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Abstract 

In the last decade, the number of transcatheter heart valve replacement for severe heart valve disease has increased 
exponentially. Although the bioprosthetic artificial heart valve (BHV) has similar fluid dynamics performance to the 
original heart valve compared with mechanical heart valve so that there is no need to take long-term anticoagulant 
drugs to prevent thromboembolism, transcatheter BHV replacement are still at risk for thrombosis during the first few 
months according to the clinical data. However, the use of antithrombotic drugs can also increase the risk of bleeding. 
Therefore, it is particularly important to improve the anticoagulant properties for the BHV itself. In this work, a kind of 
non-glutaraldehyde cross-linked BHV material with excellent antithrombotic ability has been prepared from carboxy-
lated oxazolidine treated porcine pericardium (consisting of collagen, elastin and glycoprotein) with the further graft 
of the anticoagulant heparin sodium via hydrophilic modified chitosan. Along with the similar mechanical properties 
and collagen stability comparable to the glutaraldehyde cross-linked porcine pericardium (PP), these functional non-
glutaraldehyde cross-linked PPs exhibit better biocompatibility, promoted endothelial proliferation and superior anti-
calcification ability. More importantly, excellent anticoagulant activity can be observed in the hematological experi-
ments in vivo and in vitro. In summary, these excellent performances make these functional non-glutaraldehyde 
cross-linked PPs great potentialities in the BHV applications.
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1 Introduction
Heart valve replacement is a first-line treatment for 
severe heart valve diseases [1, 2]. The transcatheter 
heart valve replacement provides a new option and 
has gradually become a mainstream treatment method 
due to its advantages such as no requirement of thora-
cotomy, short operation time, minimally invasion, rela-
tively low risk, and rapid postoperative recovery [3, 
4]. Compared with mechanical heart valves, biopros-
thetic heart valves (BHVs) are favored by the patients 
who might be at risk of surgical bleeding (such as the 
elderly, the pregnant women and so on) due to its excel-
lent hydrodynamic property and no need for lifelong 
anticoagulation [5, 6]. At present, most of the BHV 
materials used in clinic are porcine pericardium (PP) 
or bovine pericardium (BP) crosslinked by glutaral-
dehyde [7, 8]. However, cytotoxicity of glutaraldehyde 
can cause inflammatory response and subclinical leaflet 
thrombosis [9, 10]. Clinical data suggests that patients 
who undergone transcatheter BHV replacement are 

still at risk of thrombosis in the first few months post-
implantation [11, 12]. Particularly, for the patients with 
pulmonary valve and venous valve replacement, the 
slow blood flow on the pulmonary valve will increase 
the risk of thrombosis [13]. In more severe cases, blood 
clots may lead to the life-threatening stroke or endo-
carditis [14, 15]. Thrombosis and inflammation would 
further promote the calcification of the valves, affect-
ing the valve function and shortening the lifetime of 
BHVs [16, 17]. Therefore, it is essential to improve the 
antithrombotic feature along with the anti-calcification 
property to enhance the comprehensive performance 
for BHVs [18].

Heparin sodium is an antithrombotic drug commonly 
used in clinic[19]. Immobilizing heparin to the BHVs 
is proved to be a good choice to promote antithrom-
botic property [20, 21]. Heparin could be mixed with 
fresh pericardium and then crosslinked by glutaralde-
hyde to obtain the heparin modified BHVs [22]. How-
ever, this method would lock up the spatial structure 
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of heparin and greatly reduce the biological activity 
of heparin [20]. Meanwhile, the grafting of heparin to 
the surface of the cross-linked pericardium rather than 
fresh pericardium is also studied [23, 24]. There is lit-
tle amino group remained for the pericardium after 
crosslinking reaction. The difficulty of surface modifi-
cation of heparin on cross-linked pericardium lies in 
how to improve the graft density of heparin. Increas-
ing the amino groups on the surface of cross-linked 
pericardium with an intermediate can be viable. But the 
highly positively charged of the intermediates such as 
polyethyleneimine or chitosan are susceptible to cause 
the severe blood clotting [25, 26]. Therefore, choosing 
a suitable intermediate is important. Sulfated chitosan, 
a derivative of chitosan with antithrombotic effect [27], 
can be a potential option to provide a large number of 
active amino groups along with excellent anticoagulant, 
antiviral properties and biocompatibility [27].

