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摘  要 : 由于自体血管 (由同一受体的血管用于血管移植材料) 的有限可用性，以及非自体血管 (人工制成的血

管移植材料) 的生长能力不足，组织工程血管越来越受到重视。文中构建了一种磷铵两性离子改性的血管脱细胞

支架附以高度生物相容的骨髓源内皮祖细胞为内层的新型血管移植材料。通过一种简便的方法——共沉淀法改性

血管脱细胞支架，评价其体外血小板粘附实验、溶血实验、复钙实验和细胞毒性等相关指标。磷铵两性离子改性

后抗凝血活性提高，可以有效地促使类似于天然血管腔表面凹凸结构的脱细胞支架表面内皮祖细胞的附着。改性

后的脱细胞支架具有与天然血管相似的力学性能，在体外可以有效地构建内皮化。研究结果为血管脱细胞支架通

过改性实现体外抗血栓和内皮化方面进行了初步探索。 

: 磷铵两性离子，脱细胞支架，内皮化  

Acellular vascular scaffolds modified by ammonium 

phosphate zwitterions can effectively resist thrombosis and 

promote endothelialization in vitro 
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Abstract:  Due to limited availability of autologous blood vessels (blood vessels from the same recipient used for vascular 

transplantation materials) and inadequate growth ability of non-autologous blood vessels (artificial blood vessel 

transplantation materials), more and more attention has been paid to tissue engineering blood vessels. In this study, we 

constructed an ammonium phosphate zwitterion modified acellular vascular scaffold with highly biocompatible  bone 

marrow-derived endothelial progenitor cells as the inner layer of a new vascular transplantation material. The vascular 
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acellular scaffolds were modified by a simple method—co-precipitation method. The platelet adhesion test, hemolysis test, 

recalcification test and cytotoxicity of acellular vascular scaffolds in vitro were evaluated. Ammonium phosphate zwitterions 

modified endothelial progenitor cells on the surface of acellular scaffolds with concave and convex structure on the surface of 

natural vascular lumen can be effectively promoted by improving anticoagulant activity. Modified acellular scaffolds have 

similar mechanical properties to natural blood vessels and can effectively construct endothelialization in vitro. The results of 

this study provide a preliminary exploration for the modification of vascular acellular scaffolds to achieve anti -thrombosis and 

endothelialization in vitro. 

Keywords:  ammonium phosphate zwitterions, acellular scaffolds, endothelialization 
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1.2  方法 

1.2.1    

1) 

2) 

1% Triton X-100 0.5%

48 h 3) 

PBS

PBS 30 d

2 4)  

(−75 ℃) 30 min

 

1.2.2  APZ  

1) APZ 50 mL

30 min APZ 2) 

PBS 30 min
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1.2.4   

pH 7.4 PBS
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PBS 96

0.025 mol/L CaCl2  

(Platelet-poor plasma PPP) 0.1 mL

96  (BioTek synergy2) 

OD 405 nm 0.1 mL 0.025 mol/L 

CaCl2 0.1 mL

3  

1.2.7  MTT  

3 mm×3 mm

EPCs 0.25%

EPCs

1×10
4
 cell/ 96

100 μL/

80%–90%

6

 (37 ℃ 5% CO2) 24 h 72 h

MTT

96 20 μL (5 mg/mL) MTT

4 h 150 μL

 (DMSO) 

10 min 490 nm  

(OD) 3

RGR

1  

 
表 1  细胞毒性分级标准 

Table 1  Criteria for classification of cytotoxicity  

Relative cell proliferation rate Cytotoxicity grading 

100% 0 

75%–99% 1 

50%–74% 2 

25%–49% 3 

1%–24% 4 
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1.2.8   (Endothelial progenitor 
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75%

PBS

1×10
6
/mL EPCs 1 mL

37 ℃ 5% CO2

6 h 90°

EPCs 6 6×10
6

4 h

1 mL/min 7 d

1 d 7 d

HE vWF

EPCs  

2  结果与分析 

2.1  APZ 改性脱细胞血管支架的物理性能测定  
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图 1  APZ 改性脱细胞血管支架大体观 

Fig. 1  View of APZ modified acellular scaffold. 

