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Polyphenol based hybrid nano‑aggregates 
modified collagen fibers of biological valve 
leaflets to achieve enhanced mechanical, 
anticoagulation and anti‑calcification properties
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Abstract 

Glutaraldehyde (Glut)-crosslinked porcine pericardium and bovine pericardium are mainly consisted of collagen 
and widely used for the preparation of heterogenous bioprosthetic heart valves (BHV), which play an important role 
in the replacement therapy of severe valvular heart disease, while their durability is limited by degeneration due to 
calcification, thrombus, endothelialization difficulty and prosthetic valve endocarditis. Herein, we develop a novel BHV, 
namely, TPly-BP, based on natural tannic acid and polylysine to improve the durability of Glut crosslinked bovine peri-
cardium (Glut-BP). Impressively, tannic acid and polylysine could form nanoaggregates via multiple hydrogen bonds 
and covalent bonds, and the introduction of nanoaggregates not only improved the mechanical properties and 
collagen stability but also endowed TPly-BP with good biocompatibility and hemocompatibility. Compared to Glut-
BP, TPly-BP showed significantly reduced cytotoxicity, improved endothelial cell adhesion, a low hemolysis ratio and 
obviously reduced platelet adhesion. Importantly, TPly-BP exhibited great antibacterial and in vivo anti-calcification 
ability, which was expected to improve the in vivo durability of BHVs. These results suggested that TPly-BP would be a 
potential candidate for BHV.

Keywords  Tannic acid, Bioprosthetic heart valve, Antibacterial and anti-calcification

© The Author(s) 2023, corrected publication 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 
International License, which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you 
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To 
view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

Open Access

Collagen and Leather

†Shufen Li and Shiying Lang contributed equally to this work

*Correspondence:
Gongyan Liu
lgy3506@scu.edu.cn
Mao Chen
chenmao@scu.edu.cn
Full list of author information is available at the end of the article

http://orcid.org/0000-0003-0492-7527
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s42825-022-00105-3&domain=pdf


Page 2 of 15Li et al. Collagen and Leather  2023, 4(1):29

1  Introduction
Valvular heart disease (VHD) affects approximately 
74 million people around the world, and it has been one 
of the greatest threats to human health attributed to the 
increase in the aging population, which would induce 
cardiac dysfunction, heart failure and even death with-
out timely treatment [1, 2]. Cardiac valve replacement is 
one of the most widely used strategies in the treatment 
of patients with severe VHD. In recent years, transcath-
eter valve implantation has shown great performance 
in VHD treatment with minimal invasiveness and a sig-
nificantly shortened recovery period compared to that 
of conventional surgical valve replacement and thus has 
become a popular choice, especially for patients with sur-
gical high-risk or aged patients [3–5]. Bioprosthetic heart 
valves (BHVs) made from porcine or bovine pericardia 
mainly consisting of collagen are often used in interven-
tional VHD treatment, while most of the present BHVs 
are prepared via glutaraldehyde (Glut) crosslinking and 
suffer from calcification, thrombus, inflammation and 

endothelialization difficulty, which lead to limited dura-
bility (lifespan: 10–15 years) [6–11]. With the develop-
ment of transcatheter valve replacement technology, it 
is extremely important to prepare BHVs with improved 
durability to improve the quality of life of VHD patients 
and make this technology more accessible to younger 
patients.

Glut could help to stabilize the main collagenic com-
ponents of pericardial tissue by covalently linking the 
amino group of collagens and the aldehyde group of Glut 
[12, 13]. Nevertheless, residual Glut and aldehyde groups 
in BHVs are cytotoxic and would induce cell apopto-
sis, which leads to difficulties in endothelialization, and 
apoptotic cell debris provides potential nucleation sites 
for calcification [14–19]. Meanwhile, Glut-treated BHVs 
also induce the infiltration of immune cells and the secre-
tion of immune factors, which are closely related to the 
occurrence and development of calcification [20, 21]. 
Moreover, the antithrombotic ability of Glut-crosslinked 
BHVs is insufficient, and the neoplasms on the surface of 
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BHVs triggered by blood clotting after valve replacement 
surgery will seriously affect the function of BHVs in vivo. 
Recent studies have shown that BHVs with anticoagulant 
properties would help to play their role after implanta-
tion [22, 23]. Although massive efforts, such as nonglu-
taraldehyde crosslinking agents, have been initiated to 
develop new alternatives to conventional Glut-treated 
BHVs, their clinical application performance still needs 
to be studied in detail. In addition, among these reported 
crosslinking agents, Glut-treated BHVs showed the best 
mechanical properties, which is crucial to the function-
ing of BHVs in vivo. Therefore, improving the durability 
of BHVs should endow BHVs with not only good bio-
compatibility and anti-calcification ability but also great 
anti-thrombus capacity.