A series of non-glutaraldehyde cross-linked BHV 
materials with good biocompatibility and reduced cal-
cification have been developed by us by the treatment 
of PP cross-linked with the bicyclic oxazolidines [28, 
29]. Meanwhile, the mechanical property and collagen 
stability of these oxazolidine cross-linked PP are com-
parable to those of the glutaraldehyde cross-linked PP, 
and the BHV made from the oxazolidine cross-linked 
PP exhibit good durability in the accelerated fatigue test 
with more than 350 million cycles. However, the fur-
ther improvement of the antithrombotic property for 
these oxazolidine cross-linked PP is still needed. In this 
work, the heparin sodium grafted cross-linked PP (OX-
SH-PP) has been developed through the cross-linking 
of PP by a designed bicyclic oxazolidine (OX-CO) with 
a carboxyl functional group and the subsequent graft of 
the anticoagulant heparin sodium onto the oxazolidine 
cross-linked PP via the bridge of sulfated chitosan. The 
antithrombotic performance of OX-SH-PP was evalu-
ated systematically through in vitro and ex vivo tests. The 
physical and chemical properties, mechanical properties, 
ability to resist enzyme degradation resistance, biologi-
cal safety, anti-calcification property and endothelial cells 
proliferation of OX-SH-PP are further studied.

2  Materials and methods
Fresh porcine pericardium (PP) was obtained by Venus 
Medtech Inc (Hangzhou, China). Trimethylaminometh-
ane (Tris) were obtained from Chengdu Best Reagent Co. 
Ltd (Chengdu, China). Heparin sodium was purchased 
from Macklin Biochemical Co., Ltd (Shanghai, China). 
Low molecular weight chitosan with a degree of deacety-
lation of 0.75 ~ 0.85 was purchased from Sigma Aldrich 

(Shanghai, China). Dulbecco’s modified eagle medium 
(DMEM), fetal bovine serum (FBS) and phosphate buff-
ered saline (PBS) were brought from Gibco (Thermo 
Fisher Scientific, US). Cell Counting Kit-8 (CCK-8) was 
purchased from Beyotime Biotechnology Co. Ltd (Shang-
hai, China). TRITC-phalloidin and collagenase were 
purchased from Solarbio Life Sciences Co. Ltd (Bei-
jing, China). OX-OH was synthesized according to the 
reported literature [30]. 3,6-O-sulfated chitosan was pre-
pared according to the previously reported method[31].

2.1  Synthesis of OX‑CO
Hydroxymethyl oxazolidine (OX-OH) (24.00  g, 
165.5  mmol) and succinic anhydride (18.10  g, 
179.8  mmol) were dissolved in dry tetrahydrofuran 
(100  mL). After refluxing at 130  °C for 8  h, the white 
crystal was obtained by rotary evaporation and puri-
fied by recrystallization as the same method above. The 
product OX-CO was successfully prepared (28.00  g, 
69%). 1H NMR (400 MHz,  CDCl3) δ = 9.94 (s, 1H), 4.49 
(dd, J = 25.0  Hz, 5.5  Hz, 4H), 4.20 (s, 2H), 3.90–3.73 
(m, 4H), 2.88–2.54 (m, 4H) ppm. 13C NMR (100  MHz, 
 CDCl3) δ = 177.0, 171.8, 88.0, 73.7, 71.3, 66.5, 28.8 ppm. 
MS (ESI +): calculated for  C10H16NO6 [M +  H]+ 246.10, 
found 246.07.

2.2  Preparation of decellularized porcine pericardium 
(D‑PP)

Fresh PP was decellularized according to the method 
described in a previous report [32, 33]. Fresh PP was 
incubated with the acellular solution containing 0.5% 
sodium dodecyl sulfonate and 0.5% sodium deoxycholate 
with oscillating for 12  h. Then, the resulting decellular-
ized porcine pericardium (D-PP) was rinsed by distilled 
water for 2 h under shaking every time. After washing for 
5 times, the D-PP was stored in PBS solution for the sub-
sequent experiment.

2.3  Preparation of glutaraldehyde cross‑linked PP (G‑PP)
The D-PP was attached to a 5  cm × 5  cm square frame 
for subsequent crosslinking reaction. Then the D-PP was 
treated with glutaraldehyde solution (0.625%, wt%) for 
72 h. After the crosslinking process, the resulting PP was 
stored in glutaraldehyde solution (0.5%, wt%).

