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ABSTRACT OF THE THESIS 

 

Development and Characterization of Kink-resistant Elastic Nanofibrous Vascular Graft 

with Antithrombosis Modification 

 

 

by 

 

Xinyi Li 

 

Master of Science in Bioengineering 

University of California, Los Angeles, 2018 

Professor Song Li, Chair 

 

The thesis includes two parts: (1) fabrication of kink-resistant polycarbonate-urethane 

(PCU) nanofibrous vascular graft, and (2) surface modification and in vitro evaluation for 

kink-resistant polycarbonate-urethane (PCU) nanofibrous vascular graft. 

Cell and tissue engineering with regenerative medicine is a rapidly growing field that 

combines knowledge and technology from fields such as biology, engineering, materials, 

chemistry, mechanics and medicine. The current arterial replacement is one of the most 

common treatments for cardiovascular disease. However, the implanted grafts are 

usually failed because of the formation of thrombosis and neointimal hyperplasia, due to 

its poor blood compatibility and mechanical mismatch. 
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In this thesis, we developed a desired vascular graft with enhanced 

mechanical properties and biocompatibility by engineering biomaterials. In the first part, 

we developed the kink-resistant nanofibrous vascular graft by electrospinning combined 

with spiral coil integration techniques. We indicated that our newly designed 

kink-resistant grafts can maintain the lumen better than normal vascular grafts to keep 

the patency after implantation. In the second part, we investigated several surface 

amination methods and heparin conjugation techniques to endue anti-thrombosis 

properties for PCU grafts. It is confirmed that higher amine coating density is 

corresponding to the higher heparin conjugation rate. Furthermore, PEG and 

PEG/Heparin treated substrates showed a significantly higher anti-thrombogenic activity 

and provided the cells with a more suitable growth environment. 

Taken together, this research provides a possible solution to avoid the kink and banding 

of the electrospun vascular graft with anti-thrombogenic effects. 
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Chapter 1: Introduction 

1.1 Thesis Introduction 

Tissue engineering is a rapidly growing field in regenerative medicine and biomedical 

engineering. With the help of tissue engineering, an equivalent substitute can be created 

to replace the traumatized or damaged tissue.1 According to the Heart Disease and 

Stroke Statistics 2017 report from the American Heart Association, there are nearly 

801,000 deaths caused by cardiovascular disease in the US, which accounts for 1 of 

every 3 deaths in the US.2 There is also a high demand for vascular replacement, since 

arterial replacement is one of the most common treatments for cardiovascular disease.1  

The autologous tissue-engineered vascular graft is the preferred vascular conduit, which 

is immunologically compatible and non-thrombogenic. However, there are still many 

problems during or even before harvest; therefore, the grafts are unusable or difficult to 

store.3  

As there is a limitation on the utilization of autologous tissue-engineered vascular grafts, 

polymer-based artificial grafts have become an alternative option. In order to ensure that 

the artificial grafts have adequate biocompatibility, surface modification becomes another 
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focus along with vascular fabrication. According to some previous studies, heparinized 

surface modification has a dominant position.4 Much research has endeavored to 

combine the advantages of autologous and artificial grafts, and some available 

approaches are electrospun vascular grafts or woven vascular grafts together with the 

biochemical molecules surface modification.5,6  

 

Electrospinning has been widely researched and studied in varies tissue engineering 

purposes. While the first patency of electrospinning was filed in 1902, it was not until 