In addition, prosthetic valve endocarditis (PVE) (inci-
dence after transcatheter aortic valve replacement: 
approximately 3%) caused by bacterial invasion has also 
attracted attention in recent years due to its high fatality 
rate, while effective treatment strategies are still in urgent 
demand [24, 25]. To obtain ideal therapeutic effects, 
high doses and long-term antibiotic treatment are nec-
essary, but they also cause severe side effects in patients 
[26, 27]. Thus, it would be very valuable to develop BHVs 
with antibacterial potential. However, conventional anti-
bacterial materials tend to be cytotoxic and reduce cell 
adhesion. To address these problems, it would be mean-
ingful to develop biocompatible BHVs with antibacterial 
ability, which is expected to prevent PVE in  situ. Plant 
polyphenols, such as tannic acid (TA), have shown great 
oxidation resistance ability and interesting antibacterial 
ability with low cell toxicity [28–30]. In addition, TA has 
also been used as a crosslinking agent to fix pericardia, 
which has shown great structural stability and reduced 
calcification [31–35]. Therefore, TA is not only expected 
to endow BHVs with good antibacterial ability but also 
enhance its mechanical properties, which would be a 
potential candidate for the preparation of BHVs with 
improved durability.

Inspired by the antibacterial ability and crosslinking 
potential of TA, we prepared novel BHVs based on TA 
and polylysine to further improve the durability of Glut-
crosslinked bovine pericardium (Glut-BP). Nanoaggre-
gates made of TA and polylysine (Ply) could efficiently 
conjugate to Glut-BP via an aldol condensation reaction 
and Schiff base reaction between the remaining aldehyde 
groups of Glut-BP and the phenolic hydroxyl groups and 
amino groups of the nanoaggregates, respectively, as well 
as multiple hydrogen bonds to obtain functional BHVs 
(TPly-BP), which also enhanced the mechanical property, 
thermodynamic stability and resistance to collagenase 
degradation. TPly-BP showed good antibacterial proper-
ties, good hemocompatibility, reduced platelet adhesion, 

great cytocompatibility and improved endothelial cell 
adhesion compared to those of Glut-BP. Moreover, TPly-
BP also showed great anti-calcification ability in  vivo 
with reduced inflammation. Therefore, TPly-BP would be 
a potential candidate for BHVs.

2 � Materials and methods
2.1 � Material
Tannic acid (TA), polylysine (Mw 5000), trihydroxy-
methyl aminomethane (Tris), and 50% Glut solution 
were purchased from Shanghai Titan Scientific Co., Ltd. 
(Shanghai, China). Type I collagenase was obtained from 
BioFroxx. Bovine pericardia (BPs) were purchased from 
a slaughter house (cattles, 10 pericardia   from different 
cattles, and the age of the scalpers was approximately 2.5 
years old). All chemicals and materials were used without 
further purification.

2.2 � Modification of TPly‑BP
First, fresh BPs (10 pieces) were treated with 0.5% SDS 
(mass/volume) at 4 °C for 24 h with continuous shaking, 
washed with saline (4  °C) five times (shaking for 5  min 
each time), and crosslinked by 1% Glut (mass/volume) for 
48  h to obtain Glut-BP. Subsequently, TA was dissolved 
in 30 mM Tris buffer (pH = 8.5) to prepare a 3 mg/mL TA 
solution, and polylysine equal in weight to TA was added 
to prepare a TPly nanoaggregate suspension. Glut-BP 
was immersed in the above suspension shaking at room 
temperature (80 rpm) for 24 h. TPly nanoaggregate-mod-
ified BPs (TPly-BP) were obtained by rinsing with saline 
with continuous shaking for 30 min (n = 3). The solution 
was replaced with fresh saline every 10 min. TA-BP was 
also prepared in the same method without adding polyly-
sine (n = 3).