2.4  Preparation of OX‑CO cross‑linked PP (OX‑CO‑PP)
The D-PP was immersed into different concentrations of 
OX-CO solution (1%, 3%, 5% and 7%, wt%) and oscillated 
for 72  h. The OX-CO-PP was prepared and then thor-
oughly washed by distilled water (as described in 2.2), 
and stored in 75% ethanol.
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2.5  Preparation of sulfated chitosan grafted cross‑linked 
PP (OX‑SC‑PP)

The OX-CO-PP was incubated with carboxyl-group-
activated solution consisting of NHS (0.1  M) and EDC 
(0.1  M) [34]. After stirring for 2  h, 3,6-O-sulfated chi-
tosan (1%, wt%) was added and oscillated for 24 h. Then 
the resulting PP was thoroughly washed with distilled 
water (as described in 2.2), and the OX-CO cross-linked 
PP grafted with sulfated chitosan (OX-SC-PP) was 
obtained and stored in 75% ethanol.

2.6  Preparation of heparin sodium grafted cross‑linked PP 
(OX‑SH‑PP)

Heparin sodium (1%, wt%) was activated by NHS (0.1 M) 
and EDC (0.1 M) for 2 h. Then the OX-SC-PP was incu-
bated with the resulting solution for 24 h [34]. And then, 
the resulting PP was thoroughly washed with distilled 
water (as described in 2.2), and the OX-CO cross-linked 
porcine pericardium grafted with heparin sodium by 
sulfated chitosan (OX-SH-PP) was successfully prepared 
and stored in 75% ethanol.

2.7  The measurement of free amine group
The free amine group of the cross-linked PP was quan-
tified via ninhydrin assay [35]. In brief, the D-PP, G-PP 
or OX-CO-PP (around 1  cm × 1  cm size) was weighed 
respectively. Each sample was put into a centrifuge tube 
containing 1  mL ninhydrin working solution consisting 
of 50% v/v ninhydrin (1% W/V) in sodium citrate (0.1 M, 
pH = 5) and 50% V/V diethylene glycol monomethyl 
ether, and then was heated to 95  °C in a water bath for 
20  min. 250 μL of isopropanol aqueous solution (50%, 
V/V) was added to each sample after the resulting solu-
tion cooled down. 100 μL of the supernatant solution was 
drawn into the 96-well plate and measured at 567  nm 
by using microplate reader. The results were calculated 
according to the following formula:

where  Asample is the measured absorbance of cross-linked 
PPs,  Wsample is the weight of cross-linked PPs,  AD-PP is the 
measured absorbance of D-PP, and  WD-PP is the weight of 
D-PP.

2.8  Thermal shrinkage temperature measurement
Thermal shrinkage temperature was determined by dif-
ferential scanning calorimetry (DSC). Samples were 
cut into 1  cm × 1  cm size after freeze-drying. The heat-
ing curve was acquired by DSC 2920 (TA Instruments, 

Conversionofaminegroup = 1−

Asample

Wsample

AD−PP

WD−PP

× 100%

Newcastle, DE) under the conditions including  N2 atmos-
phere and a heating rate of 10 °C/min.

2.9  Microscopic morphology observation
The crosslinked PP samples were cut into 12 mm diam-
eter disks and freeze-dried. The micromorphology was 
observed by scanning electron microscopy (SEM, JEOL, 
JSM-7500F, Japan) after gold sputtering.

2.10  Uniaxial tensile testing
The sample was cut into 40 mm × 10 mm along the fiber 
direction, and the thickness of the three points was meas-
ured randomly with a thickness tester. The tensile test 
was carried out with a uniaxial tensile tester with a tensile 
speed was 12.5  mm/min. The ultimate tensile strength, 
elongation, tangent modulus and extensibility were cal-
culated by previously reported methods [36].

2.11  Collagenase and elastase degradation
The cross-linked and uncross-linked samples were lyo-
philized and weighed after being cut into 1  cm × 1  cm 
size. The samples were incubated with 1 mL collagenase 
or elastase solution with a concentration of 1 mg/mL (125 
U/mL) for 24  h at 37  °C. The samples were thoroughly 
washed with distilled water, and finally freeze-dried and 
weighed. The weight before and after enzymatic hydroly-
sis were named as  W0 and  W1, respectively.