Figure 1.1 Schematic illustration of in vitro, in vivo, and in situ tissue 

engineering of vascular grafts.1 
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1990s, people started to put this technology into apply. Although some other manufacture 

mathods can also build the artificial tissue which matches the natural tissue property, 

because of the porous property of electrospun products, autologous cells can infill better 

into the electrospun grafts.7  

Since 1956, artificial vasculars made by synthetic material have been used in clinic, and it 

is shown that there is no proplem in large diameter artificial vascular. Because of the low 

resistance and high flow rate, thrombosis is not easy to form. However, when the 

diameter of the grafts is less than 6 mm (small diameter vascular grafts), the patency 

become much lower. 8 Due to the supraphysiologic stiffness and artificial composition, the 

thrombosis, stenosis, and infection will cause the failure in small-diameter grafts. And in 

the past 40 years, these is no innovation in the market can solve this problem, the 

utilization of the small-diameter grafts still has some limitation.9  

In the current maket, we can only find several ways to manufacture the kink-resistant 

vascular grafts. Some studies and patencies mentions the stent-grafts, beading wthin the 

grafts, stiffness gradient endoluminal stent and etc, but the compactness between 

different layer is always a probleam.10–12 
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In my study, I tried to find out a way to let the vascular graft with a kink-resistant 

characteristic with out the problem that the stratification and leaking of the blood is likely 

to happen during the suture and after implantation. Our idea is based on the endoluminal 

stent method, but we change the solid stent into a gel-liquid form, which will help the 

adhesive between the stent layer and eletrospinning graft layers. At the same time, in 

order to reduce the thrombosis formation and the inflammation, I modify the graft’s 

surface with heparin conjugation, which is known as the one of the most common 

anticoagulant agent.13 
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1.2 Thesis outline 

In Chapter 2, we developed a new electrospinning kink-resistant polycarbonate-urethane 

(PCU) nanofibrous vascular graft with a spiral coil within the grafts in order to reduce the 

risk of inner restenosis of vascular graft resulting from the in-vivo kink behavior. In this 

study, our newly designed grafts exhibited an excellently integrated structure without any 

delamination and considerable kink resistance with fast shape recovery rate and 

enhanced compression modulus. 

 

In Chapter 3, we investigated the surface modification for electrospinning PCU grafts, 

which enables the artificial grafts to achieve biocompatibility similar to the autologous 

tissue-engineered vascular graft. We compared and optimized several surface 

modification methods, and maximized the efficacy of amine detection and heparin 

conjugation for in vitro endothelialization and graft integration. 
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Chapter 2: Fabrication of Kink-resistant Polycarbonate-urethane (PCU) 

Nanofibrous Vascular Graft 

2.1 Introduction 

2.1.1 Electrospun Polycarbonate-urethane (PCU) Vascular Grafts 

Electrospinning 

We used polycarbonate-urethane (PCU) as the material polymer to create vascular graft 

by electrospinning methods. 

Electrospinning is a special method for creating nanofibrous materials for tissue 

engineering that allows the products to have an extremely high surface-to-volume ratio. 

According to the paper from Biomaterials 2011, “The principle of electrospinning is that an 

electric field is used to overcome the surface tension of a polymer solution to shoot a jet 

of liquid out of a needle toward a conducting collector”.14 

Generally, the electrospinning system consists of a high-voltage power supply, a 

spinneret and a collector (rotating mandrel). When the applied electric field is strong 

enough for a polymer solution droplet from the spinneret to overcome the surface tension, 

a nanofiber jet will eject towards the collector become solid fiber accompanied with the 
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solvent evaporation.15(Figure 2.1) 

Therefore, these electrospun grafts have the property of porosity, which enables them to 

simulate the microstructure of the native vascular tissue. Meanwhile, the properties of 

electrospun graft, such as fiber diameter or mechanical strength, can be adjusted by 

controlling the electrospinning parameters to match the natural tissue properties.16 

PCU is known for its capability in biostability, hemolytic activity, cytocompatibility, and 

blood compatibility, which gives it potential for various medical applications.17,18 In this 

study, we will choose an elastic stable polycarbonate-urethane (PCU) (CarboSiL®20 90A 

UR Thermoplastic Silicone - Polycarbonate - urethane) as our polymer material to create 

vascular graft by the methods of electrospinning. 

