and interaction of various serum proteins and blood cells. The
adhesion of serum albumin, especially fibrinogen, is associated with the
risk of thrombosis. Moreover, arterial thrombosis is primarily induced
by the activation and adhesion of platelets. The incorporation of POSS
could alleviate the binding strength fibrinogen to material and further
decrease the adhesion of platelets which needs a stable configuration of
fibrinogen formation due to the POSS-induced surface reorientation.
Therefore, POSS could affect the process of thrombosis and thrombolysis
when in contact with blood. Besides, POSS could inhibit Factors Xa ac-
tivity which is vital for the formation of clots [19]. Furthermore, the
high surface hydrophilicity of PEG contributes to the resistance against
the adsorption of plasma proteins and platelet adhesion. These proper-
ties collectively result in POSS-PEG-PP exhibiting superior
anti-thrombotic capabilities compared to GLUT-PP and DPP. In
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summary, the combination of POSS and PEG in POSS-PEG-PP endows
the material with enhanced hemocompatibility, reducing the risk of
thrombosis and making it a promising candidate for use in biological
heart valves.

The deterioration of biological heart valves is significantly associated
with immune reactions, especially in the case of xenogenic tissue heart
valves [49]. Reducing the immunogenicity of BHV could decrease the
deposition of calcific foci, which is a key factor influencing the longevity
of the valve [6,50]. Macrophages and T lymphocytes play a significant
role in the immune response process. Specifically, macrophages serve as
a crucial link between innate and adaptive immunity by processing
antigens and presenting them to the HLA system [51]. Meanwhile, T
lymphocytes are essential for adaptive immune responses and the
maintenance of immune homeostasis [52]. The infiltration of macro-
phages and T lymphocytes is less in POSS-PEG-PP, mainly due to the
"Stealth" effect of PEG and the low inflammatory response property of
POSS. To further investigate the mechanism of POSS-PEG-PP in the
regulation of inflammation, RNA-seq analysis was performed on 2 weeks
subcutaneous implants of DPP, GLUT-PP, and POSS-PEG-PP. GO
enrichment analysis suggested significant associations of the DEGs with
multiple aspects, including immune system processes, immune re-
sponses, cell differentiation, complement activation, and signaling re-
ceptor binding. And our further analysis indicates that the biological
performance of POSS-PEG-PP is significantly associated with negative
regulation of immune system process, negative regulation of leukocyte
activation, negative regulation of lymphocyte activation. Moreover,
KEGG enrichment analysis revealed that the performance difference
between DPP and POSS-PEG-PP is related to the intervention of the
AMPK and IL-17 signaling pathways. The AMPK signaling pathway
participates in numerous biological processes by regulating cellular
energy homeostasis under conditions such as glucose deprivation, hyp-
oxia, and ischemia. On one hand, the activation of the AMPK signaling
pathway can elevate the energy metabolic level and reduce the content
of reactive oxygen species (ROS), thereby decreasing inflammatory
factors. On the other hand, blockade of the AMPK signaling pathway can
influence the activity of immune cells and decrease the immune
response to exogenous implants [53,54]. The IL-17 signaling pathway is
crucial in innate immunity and the inflammatory response, particularly
in the recruitment and activation of neutrophils [55,56]. Therefore, the
intervention of AMPK and IL-17 signaling pathways play an important
role in the anti-inflammatory performance of POSS-PEG-PP. As for
AMPK signaling pathway, we inferred that the down-regulation of it
played the primary role in the anti-inflammation process. Two main
reasons are following. Firstly, the results indicated that the dominant
cell infiltrating and surrounding materials was immune cell (especially
macrophage) in the first two weeks. Besides, KEGG Gene Set Enrichment
Analysis of the group (DPP vs POSS-PEG-PP) indicated the AMPK signal
pathway of POSS-PEG-PP was in down-regulation.

Structural valve degeneration (SVD) is indeed a prevalent, inevi-
table, and currently untreatable outcome following BHV implantation
[57]. It is characterized by an irreversible process that includes several
pathological progressions such as pannus growth, leaflet fibrosis,
calcification, delamination of connective tissue, and the emergence of
ruptures and perforations [58]. Calcification, the most common mani-
festation of SVD, can cause the BHV to harden, thereby affecting its
opening and closing movements [59]. The calcific pathogenesis of BHV
is complex and primarily caused by inflammatory reactions, immune
responses and subclinical leaflet thrombosis [60]. Additionally, The
RNA-seq analysis indicated that the calcification of BHV may have
something to do with osteoclast differentiation. In our study,
POSS-PEG-PP demonstrated excellent anti-calcification properties,
which could be partly attributed to its superior endothelialization and
biocompatibility. Notably, the reduced inflammatory responses and
diminished immunogenicity play a crucial role in its ability to resist
calcification, suggesting that POSS-PEG-PP is expected to have an
extended lifespan.
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5. Conclusion

In this study, we crosslinked DPP with eight-arm cross-linker octa-
functionalized POSS of PEG to obtain POSS-PEG-PP based on the Schiff’s
base reaction between the amino group within DPP and the aldehyde
group within POSS-PEG-CHO. And it showed eminent performance in
the mechanical property, endothelialization, hemocompatibility,
biocompatibility, anti-inflammation and anti-calcification ability in
comparison to the traditional glutaraldehyde crosslinked BHV. Then, we
carried out RNA seq analysis for further mechanism investigation and
we found that the intervention of AMPK and IL-17 signaling pathways
may play an important role in the anti-inflammatory performance of
POSS-PEG-PP and it is worth conducting in-depth research. Further
large animal experiments are needed for the novel material, and POSS-
PEG-PP is expected for clinical transformation.
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