2.12  Cytotoxicity evaluation
Cytotoxicity of materials was evaluated according to the 
methods described in the national standard. To put it 
simply, the cross-linked PPs were sterilized with 75% eth-
anol and then extracted in DMEM medium (6  cm2/mL, 
superficial area/volume) at 37 °C for 72 h. The L929 cells 
were digested with 0.25% trypsin and planted in a 96-well 
plate at a density of 5000 cells/ well. After incubation 
for 24  h, 100 μL material extract was added to replace 
the original medium for 24 or 48 h. The cell activity was 
measured by CCK-8 kit.

2.13  Endothelial cell adhesion and proliferation
The cross-linked PP was cut into disks with a diameter 
of 12 mm, placed in a 48-well plate and sterilized as the 
same method in cytotoxicity evaluation. The well-grow-
ing human endothelial cells were digested and then the 
samples were immersed at a density of 20,000 cells/well. 
After incubation for 24 or 48 h, the samples were trans-
ferred to a new 48-well plate, washed with PBS, fixed 
with 2.5% glutaraldehyde fixing solution and labeled with 

Weight loss rate =

W0−W1

W0
× 100%
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TRITC-phalloidin and DAPI, respectively. Cell morphol-
ogy on the cross-linked PPs was observed under a confo-
cal laser microscope (Zeiss LSM 800, DE).

2.14  Hemolysis rate determination
The rabbit blood extracted from the middle auricle artery 
was centrifuged at 1000 rpm for 15 min. The upper serum 
was discarded and the lower red blood cells were left. 
The blood was diluted 10 times with PBS solution. The 
crosslinked PP was cut into a circle with a diameter of 
10 mm, placed in a 1.5 mL centrifuge tube, and infiltrated 
with 200 μL PBS solution. Ultrapure water and PBS solu-
tion were used as positive control and negative control, 
respectively. Diluted red blood cells (800 μL) were added 
to each well and incubated for 24 h. The cross-linked PP 
was removed and centrifuged. The absorbance of the 
supernatant at 545 nm was tested by a microplate reader.

2.15  Coagulation experiment in the whole blood
The cross-linked PP was made into circular plates with 
a diameter of 10  mm, placed in a 48-well plate, and 
thoroughly cleaned with PBS. Fresh rabbit blood was 
centrifuged at 3000  rpm for 15  min, and the upper fre-
quency platelet plasma (FPP) was taken out. FPP (500 
μL) was added to each well and incubated for 90 min at 
37 °C. After incubation, the serum was analyzed for pro-
thrombin time (PT) and activated partial thrombin time 
(APTT) by a semi-automatic hematology-analyzer.

2.16  Recalcification whole blood clotting experiment
3% (V/V)  CaCl2 (100 mM) was added to the newly col-
lected blood from rabbit to prepare the recalcified blood. 
The cross-linked PP was shaped into a round plate with 
a diameter of 6  mm and then placed in a 96-well plate. 
Recalcified blood (200 μL) was added and incubated for 
10 min at 37 °C. Then the resulting samples were trans-
ferred to a new 96-well plate and cleaned it with PBS 
for 3 times. 300 μL TritonX-100 (0.5%, V/V) was added 
to each sample to dissolve thrombus. The absorbance of 
the supernatant was measured at 405 nm by a microplate 
analyzer.

2.17  Ex vivo arteriovenous shunt (AV‑shunt) assay
The use of animals and all protocols were approved by 
the by the Sichuan Provincial Committee for Experimen-
tal Animal Management and performed according to 
the institutional and NIH guidelines for the care and use 
of research animals. The cross-linked PPs were cut into 
rectangles of 10  mm × 15  mm, washed with sterile PBS 
after sterilization (the same as the cytotoxicity evalua-
tion method), and placed in a catheter of about 2 mm in 
diameter. The blank group was an empty catheter with-
out cross-linked PPs. New Zealand white rabbits (around 

3 kg) were anesthetized with 2% sodium pentobarbital at 
a dose of 30 mg/kg and injected with 100 U/kg heparin 
sodium before operation. The skin and muscle of the rab-
bit’s neck were cut open, and the carotid artery and jugu-
lar vein were externally connected through a catheter to 
establish blood circulation. Two hours later, the catheter 
was pulled out and cleaned with normal saline. The sam-
ple weights  W1 (before the operation) or  W2 (after the 
operation) were recorded. The thrombus was fixed with 
2.5% glutaraldehyde fixation solution for 1 h, then dehy-
drated with gradient ethanol and dried. The thrombus 
was observed by SEM (JSM-5900LV, JEOL, Japan).