Figure. 2.1 Set up of electrospinning vascular graft.  
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2.1.2 Kink-resistant Characteristics 

The kink-resistant characteristics of the artificial vascular grafts are necessary to make 

the implantation feasible and retain patency. Artificial vascular grafts must resist the radial 

load caused by blood pressure and the vascular wall. At the same time, due to the 

different positions of the body, some load from another direction will also be applied to the 

grafts. Thus, kink-resistant grafts are crucially needed.19 

In several previous studies, the structure of an “accordion” pleat was noticed and found to 

be useful. However, there are still some problems, such as the possibility that 

cord-winding methods may cause the graft materials’ stratification; the heat-press 

procedure can make the graft materials lose strength, and so on.20 

In our study, we created a liquid-gel spiral coil method to produce the accordion-pleat 

shaped kink-resistant vascular grafts. When the spiral coil was coiled on, it was still in a 

liquid-gel status, which allowed the multilayers to seamlessly stick together. Meanwhile, 

the liquid-gel can be solidified into a harder spiral coil after quick solvent evaporation, it 

grants the eletrospun vascular grafts a kink-resistant property. 
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2.2 Materials and Methods  

2.2.1 Electrospinning Fabrication of Vascular Grafts 

The electrospinning method was used in our study(Figure 2.1), and fibrous vascular 

grafts was made by electrospinning method. First of all, polycarbonate-urethane 

(CarboSiL®20 90A, DSM Biomedical) was dissolved at 16.5% (w/v) by 

dimethylformamide (DMF). A programmable pump was used to deliver the polymer 

solution with a 25 mL syringe, which was connected to a multi-needle injector (18G) by 

flexible silicon tubing. The +18 kV voltage and -1.6 kV voltage was applied by two 

high-voltage generators to the injector and the mandrel collector. After that, the PCU 

solution deliver flow rate is 2.2 mL/h and the collecting distance from needles to collector 

is 15 cm. PCU fibers, which are at random orientation, were collected by the mendal at a 

low rotation speed (40 rpm). The electrospun grafts were dried overnight at room 

temperature in a chemical hood. 
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2.2.2 Fabrication of Kink-resistant PCU Vascular Grafts with Spiral Coils  

The multilayer kink-resistant vascular grafts were fabricated by the aforementioned 

method with minor modification (Figure 2.2). A kink-resistant vascular graft with three 

layers was collected on a 4 mm diameter and 20 cm length stainless steel rod. The first 

layer was electrospun by 8 mL of 16.5% 90A PCU (w/v) in DMF. The second layer (spiral 

coils) was manufactured by 35% 75D PCU (w/v) in HFIP. The high concentration solution 

(liquid gel) was manually squeezed onto the first layer at a flow rate of 1 mL/min, and the 

solution squeezing head was moved from left to right at the speed of 30 cm/min while the 

collecting mandrel was rotated at 15 pm. The third layer was electrospun by 8 mL of 

16.5% 90A PCU (w/v) in DMF. 
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2.2.3 Mechanical property test 

The uniaxial tensile property was measured by the universal material tester (Instron, 

Canton, MA). Strips (30 mm × 10 mm, n = 5) were cut from the electrospun sheets and 

stretched at the speed of 10 mm/min and a 50 N load. The applied force and deformation 

change were recorded via Bluehill software (Instron Corp.). The applied load, deformation, 

and dimensions (thickness and width) of the graft were recorded, and the elastic modulus 

was calculated according to the record. 

 

Figure. 2.2 Manufacture of spiral coiled and multilayer kink resistant vascular graft 
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Compression tests of both normal electrospun PCU grafts and kink-resistant PCU 

vascular grafts (4 mm internal diameter, 250 μm ± 25 μm wall thickness, 3 cm length) 

were measured by the Instron compression system with 2.5 N load in both the axial and 

radial direction. For the axial compression test, the 3 cm length vascular graft (4 mm ID) 

was compressed with 1 cm extension at 1cm/min. In the radial compression test, the 

vascular graft was flat on the loading plate with two sides fixed by tape, then the sample 

was compressed with 3 mm extension at 2 mm/min. 
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2.3 Results 