2.3 � Characterization
All experiments were performed at least three times 
unless otherwise noted. Representative data are pre-
sented. Glut-BP, TA-BP and TPly-BP were cut into small 
pieces of different sizes, and these pieces were randomly 
selected to study their physicochemical properties and 
biological functions. Glut-BP, TA-BP and TPly-BP were 
cut into square patches (8 × 8 mm) and lyophilized, and 
the micromorphology of the fibrous structure and mor-
phology were observed by scanning electron microscopy 
(SEM, Thermo Scientific Apreo 2 C). The chemical com-
ponents of the sample surfaces were characterized by an 
attenuated total reflection Fourier transformed infrared 
spectrometer (ATR-FTIR, Frontier) and X-ray photo-
electron spectroscopy (Escalab 250Xi, Thermo Fisher 
Scientific Inc., USA). The thermal shrinkage tempera-
ture was measured by a differential scanning calorim-
eter (DSC204F01) with a temperature interval ranging 
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from 40 to 120 °C. The water contact angle was measured 
by an OCA20 (Dataphysis, Germany). The mechanical 
properties of the samples were tested by a universal ten-
sile machine (AI-7000 S) with a loading speed of 20 mm/
min. These pericardia were cut into small pieces of dif-
ferent sizes, and these pieces were randomly selected to 
study their biological functions.

2.4 � Enzymatic degradation resistance test
Lyophilized samples were cut into square patches (10 × 
10  mm, n = 4), and the initial weight W0 of each sam-
ple was recorded. The samples were incubated in 1 mL 
PBS containing 1 mg/mL type I collagenase (125 U/mL) 
and incubated at 37  °C in a shaking incubator for 24  h. 
Then, the samples were washed three times with deion-
ized water after processing, the water was completely 
removed, and the samples were weighed again (W1). The 
weight loss ratio of each sample was calculated with the 
following formula:

2.5 � In vitro antibacterial assays
Tetracycline-resistant Escherichia coli (TREC) and 
methicillin-resistant Staphylococcus aureus (MRSA) 
were selected to study the ability of pericardia to resist 
drug-resistant bacteria.

2.5.1 � Bacterial anti‑adhesion test
Anti-adhesion ability was tested according to our previ-
ous works [28, 36, 37]. In brief, biological valve samples 
(10 × 10  mm, n = 3) were incubated with 1 mL of bac-
terial suspension (107 CFU mL− 1) in a 24-well plate at 
37  °C for 2 h. Afterward, the samples were rinsed three 
times with normal saline, and the bacteria strongly 
adhered to the surface were dispersed in 5 mL of sterile 
normal saline by an ultrasonic cleaner. Finally, 20 µL of 
the above suspension was coated on a nutrient agar plate, 
and the colony-forming units were counted after further 
culturing at 37 °C for 18 h. Additionally, bacteria adhered 
to the BP fibers were further observed by SEM. The sam-
ples that were washed with normal saline three times to 
remove the unadhered bacteria were fixed in Glut (2.5 
vol%) for 4 h at 4 °C and dehydrated with a series of etha-
nol solutions (25%, 50%, 75%, 95%, 100%). Finally, the 
dried biological BPs were investigated by SEM.

2.5.2 � Bactericidal activity
Briefly, 500  mg of the sample cut into small pieces was 
put into a conical flask coated with 10 mL of bacterial 
suspension at a concentration of 5 × 105 CFU/mL. The 
flask was shaken (120 rpm) at 37  °C. After 0 and 4 h of 

Weight loss ratio =

W0 −W1

W0
× 100%

incubation, 20 µL of bacterial suspension was coated 
on a nutrient agar plate. The colony-forming units were 
counted after culturing at 37  °C for 18 h. Moreover, the 
above bacterial suspension collected was stained to visu-
alize under a fluorescence microscope with a cover slip.

2.6 � Platelet adhesion
Fresh rabbit blood was centrifuged at 1500  rpm for 
15  min to obtain the upper platelet-rich plasma (PRP). 
Glut-BP, TA-BP and TPly-BP with a diameter of 6  mm 
(n = 3) were seeded on 96-well plates and washed with 
PBS three times. Afterwards, 100 µL of PRP was added, 
and the plate was incubated at 37 ℃ for 2 h. The BPs were 
washed with PBS three times and fixed with 2.5% Glut for 
2 h, followed by washing with PBS three times. Then, the 
BPs were treated with gradient dehydration of ethanol/
water solution and freeze drying. The adhered HUVECs 
were observed by scanning electron microscopy (Thermo 
Scientific Apreo 2 C).