2.18  Complement activation measurement
The cross-linked PPs were divided into disks with a 
diameter of 10  mm and placed in a 48-well plate. Then 
they were immersed in plasma separated from 500 μL 
whole blood via centrifugation (the same as the coagula-
tion test). The plasma was oscillated at 37 °C for 1 h. The 
resulting plasma was collected and determined with the 
C3a enzyme immunoassay kit.

2.19  Ubcutaneous implantation
The cross-linked PPs were cut into 1  cm × 1  cm and 
thoroughly rinsed with sterile PBS after sterilization. SD 
rats (100  g ± 10  g) were anesthetized by intraperitoneal 
injection of 2% pentobarbital sodium at a dose of 30 mg/
kg. The hair on the back was shaved., and back skin was 
disinfected with wiping povidone-iodine solution. Two 
holes (about 1 cm) were cut in the middle and two pock-
ets were opened on both sides. The crosslinked PPs were 
placed in the pocket and sutured. Samples were taken 
out at 7, 30 and 60  days respectively. Some of the sam-
ples were weighed after being freeze-dried and heated 
with concentrated nitric acid in a water bath at 100  °C 
until all the solids were dissolved. The calcium content 
was analyzed by ICP-AES. The other part was fixed with 
4% paraformaldehyde, gradient dehydrated, embedded, 
sectioned and stained for HE, immunohistochemistry 
and alizarin red. The numbers of CD3-positive cells and 
CD68-positive cells were counted by Image pro plus.

3  Results and discussion
3.1  Preparation of OX‑CO‑PP, OX‑SC‑PP and OX‑SH‑PP
As shown in Additional file 1: Fig. S1, bicyclic oxazolidine 
OX-CO with a more reactive carboxyl functional group 
was synthesized through the esterification reaction of 
hydroxyl group of OX-OH with succinic anhydride to 
providing more versatility for material preparation and 
properties [37]. The chemical structure of OX-CO was 
characterized by 1H NMR, 13C NMR and MS. These 

Thrombogenesis = W2 −W1
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results shown in Additional file  1: Fig. S1, S2 indicated 
that OX-CO was successfully prepared.

With the functional crosslinking agent OX-CO in hand, 
OX-CO-PP was obtained by the treatment of D-PP with 
OX-CO. According to the amine conversion of different 
concentrations of OX-CO-PPs (Additional file 1: Fig. S3), 
the working concentration of OX-CO was finally selected 
as 3% (wt%) for cross-linking of PP. With a large number 
of carboxyl groups remained on OX-CO-PP, the modi-
fication of OX-CO-PP with sulfated chitosan was con-
ducted through the chemical linkage of amide groups 
to obtain OX-SC-PP, following with the further grafting 
of heparin sodium with sulfated chitosan to achieve the 
functional BHV material OX-SH-PP. Sulfated chitosan 
could not only provided a lot of amine groups, but also 
cooperated with heparin sodium in anti-coagulation. 
According to the standard curve of sulfated chitosan and 
heparin sodium (Additional file  1: Fig. S5), the grafting 
degree of sulfated chitosan and heparin sodium were cal-
culated to be 31.57 ± 1.32  μg/cm2 and 43.93 ± 15.32  μg/
cm2, respectively.

3.2  Thermodynamic and biochemical stability 
and mechanical property

The morphology and orientation of valve fibers are 
closely related to the mechanical properties and anti-deg-
radation properties. The morphologies of D-PP, OX-CO-
PP, OX-SC-PP and OX-SH-PP were shown in Additional 

file 1: Fig. S6. The collagen fibers of D-PP were lossened 
in the sample preparation for SEM, while the gaps were 
decreased and the surface was more compact for these 
cross-linked PPs (Fig. 1). The thermal shrinkage tempera-
ture can be used to characterize the stability of collagen 
materials. As shown in Fig.  2A, the thermal shrinkage 
temperature of G-PP (88.4 °C ± 3.51 °C) was significantly 
higher than that of D-PP (77.27  °C ± 1.62  °C). The DSC 
of OX-CO-PP (93.11  °C ± 1.17  °C) was higher than that 
of G-PP. This result indicated OX-CO could significantly 
stabilize PP materials. What’s more, the thermal shrink-
age temperature of OX-SH-PP (96.67  °C ± 3.67  °C) was 
slightly higher than that of OX-CO-PP, which might be 
caused by hydrogen bonding after the graft of sulfated 
chitosan and heparin sodium [38].