2.3.1 Structural Characterization of PCU Vascular Grafts and Kink-resistant Spiral 

Coiled Frame 

The gross appearances of the electrospun non- and kink-resistant PCU vascular graft 

were shown in Figure 2.3. The normal vascular graft showed right angle when bending in 

the petri dish, while the kink resistant vascular graft showed the round angle without 

narrowing the inner lumen. The kink-resistant vascular graft is composed of a middle 

section with integrated spiral coil and two ends section without coil (Fig. 2.3c-h). The high 

concentration solution (liquid gel) was manually squeezed on the first layer of vascular 

graft, and become solid ribbon like spiral coil after solvent evaporation. This integrated 

structure exhibited strong kink resistant mechanical properties.   

We further evaluated the fibrous structure of the electrospun vascular graft via scanning 

electron microscope (SEM) (Fig. 2.4). SEM showed the graft has smooth fiber 

morphology both on surface (Fig. 2.4 (a,b)). The diameter of the inner surface fibers 

ranged from approximately 500 nm to 1um, which is larger than that of out surface fibers 

of 300 nm to 600nm. The traditional vascular graft with solid fiber coil showed an 
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obviously layered structure (Fig. 2.4 (e,f)), while our newly developed graft showed an 

integrated spiral coil (Fig. 2.4 (g, h)). 

Figure 2.3 Detailled pictures of the electrospun kink-resistant PCU vascular graft. 

(a) Gross appearance of the electrospun non- and kink-resistant PCU vascular 

graft. (b) Cross-sectional interface of the electrospun graft. (c, d) Gross 

appearance of the electrospun kink-resistant PCU vascular graft. (e) Spiral coil 

was integrated on the electrospun inner layer by the liquid gel. (f-h) Dry spiral coil 

with ribbon like morphology in the kink-resistant PCU vascular graft. 
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Figure 2.4 Scanning electron microscope (SEM) images of outer layer, 

cross-sectional interface and inner layer of vascular scaffold. (a)(b) SEM images of 

outer layer. (c)(d) Cross-sectional interface of the normal graft. (e)(f) Cross-sectional 

interface of the traditional solid spiral coil graft. (g)(h) Cross-sectional interface of the 

liquid spiral coil graft. 
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2.3.2 Mechanical Property of PCU Vascular Grafts and Kink-resistant PCU Vascular 

Graft 

The mechanical test of the electrospun PCU membrane was measured by uniaxial tensile 

test, and the representative uniaxial tensile stress-strain curves of the PCU membrane 

are illustrated in Figure 2.4. The electrospun PCU membrane is flexible and elastic at 

room temperature and showed the strain at break of 274.4 %, strength at break of 

4.0MPa and an initial Young’s modulus of 2.8 MPa. 

Figure 2.5 Mechanical test of the electrospun PCU membrane (a) Representative 

uniaxial tensile stress-strain curves of PCU membrane. (b) Young’s modulus of PCU 

membrane (n=3).  
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In addition, to characterize the kink resistance of normal and kink-resistant PCU graft, 

both axial direction and radial direction compression tests were applied.  

In the axial direction compression test, normal and kink-resistant PCU grafts (3 cm-length) 

showed the same initial compression modulus at 2.5 MPa. The normal graft 

demonstrated the highest compression strength of 0.15 MPa at the 1.78 mm 

compression extension point, then the strength decreased immediately (Figure 2.5 (a)); 

thus, the normal graft has a kink point where the curve dramatically changes. However, 

for the PCU graft with the coiled frame, a round corner appeared on the compression 

curve and with slightly increased force during further compression (Figure 2.5 (a)). The 

increased force is the reason for the quick graft shape recovery rate after bending. The 

normal PCU grafts showed an obvious deformation with kink and twist during 

compression, while the kink-resistant graft showed the round shape without any folding or 

inner diameter changes (Figure 2.5 (b)). 