2.7 � Determination of the hemolysis ratio
Fresh rabbit blood (2 mL) was centrifuged at 1500  rpm 
for 15  min, and the red blood cell (RBC) layer was col-
lected and diluted with 40 mL 0.9% NaCl solution. Glut-
BP, TA-BP and TPly-BP (diameter of 1 cm) (n = 4) were 
placed in a 24-well plate with 2 mL RBC diluent, and the 
plate was incubated at 37 ℃ for 1 h. RBC diluent without 
BPs was used as the negative control, and RBC diluent 
containing 0.2% Triton X-100 was used as the positive 
control. After incubation, the RBC suspension was cen-
trifuged at 3000  rpm for 15  min. The resulting solution 
was photographed, and the absorption at 540  nm was 
detected with a microplate reader (Varioskan Flash, 
Thermo Fisher Scientific, USA).

2.8 � In vitro cytotoxicity evaluation
The cytotoxicity of Glut-BP, TA-BP and TPly-BP was 
evaluated according to ISO 10993-5 testing standards 
for implantable medical devices with modification. TPly 
nanoaggregates were utilized to eliminate the remaining 
aldehyde groups of glutaraldehyde to improve the bio-
compatibility of BP; therefore, TA-BP and TPly-BP could 
not be sterilized via Glut solution. Accordingly, pieces 
of Glut-BP, TA-BP and TPly-BP sterilized by ultraviolet 
irradiation (1 × 1 cm, n = 5) were incubated with 1 mL of 
DMEM (suspended with 1% penicillin‒streptomycin and 
5% fetal bovine serum) at 37 °C in a 5% CO2 atmosphere 
for 3 days.

Hemolysis ratio =

ODBP −ODnegative

ODpositive − ODnegative
× 100%
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Human umbilical vein endothelial cells (HUVECs) 
were seeded in 96-well plates at a density of 5,000 cells 
per well and incubated for 24 h. Then, extracts of Glut-
BP, TA-BP and TPly-BP were added, and the cells were 
incubated for another 24  h. Finally, the relative cell via-
bility was measured by CCK8 assay according to the kit 
instruction manual.

2.9 � Endothelial cell adhesion experiment
Glut-BP, TA-BP and TPly-BP round pieces with a diam-
eter of 1  cm sterilized by ultraviolet irradiation (n = 3) 
were put into 48-well plates, and HUVEC suspensions 
with 15,000 cells were added to each well. After incuba-
tion in a humidified atmosphere with 5% CO2 at 37 ℃ for 
36 h, the relative cell amount on these BPs was detected 
by a CCK8 kit. The living cells on the surface of BPs were 
stained with Calcein AM and imaged via fluorescence 
microscopy (Olympus). Moreover, cells on the surface of 
BPs were also stained with TRITC-phalloidin (red) and 
DAPI (blue) after fixation with Glut (2.5%) for 30  min. 
The morphology of HUVECs was observed by laser con-
focal microscopy (Leica Stellaris 5).

2.10 � Subcutaneous implantation
Glut-BP, TA-BP and TPly-BP (diameter of 1  cm) were 
sterilized by ultraviolet irradiation (for each group, n = 8) 
and immersed in sterile PBS. Male Sprague Dawley (SD) 
rats (three weeks, approximately 50  g) were anesthe-
tized by pentobarbital solution (at dosage of 3 mL/kg) 
via intraperitoneal injection. Longitudinal surgical inci-
sions were made on the midline of the SD rats’ back, and 
BPs were implanted into subcutaneous pockets on both 
sides of the incision (two samples per rat). SD rats were 
sacrificed after two months, and the BPs were isolated 
together with the fibrous capsule to perform histological 
analysis and immunohistochemical staining. Alizarin red 
and von Kossa staining were used to stain calcium depos-
its. CD68 antibody (Servicebio, diluted at 1:100 in PBST 
buffer containing 1% BSA) was utilized to label mac-
rophagocytes, and the specimens were then incubated 
with HRP-conjugated goat anti-rabbit IgG (Servicebio, 
diluted at 1:200) for 2 h at 25 °C. Afterwards, the sections 
were treated with a DAB kit (Servicebio) and then hema-
toxylin (Solarbio). Some of the BPs were separated from 
the fibrous capsule, lyophilized and weighed. After diges-
tion with 6 M HCl, the calcium content was measured by 
ICP‒OES (PE Avio 200).