PP is mainly composed of collagen and elastin. After 
the treatment of collagenase (Fig.  2B), the weight loss 
rate of the D-PP, G-PP, OX-CO-PP and OX-SH-PP was 
93.69%, 2.73%, 7.06% and 1.73%, respectively. After the 
treatment of elastase (Fig.  2C), the weight loss rate of 
the D-PP, G-PP, OX-CO-PP and OX-SH-PP was 17.36%, 
7.32%, 7.38% and 7.32%, respectively. Since chemical 
crosslinking could greatly improve collagen stability, col-
lagenase degradation resistance could be observed for 
these cross-linked PPs. However, the elastin is mainly 
composed of nonpolar amino acids (Gly, Val, Ala, Pro 
and so on), which cannot be crosslinked by OX-CO, 

Fig. 1 The prepared route of OX-CO-PP, OX-SC-PP and OX-SH-PP
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Fig. 2 A The thermal shrinkage temperature of D-PP or crosslinking PP (n = 3). Resistance to collagenase B or elastase C degradation. D Cell viability 
assessment after incubated with the extraction medium of PPs for 24 h or 48 h. E Observation of adhesion of HUVECs to the valves after 24 h and 
48 h growth by TRITC-pholloidin (red) and DAPI (blue) staining. (bar = 50 μm)
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resulting into different behavior of collagenase and 
elastase degradation.

Heart Valves act as one-way valves in the human body 
to prevent blood reflux and need to be opened and closed 
for hundreds of millions of times. The good mechani-
cal strength is an essential for their long lifetime. The 
mechanical properties of crosslinked BHV valves were 
evaluated by uniaxial tensile test. As reported, Glut-
treated PPs have been proved exhibit good mechani-
cal properties. As shown in Table  1, the ultimate 
tensile strength of the G-PP (19.48  MPa ± 2.42  MPa), 
OX-CO-PP (19.43  MPa ± 1.02  MPa) and OX-SH-PP 
(20.21  MPa ± 1.93  MPa) were shown similar to G-PP 
(19.25  MPa ± 1.17  MPa), which were significantly 
higher than that of the D-PP (8.63  MPa ± 2.44  MPa). 
Meanwhile, the high tangent modulus of all 
cross-linked PPs (G-PP: 102.78  MPa ± 9.82  MPa; 
OX-CO-PP: 102.83  MPa ± 14.32  MPa; OX-SC-
PP: 110.88  MPa ± 13.56  MPa and OX-SH-PP: 
102.33  MPa ± 9.30  MPa) were also significantly higher 
than that of D-PP (49.89  MPa ± 14.83  MPa), indicating 
the mechanical properties for these oxazolidine treated 
PPs were excellent.

3.3  Cytotoxicity of PPs
As shown in the Fig. 2D, the viability of L929 cells treated 
with G-PP extract was 44.38% ± 3.53% after 24  h, and 
33.71% ± 7.78% after 48  h, indicating a relatively high 
toxicity for G-PP. The survival rate of cells treated with 
OX-CO-PP, OX-SC-PP and OX-SH-PP was close to 100% 
whether after 24 h or 48 h. At the same time, the growth 
of endothelial cells in the cross-linked PPs was also 
observed in the Fig. 2E. There were only a few endothe-
lial cells attached to the G-PP after 24 h or 48 h with the 
poor morphological phenotype and the growth condition 
of the cells. The cells of OX-CO-PP, OX-SC-PP and OX-
SH-PP were spindle-shaped after 24  h, and the number 
of cells significantly increased after 48  h with normal 
morphological phenotype and good growth condition, 
indicating the good cell compatibility and the enhanced 
growth of endothelial cells for OX-SH-PP [39, 40].