In regard to the radial direction compression test, the kink-resistant PCU grafts showed a 

significantly higher compression force changing rate at 0.4N/mm than 0.1 N/mm for the 

normal graft (Figure 2.5 (c)). Thus, both higher axial and radial compression forces 
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endowed our newly developed kink-resistant graft with considerable kink resistance 

compared with previously developed grafts. 

a	

b	

c	

Figure 2.6 Axial and radial direction compression test for vascular grafts. (a) 

Representative curve of axial direction compression test for normal graft and 

kink-resistant graft. (b) Axial compression at 1 cm extension. (c) Representative curve 

of radial direction compression test for normal graft and kink-resistant graft. 
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2.4 Discussion 

The mechanical property is one of the determining properties that allow the artificial 

vascular graft to remain a durable patency, especially regarding whether the material will 

match the native tissue after the suture. In our research, the Young’s modulus of the 

developed PCU graft is 2.84 MPa, which is in the range of native vascular modulus 

around 2-6 MPa.21 Also, in some previous studies, the modulus of the electrospinning 

material could be controlled by changing the combination of the polymers, adjusting the 

parameters during the electrospinning. For example, if we added some proportion of 

polydioxanone, then the modulus would increase to the particular range needed.22 

Our kink-resistant PCU grafts have a better integration structure in the graft compared to 

the traditional solid coil. The squeezed liquid gel has certain semi-fluid performance with 

the resident organic solvent can solve the inner and outer contacted fibers to avoid graft 

delamination, meanwhile, the limited fluid make them become a solid ribbon like coil 

structure accompanied with quick solvent evaporation, thus further provides a strong kink 

resistant mechanical support to the vascular graft.  

In order to test the kink-resistant properties, lumen deformation was one of the factors 

evaluated. However, in our study, the vascular grafts with spiral coil did not even have a 
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radius change after the axial compression test, and they formed a 172 degree arc with a 

radius of 1cm, which shows an extremely better patency than in previous studies (1.3cm 

bending radius with a 65% lumen loss).19 Additionally,  we did not heat the vascular 

grafts during the procedure, which prevents structure change due to reaching or 

approaching the glass/transparent temperature.20 

Despite these successes, our results still have some limitations. In regard to testing 

conditions, clearly an in vivo study will provide a much precise result. However, we can 

control the testing environment to mimic the body’s temperature and humidity.19 In 

addition, the function of the spiral coil depends on the radium, material strength, spacing, 

and other factors.20 Thus, further study is needed. 

 

 



	
21 

Chapter 3: Surface Modification and In Vitro Evaluation for Kink-resistant 

Polycarbonate-urethane (PCU) Nanofibrous Vascular Graft 

3.1 Introduction 

3.1.1 Importance of Surface modification 

Current synthetic vascular grafts, especially the small-diameter (<6 mm) grafts, are prone 

to be barricaded by thrombogenesis. Other defects include infection after implant, 

constant inflammation, and calcification.23 In order to improve the blood compatibility of 

the eletrospun PCU vascular grafts, numerous surface modification methods, including 

physical adsorption and chemical immobilization, have been explored.5 

 

3.1.2 The Function and Interaction of Heparin 

Heparin is a common anticoagulant agent that becomes activated by interactions with 

anti-thrombin-III (AT-III). After the heparin and AT-III combines, the heparin-AT complex 

gains the ability to inactivate the coagulation enzymes.5,13 A previous study shows that 

the heparin-conjugated vascular grafts presented higher patency and greater cell 

infiltration; therefore, heparin may play multiple roles in remodeling.24  



	
22 

3.2 Materials and Methods 

3.2.1 Introduction of Amine Functional Groups to PCU Grafts  

a. Aminolysis by Polyethylenimine (PEI, Mw 10000) 