2.11 � Quantification and statistical analysis
Independent tests were carried out at least three times. 
Prism (GraphPad 8) was used for data plotting. Unless 
otherwise specified, the data are presented as the 
mean ± standard deviation (SD). For comparison of 

multiple samples, statistical significance was performed 
by one-way ANOVA and Bonferroni’s multiple compari-
sons test. For pairwise comparisons, a two-tailed Stu-
dent’s t test was used for statistical significance analysis. 
A p value less than 0.05 was considered to be statistically 
significant. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
n.s., not significant.

3 � Results and discussions
3.1 � Preparation and characterization of TPly‑BP
Fresh pericardia were decellularized vis SDS treatment, 
which was confirmed by H&E images in Additional 
file  1: Fig. S1. Then the decellularized pericardia were 
crosslinked by Glut. In this work, TA was selected as an 
antibacterial polyphenol to react with biocompatible Ply 
to form hybrid nanoaggregates (TPly) under weakly alka-
line conditions via multiple hydrogen bonds and covalent 
bonds between TA and Ply since the phenolic hydroxyl 
groups of TA gradually oxidize to quinone groups under 
alkaline conditions, which react with the amino groups 
of Ply through a Schiff base reaction [38, 39]. Then, due 
to the multiple active pyrogallol groups, the formed TPly 
nanoaggregates were used to modify Glut-BP, in which 
pyrogallol groups were supposed to react with collagen 
fibers through Schiff base coupling, Michael addition 
reactions, and hydrogen-bond interactions (illustration in 
Scheme 1 of TPly-BP) [33, 34]. In this work, TA-modified 
Glut-BP was also carried out via a similar cross-linking 
mechanism, and the obtained TA-BP sample was used as 
a negative control sample in the following studies. After 
modification, the morphologies of Glut-BP, TA-BP, and 
TPly-BP samples were investigated by SEM. As shown 
in Fig. 1A, the compactness of the collagen structure of 
the TA-BP or TPly-BP samples was higher than that of 
the Glut-BP sample, indicating the enhanced cross-link-
ing effect of TA or hybrid TPly molecules with collagen, 
which was similar to previous work [32, 34]. In addition, 
deposited nanoaggregates can be clearly observed on 
collagen fibers of the TPly-BP sample, confirming the 
supramolecular self-assembly of tannic acids and pol-
ylysine polymer. In addition, compared with the Glut-BP 
sample (83° ± 4.4°), the surface hydrophilicity of TA-BP 
and TPly-BP samples was increased with water contact 
angle values of 65.6° ± 2.1° and 58.8 °± 1.2° (Additional 
file  1: Fig. S2), respectively, which was attributed to the 
introduction of hydrophilic TA molecules. Moreover, the 
chemical component changes on the valve surface after 
the introduction of TA or TPly nanoaggregates were also 
confirmed by ATR-FTIR (Fig. 1B). The absorption band 
at 1725 cm− 1 appeared in the spectra of TA-BP and TPly-
BP owing to the stretching vibration of the C = O groups 
of quinonyl. Stretching vibrations for C–O (esters, ethers) 
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at 1200 cm− 1 were also visible, suggesting the successful 
introduction of TA or TPly nanoaggregates to BPs.

Furthermore, the cross-linking mechanism of TPly 
nanoaggregates was verified by XPS analysis. As shown 
in Fig.  1C, signals of C1 s, N1 s, and O1 s, which are 
characteristic peaks of collagen fibers, were detected for 
all three samples. However, the O1 s peak intensity of 
the TPly-BP sample was higher than that of the Glut-BP 
and TA-BP samples (see results summarized in Table 1) 
due to the TPly nanoaggregates introduced onto colla-
gen fibers. Then, the high-resolution spectra of the N1 s 
peaks of the three samples were carefully analyzed and 
are displayed in Fig.  1D. It is noted that, compared to 
the deconvolution N1 s spectra of the Glut-BP sample, 
two new peaks appeared at 400.0 and 400.5 eV for the 
TA-BP or TPly-BP sample, which can be assigned to 
the aromatic C = N bond from the Schiff base coupling 
and aromatic C − N bond from the Michael addition 

reaction. Moreover, the deconvolution of the N1 s XPS 
spectra of the TPly-BP sample also reveals an obvious 
C-NH2 peak located at 401.3 eV, which is attributed to 
the cationic amino groups of polylysine. The above XPS 
results verify that the cross-linking mechanisms of TA 
and TPly nanoaggregates are both based on multiple 
reactions between pyrogallol groups and amino groups.