3.4  Hematological evaluation in vitro
The blood compatibility and anticoagulant ability of the 
cross-linked valve were studied. As an implantable blood 
contact medical device, it is necessary to evaluate the 
hemolysis rate of BHV materials. As shown in Fig. 3A, the 
hemolysis rate of G-PP, OX-CO-PP, OX-SC-PP and OX-
SH-PP was 1.41% ± 0.28%, 0.79% ± 0.32%, 0.37% ± 0.33% 
and 0.24% ± 0.23%, respectively, far below the acceptable 
hemolysis rate standard of less than 3%. In addition, pro-
thrombin time (PT) and activated partial thrombin time 
(APTT) were used to evaluate the anticoagulant ability of 
these cross-linked PPs. As shown in Fig. 3B, there was no 
significant difference of the PT for all groups with values 
of blank control, G-PP, OX-CO-PP, OX-SC-PP, and OX-
SH-PP as 8.27  s ± 0.27  s, 8.18  s ± 0.12  s, 8.03  s ± 0.08  s, 
8.28  s ± 0.15  s and 9.03  s ± 0.75  s, respectively. While 
the APTT of blank control, G-PP and OX-CO-PP were 
17.2 s ± 2 s, 20.7 ± 0.34 s and 20.35 ± 0.77 s, respectively, 
the APTT of OX-SC-PP with 50.52 s ± 1.92 s and OX-SH-
PP with 110.65 s ± 12.69 s was shown, with 2.94 times and 
6.43 times higher than that of blank control, respectively. 
The concentration of TAT was also measured via the TAT 
(thrombin-antithrombin complex) Elisa kit. As shown in 
Fig.  3C, compared to the TAT concentration of control 
group (191.36 pg/mL), the TAT concentration of OX-SC-
PP and OX-SH-PP was 282.32 pg/mL and 393.66 pg/mL, 
respectively, indicating that the introduction of sulfated 
chitosan and heparin sodium could result into a signifi-
cant enhancement of the ability of antithrombin to bind 
thrombin to form TAT complex[41], inhibit the activity 
of blood coagulation factor and prolong the APTT.

When the blood comes into contact with a foreign sub-
stance, the host’s complement system will be activated and 
the component of components C3 will split into C3a and 
C3b [42]. Therefore, the level of complement activation level 
can be evaluated by the concentration of C3a. As shown in 
the Fig. 3D, the concentrations of C3a in G-PP, OX-CO-PP, 
OX-SC-PP and OX-SH-PP were 28.29 ng/mL, 29.59 ng/mL, 
28.94 ng/mL and 30.55 ng/mL respectively, which were all 
lower than those in the control group (31.17 ng/mL), indicat-
ing that the low immunogenicity for these cross-linked PPs.

Table 1 Mechanical properties of PPs

Tissues Ultimate tensile strength 
(MPa)

Elongation (%) Tangent modulus (MPa) Extensibility (%)

D-PP 8.63 ± 2.44 26.45 ± 3.96 49.89 ± 14.83 6.28 ± 2.01

G-PP 19.48 ± 2.42 23.61 ± 1.16 102.78 ± 9.82 6.41 ± 1.57

OX-CO-PP 19.43 ± 1.02 22.85 ± 4.63 102.83 ± 14.32 5.31 ± 2.14

OX-SC-PP 19.25 ± 1.17 22.55 ± 3.67 110.88 ± 13.56 5.85 ± 2.36

OX-SH-PP 20.21 ± 1.93 25.79 ± 2.85 102.33 ± 9.30 6.59 ± 2.03
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The antithrombotic ability of cross-linked valves 
in  vitro was evaluated by whole blood remodifica-
tion coagulation test. Figure  3F intuitively reflected the 
antithrombotic abilities of the four groups. After incu-
bation with the recalcified whole blood, a large num-
ber of thrombosis formed in the G-PP group, and some 
thrombus formed in the OX-CO-PP group, while only 
a small part of thrombus formed in the OX-SC-PP and 

OX-SH-PP groups. The absorbance of hemoglobin 
(Fig.  3E) further reflected the thrombogenic volume, 
demonstrating the superior antithrombotic ability for the 
OX-SH-PP.