 

 

图 2  APZ 改性脱细胞血管支架 SEM 图 

Fig. 2  SEM images of APZ modified acellular scaffold.  

 

 

 

图 3  APZ 改性脱细胞血管支架 HE 染色 

Fig. 3  HE staining of APZ modified acellular scaffold 

(×100).  

 

 

 

图 4  APZ 改性脱细胞血管支架接触角 (1S 和 10S)  

Fig. 4  Contact angle of APZ modified acellular scaffold 

(1S and 10S). 

 

表 2  APZ 改性脱细胞支架的生物学性能 

Table 2  Biological properties of APZ modified acellular scaffold 

Sample Suture tear strength (N) (n=6) Contact angle (°) (n=6) Fiber diameter (nm) (n=6) 

APZ modified acellular scaffold 4.4±0.6 92.5±1.4 73.5±6.1 

Acellular scaffold 3.2±0.7ns 21.5±1.8* 74.2±4.5ns 

Porcine carotid artery 4.2±0.8ns 22.3±1.3* 75.2±4.6ns 

APZ modified acellular vs. Acellular scaffold; APZ modified acellular vs. Porcine carotid artery (*P<0.01; ns: no 

significance.). 
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图 5  血小板粘附扫描电子显微镜图 (×2 000) 

Fig. 5  SEM images of platelet adhesion (×2 000). (A) The platelet adhesion of acellular scaffold. (B) The platelet 

adhesion of artificial blood vessels. (C) The modified acellular scaffold without platelet adhesion. 

 

2.3  溶血实验  

3

3 APZ

0.6%

5%

 

2.4  复钙实验 

Ca
2+

T1/2max

 

APZ

10.2 min 18.1 min 15.9 min  

 

表 3  脱细胞支架的溶血试验结果 

Table 3  Hemolysis test results of acellular scaffolds 

Sample Absorbance Hemolytic ratio (%) 

Negative control 0.044 0 0 

Positive control 0.436 7 100 

Acellular scaffold 0.041 5 0.634 0 

Artificial blood vessel 0.041 8 0.560 2 

Modified acellular  

scaffold 
0.041 7 0.585 6 

APZ

APZ

APZ

 

2.5  MTT 法测体外细胞毒性  

APZ 1 2

24 h 72 h 4

APZ

1

APZ 72 h

93.4% 1 2

77.6% 75.7% APZ

APZ

 

2.6  骨髓源内皮祖细胞可以在 APZ 改性脱细

胞血管支架上成功内皮化 
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1 vWF

 ( 6C) 7

vWF
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 ( 6D)

EPCs APZ

7 d EPCs

 

 

表 4  细胞毒性分析 

Table 4  Cytotoxicity analysis 

Sample Cultured time (h) Absorbance (490 nm) Relative cell increment rate (%) Cytotoxicity grading 

Blank control 24 0.107 9 

  
72 0.116 1 

Negative control 24 0.827 3 100.0 0 

72 1.253 0 100.0 0 

Acellular scaffold 24 0.702 4 82.6 1 

72 0.998 0 77.6 1 

Artificial blood vessel 24 0.762 8 91.0 1 

72 0.976 3 75.7 1 

Modified acellular scaffold 24 0.814 6 98.2 1 

72 1.178 2 93.4 1 

 

  
 

  
 

图 6  EPCs 种植改性脱细胞支架 

Fig. 6  EPCs implanted modified acellular scaffolds. (A) HE staining after 1 day of dynamic culture of EPCs. (B) HE 

staining after 7 days of dynamic culture of EPCs. (C) vWF specific staining negative after 1 day of dynamic culture of 

EPCs. (D) vWF specific staining positive after 7 days of dynamic culture of EPCs. 
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