3.2 � Enhanced thermodynamic stability and mechanical 
property of biological valve leaflets

The introduced cross-linking by TA or TPly nanoag-
gregates to Glut-BP is supposed to enhance the ther-
modynamic stability and mechanical property of 
biological valve leaflets. Therefore, a DSC instrument was 
first employed to investigate the thermostability of Glut-
BP, TA-BP, and TPly-BP. The results in Fig. 2 A reveal that 
the TPly-BP sample exhibited the highest thermal dena-
turation temperature of 77.0  °C, which implied that the 

Scheme 1  Schematic illustration of the modification of BPs by hybrid TPly nanoaggregates
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hybrid TPly nanoaggregates could provide more cross-
linking bonds with collagen fibers due to their nanosize 
and 3D spherical structure. In addition, the enzymatic 
degradation tests of the three samples in Fig.  2B also 
confirmed that the introduction of TPly nanoaggre-
gates could enhance the stability of collagen, resulting 

in reduced weight loss of collagen, which was consistent 
with previous work. [32, 34, 35]

Good mechanical properties are necessary for valve 
material to be subjected to powerful blood flaw rushes 
and long openings and closures after implantation. 
Experimentally measured load‒displacement curves 
are presented in Fig. 3 A for the samples. As important 
indicators for evaluating mechanical properties, ulti-
mate tensile strength, extensibility and tangent modulus 
were selected for characterization (Fig.  3B and D). The 
ultimate tensile strength of TPly-BP (29.88 ± 2.44  MPa) 
was increased compared with that of Glut-BP 
(13.97 ± 1.77 MPa). The extensibility of the TPly-BP sam-
ples increased slightly, indicating that the modified sam-
ples would not reduce compliance and mechanical fatigue 

Fig. 1  Characterization of TPly-BP. A Typical SEM images, B ATR-FTIR and C wide scan XPS spectra of Glut-BP, TA-BP and TPly-BP. D High-resolution 
XPS spectra of N 1 s for Glut-BP, TA-BP and TPly-BP.

Table 1  Surface atom analysis determined by XPS spectra of 
three samples

Samples C N O C/O

Glut-BP 73.14 10.2 16.66 4.39

TA-BP 65.14 10.77 24.09 2.70

TPly-BP 63.38 11.32 25.3 2.51
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Fig. 2  Thermodynamic stability. A DSC plots for Glut-BP, TA-BP and TPly-BP. B Weight loss ratio of Glut-BP, TA-BP and TPly-BP after enzymatic 
degradation (n = 4)

Fig. 3  Mechanical properties of TPly-BP. A Tensile displacement and load curves, B ultimate tensile strength, C extensibility and D tangent modulus 
of Glut-BP, TA-BP and TPly-BP.
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Fig. 4  Antibacterial activity of Glut-BP, TA-BP and TPly-BP. A The number of adhered bacteria on the surface of Glut-BP, TA-BP and TPly-BP. B The 
morphologies of bacterial adhesion on the valve surface by SEM (20,000×). Scale bar, 5 μm. C Bacterial population and D CLSM images of bacteria 
after culturing for 4 h with Glut-BP, TA-BP and TPly-BP.
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resistance. In addition, the TPly-BP sample had a higher 
tangent modulus of 106.06 ± 5.54 MPa; nonetheless, that 
of the Glut-BP sample was only 56.82 ± 6.41 MPa. These 
results indicated that the introduction of TPly nanoag-
gregates could serve as a kind of cross-linking agent, 
which would not reduce the mechanical properties of 
Glut-BP.