The anticoagulant ability of cross-linked PPs in living 
blood flow was tested by ex vivo AV-shunt (Fig. 4A). As 
shown in Additional file  1: Fig. S7, 2  h after the blood 
flow through the catheter, there was no thrombosis in 

Fig. 3 A Hemolysis effect of G-PP, OX-CO-PP, OX-SC-PP and OX-SH-PP; B APTT and PT for plasma after incubation with PPs; C The TAT content of 
plasma after incubation with PPs; D The concentrations of C3a in the plasma after treatment with PPs. The amount (E) and images F of thrombus 
generated on the surface of PPs after recalcified whole blood clotting. (*p < 0.05, **p < 0.01, ***p < 0.001)
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the blank group, indicating that the catheter itself did not 
cause coagulation. The G-PP group, OX-CO-PP group 
and OX-SC-PP group were all blocked. A large amount 
of thrombus formed in G-PP and OX-CO-PP group, and 
partial thrombus formed in OX-SC-PP group. In the OX-
SH-PP group, the catheter was permeable and there was 
no obvious thrombosis. Scanning electron microscopy 
(Fig.  4B) showed that thrombus formation by the com-
bination of fibrin and blood cells could be observed for 
G-PP, OX-CO-PP and OX-SC-PP groups, while almost 
no blood cells were shown on the surface of OX-SH-PP, 
indicating that the modification of heparin through the 
sulfated chitosan could successfully improve the antico-
agulant ability of the cross-linked PPs.

3.5  Calcification analysis and immune responses
As shown in Fig.  5A, there were large amounts of dark 
red calcification spots on G-PP after 60  days, while no 
significant calcification spots were found in OX-CO-PP, 
OX-SC-PP and OX-SH-PP. The calcification was also 
quantitatively analyzed by ICP-AES. As shown in the 
Fig.  5B, after implantation in SD rats for 30  days, while 
the calcium content of G-PP was 11.45  μg/mg, the cal-
cium contents of OX-CO-PP (1.38  μg/mg), OX-SC-PP 
(2.79  μg/mg) and OX-SH-PP (1.42  μg/mg) were signifi-
cantly lower than that of G-PP. After 60 days, the calcium 
content was further increased to 126.46  μg/mg. It was 
worth nothing that OX-CO-PP (2.84 μg/mg), OX-SC-PP 
(3.74  μg/mg) and OX-SH-PP (2.41  μg/mg) still main-
tained a very low degree of calcification. The degree of 

calcification was further determined by alizarin red stain-
ing section. With CD3 and CD68 as specific markers for 
the amounts of T-lymphocytes and macrophages respec-
tively, the immune rejection for the cross-linked PPs after 
implantation was investigated by immunohistochemi-
cal staining slices. As shown in the Fig. 5C, D, compared 
with G-PP, there were much fewer T-lymphocyte (CD3) 
and macrophage (CD68) antibodies observed for OX-
CO-PP, OX-SC-PP and OX-SH-PP, indicating the better 
biocompatibility for these oxazolidine cross-linked PPs. 
The reported studies have shown that the calcification is 
related to a variety of factors for G-PP such as residual 
aldehyde groups and inflammation reaction. The ability 
of good anti-calcification property for non-glutaralde-
hyde cross-linked PPs might be attributed to their good 
biocompatibility, absence of aldehyde residue after cross-
linking, and low inflammatory response.

4  Conclusion
In this study, functional BHV materials with excellent 
anticoagulant properties have been developed based on 
non-glutaraldehyde cross-linked PPs. Excellent anti-
coagulant properties have been shown for these func-
tional oxazolidine cross-linked PPs, which is a promising 
attempt for BHV replacements in the slow blood flow 
conditions such as pulmonary valve and venous valve 
replacement. Meanwhile, compared with glutaraldehyde 
treated PPs, better biocompatibility, superior anticoagu-
lant ability, reduced calcification and promoted endothe-
lial adhesion have also been demonstrated for these 

Fig. 4 Evaluation of the hemocompatibility of G-PP, OX-CO-PP, OX-SC-PP and OX-SH-PP by ex vivo AV-shunt in rabbits for 2 h. A Illustration for 
AV-shunt assay. B SEM images of cross-linked PPs after ex vivo AV-shunt assay. C Images of cross-linked PPs after ex vivo AV-shunt assay
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functional BHV materials along with the comparable 
mechanical property and collagen stability, making them 
a great potential for the bioprosthetic heart valve applica-
tions in clinic.
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