3.3 � Antibacterial property of TPly‑BP
Drug-resistant bacterial infection is one of the important 
causes of postoperative complications in clinical valve 
implants. An important factor in antibacterial proper-
ties is the ability to resist bacterial adhesion. Therefore, 
the bacterial ant-adhesion capacity against tetracycline-
resistant Escherichia coli (TREC) and methicillin-resist-
ant Staphylococcus aureus (MRSA) of biological valves 
was first measured. Compared with the Glut-BP group, 
the number of bacteria adhered on TA-BP and TPly-BP 
dropped significantly (Fig. 4A), which is a clear indication 
of the bacterial antiadhesion activity of the modification 
valve material. However, by SEM observation of bacte-
ria adhered on the sample surface (Fig.  4B), there were 
still several dead bacteria adhered on the TA-BP surface, 
while more bacteria were rinsed down from the surface 
of TPly-BP due to the better hydrophilicity. We further 
tested the bactericidal activity of TPly-BP, as shown in 

Fig. 4C and D. Under the condition of high bacterial con-
centration, there were still some bacteria alive treated by 
TA-BP, but TPly-BP achieved a nearly 99% sterilization 
rate. This might be because dead bacteria easily adhere to 
the TA-BP surface, resulting in a decrease in bactericidal 
efficiency. These results prove that TPly-BP possesses 
excellent antibacterial ability enough to cope with post-
operative bacterial infection.

3.4 � Blood compatibility study
Good blood compatibility is essential for BHVs. The 
hemolysis ratio was studied via incubation with rabbit 
red blood cells, and the absorbance of the supernatant 
liquor at 540  nm was detected after centrifugation. As 
shown in Fig.  5A and Additional file  1: Fig. S3A, both 
TPly-BP and TA-BP showed less than a 0.5% hemolysis 
ratio, indicating their good blood compatibility. In addi-
tion, ideal BHVs should possess the ability to resist plate-
let adhesion to avoid the occurrence of thrombi. Glut-BP, 
TA-BP and TPly-BP were incubated with rabbit platelets, 
and the adhered platelets were observed by SEM. Obvi-
ous platelet adhesion with dendritic morphology could 
be observed on the surface of Glut-BP (Fig.  5C), while 
both TA-BP (Additional file  1: Fig. S3) and TPly-BP 
(Fig. 5C) showed much reduced platelet adhesion, which 
might be attributed to the blockage of the aldehyde group 

Fig. 5  Blood compatibility study of Glut-BP and TPly-BP. A Photograph of centrifuged red blood cell diluent after incubation with Glut-BP and 
TPly-BP at 37 °C for 1 h. B The hemolysis ratio of Glut-BP and TPly-BP (n = 4). C Representative SEM images of Glut-BP and TPly-BP at different 
magnifications (3000×, 5000×) after incubation with PRP for 2 h
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Fig. 6  The cytotoxicity of Glut-BP and TPly-BP. A Relative cell viability of HUVECs after incubation with the extracts of Glut-BP and TPly-BP for 24 and 
48 h (n = 4). B Fluorescence images of HUVECs cultured on the surface of Glut-BP and TPly-BP stained with Calcein AM (green) and CLSM images 
of HUVECs cultured on the surface of Glut-BP and TPly-BP stained with TRITC-phalloidin (red) (actin) and DAPI (blue). C The OD value of HUVECs 
cultured on the surface of Glut-BP and TPly-BP (n = 3). D Cell number statistics of HUVECs cultured on the surface of Glut-BP and TPly-BP (n = 15)
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of Glut and the improved hydrophilicity, suggesting that 
TA-BP and TPly-BP would potentially reduce thrombi 
and prolong the lifespan of BHVs. These results indicate 
that TA-BP and TPly-BP have good blood compatibility.

3.5 � Cytotoxicity of TPly‑BP
The extracts of Glut-BP, TA-BP and TPly-BP were first pre-
pared to study the potential cytotoxicity of these BPs. As 
shown in Fig.  6A, the extract of Glut-BP exhibited obvi-
ous cytotoxicity, with more than 40% of cells dying after 
incubation for 24 h, while the extract of TPly-BP showed 
good biocompatibility, and the relative cell viability was 
approximately 100% after incubation for both 24 and 48 h. 
However, the extract of TA-BP exhibited unsatisfactory cell 
viability, with less than 40% of cells surviving after incuba-
tion for 48 h (Additional file 1: Fig. S4). The strong cell inhi-
bition ability of the TA-BP extract might be attributed to 
the dissociation of TA, which was adsorbed on the surface 
of BPs. Meanwhile, HUVECs were cultured on the sur-
face of different BHVs previously placed in a 48-well plate. 
After incubation for 24 or 48 h, a CCK8 assay was utilized 
to study cell viability, and the cells were further stained 
with Calcein AM (green). As shown in Fig.  6B, obvious 
green fluorescence signals of cells were found in TPly-BP. 

However, Glut-BP and TA-BP (Fig.  6B and Additional 
file 1: Fig. S5) showed much less cell adhesion due to their 
poor biocompatibility. The CCK8 results in Fig. 6C and the 
cell number statistics result in Fig.  6D further confirmed 
the good biocompatibility and great endothelial cell affinity 
of TPly-BP. Moreover, the cytoskeleton and nucleus were 
stained with DAPI and TRITC-phalloidin, respectively, and 
observed by CLSM. The microfilaments of HUVECs could 
obviously be observed (Fig. 6B), which further confirmed 
the good biosecurity of TPly-BP.

3.6 � In vivo anti‑calcification study of TPly‑BP
Anti-calcification is the key to improving the durability of 
BHVs. TA-BP might not be suitable for bioapplication due 
to its undesirable cytotoxicity. The anti-calcification abil-
ity of TPly-BP was evaluated via subcutaneous implanta-
tion in SD rats with Glut-BP as the control group. After 
implantation for 60 days, the rats were sacrificed, and the 
BPs were carefully isolated. As illustrated in Fig. 7A, obvi-
ous white hard plaque could be found in Glut-BP, which 
was fractured when the valve was folded in half with 
tweezers, suggesting the severe calcification of Glut-BP. 
In contrast, TPly-BP showed no obvious calcic plaque, 
with the color changing from yellowish brown to brown 

Fig. 7  Calcification of Glut-BP and TPly-BP after subcutaneous implantation in SD rats for 60 days. A Photographs of Glut-BP and TPly-BP removed 
from the SD rat. The green arrow indicates the crack of GA after half-folding. B Calcium contents of Glut-BP and TPly-BP removed from the SD rat 
determined by ICP‒OES (n = 3). C Histological analysis of Glut-BP and TPly-BP removed from the SD rat. Calcium deposits were identified by Alizarin 
red and Von Kossa staining; H&E staining was used for histomorphological evaluation; immunohistochemical staining of CD68 was used to label 
macrophages (CD68-positive cells are marked brown). Scale bar, 200 μm
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due to the oxidation of the phenolic hydroxyl group. The 
calcium content of the BHVs was detected via ICP‒OES 
after digestion. The calcium content of Glut-BP was up 
to 196  µg/mL (Fig.  7B), while TPly-BP showed a signifi-
cantly reduced calcium content of approximately 30  µg/
mL, indicating that TPly-BP was capable of reducing cal-
cification. The histological staining results of H&E, Aliza-
rin Red and Von Kossa in Fig.  7C further confirmed the 
severe calcification of Glut-BP. The calcification of Glut-BP 
might be attributed to its cytotoxicity and negative surface 
potential. The severe cytotoxicity of Glut-BP leads to cell 
death, and the inflammatory response results in potential 
structural destruction of BP. Meanwhile, the cell debris 
would serve as potential nucleation sites for calcification. 
In addition, the negative surface potential of GA-fixed 
pericardium would attract cations, such as calcium ions, 
which would exacerbate calcification. Interestingly, TPly-
BP exhibited significantly reduced CD68 positive signals 
(brown) (Fig. 7C and Additional file 1: Fig. S6) compared 
to that of Glut-BP due to the strong oxidation resistance 
ability of TA; thus, TPly-BP would potentially reduce the 
inflammatory reaction of BHVs in vivo, which was benefi-
cial to the long-lasting function of BHVs. All these results 
indicated that TPly-BP would be a potential candidate for 
BHVs.

4 � Conclusion
In this work, we have prepared a novel BHVs TPly-BP 
based on natural TA and polylysine with good biocompat-
ibility, good hemocompatibility, and great antibacterial and 
anti-calcification abilities. TPly nanoaggregate-modified 
BP could block the residual aldehyde group and further 
crosslink the BPs, resulting in an enhanced shrinkage tem-
perature and improved structural stability and mechani-
cal properties. Moreover, after 60 days of subcutaneous 
implantation, TPly-BP exhibited significantly reduced cal-
cification compared to Glut-BP, indicating that TPly-
BP would potentially improve the durability of BHVs. 
Together, these results suggest that TPly-BP would be a 
potential alternative to BHVs.
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