Electrospun membrane (punched into 15mm diameter) was immersed into 100% ethanol 

containing 0.5%(w/v) branched polyethylenimine (PEI, Mn=10,000 Da, Sigma Aldrich), 

and incubated at 50 °C for 4h. Aminolyzed samples were subsequently washed 

thoroughly with distilled water overnight, and dried under vacuum at room temperature for 

another 24 h.25 

 

b. Layer-by-layer (LBL) PEI –Dextran Sulfate Coating 

Electrospun membranes (punched into 15mm diameter for) were immersed into 0.1M 

borate buffer (pH=9) containing 0.5% (w/v) PEI for 20 min at room temperature. Then, 

without rinsing, the membranes were immersed in 0.5% (w/v) solution of glutaraldehyde 

in 0.1M borate buffer (pH=9) for 10 min at room temperature, which was followed by 

rinsing with water thoroughly. Subsequently, the membranes were incubated in dextran 

sulfate water solution (Mn 500,000, 0.1 mg/mL, pH 3, 0.15 M NaCl) at 50 °C for 10 mins. 
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The upmentioned sequence was repeated once, then the membranes were immersed in 

0.1M borate buffer (pH=9) containing 0.5% (w/v) PEI for 20 min at room temperature 

once again, followed by rinsing thoroughly with water. After all treatment, the 

aminolysised membranes were washed in DI water overnight, shaking, then stored in DI 

water.26 

 

c. Aminolysis by Poly (ethylene glycol) bis (amine) (PEG, Mw 3400) 

In this procedure, the electrospun membrane (punched into 15mm diameter for 24-well 

plate) was immersed into 100% ethanol containing 20 mg/mL poly (ethylene glycol) bis 

(amine) (Mw 3400, Sigma) and incubated at 50 °C for 4h. After incubation, the 

membranes were washed carefully with iced DI water and maintained at 4 °C for 20 min. 

The membranes were washed in DI water overnight by shaking.5 
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3.2.2 Detection and Quantification of Amine Functional Groups 

Modified electrospun membranes were immersed in Orange II dye (Orange II sodium salt, 

Sigma Aldrich) (14 mg/mL, pH 3) solution, at 40 °C for 30 min. The membranes were 

rinsed with the acidic solution that had been used previously to wash off all the unbound 

dye. After the wash, the membranes were immersed in 1 mL of 0.125M potassium 

carbonate in 50/50 (distilled water/methano) (v/v) at pH11.25, followed by shaking for 1 h. 

The washed membranes were taken out, and the pH of the dye-containing solution 

containing was adjusted to pH 3 by 4M HCl. Next, the absorbance of the solution was 

measured by a plate reader (Microplate Reader, Model 3550-UV, BIO-RAD) at 490 nm 

and recorded. 

The standard curve was made by 0 - 0.1 mg/mL Orange II solution, and the curve was 

prepared to calculate the amine density on the membranes. 5,27 
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3.2.3 Heparin Conjugation 

a. EDC-NHS Conjugation 

The amino untreated and treated PCU membranes were first immersed for pre-soak in 

2-(N-morpholino) ethanesulfonic acid (MES) buffer solution (0.1M, pH 5.5) at room 

temperature for 30 min. Heparin (60 mg; Heparin sodium salt from porcine intestinal 

mucosa, Signa-Aldrich) was activated by EDC (N- (3- Dimethylaminopropyl)- N- 

ethylcarbodiimide hydrochloride, ≥98.0%, Sigma-Aldrich; 24 mg) and NHS 

(N-Hydroxysuccinimide, 98%, Sigma-Aldrich; 40 mg) in 10 mL MES buffer for 10 min. 

After activation, the pre-soaked membranes were immersed in the activated heparin 

solution at room temperature overnight. The membranes were washed thoroughly by 

PBS, followed by washing in DI water overnight, shaking.28 

 

b. End-point conjugation 

Heparin Activation 

Heparin solution (1g heparin in 300 mL water) was kept in an ice bath at 0 °C. A total of 

10 mg sodium nitrite was added during stirring, then 2 mL acetic acid was dropped in. 
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This solution was kept in an ice bath for two more hours before being neutralized to pH 7 

by 4M NaOH. After activation, the reaction solution was compared by dialysis against 

distilled water and lyophilization. 

Heparin Conjugation 

The amino untreated and treated PCU membranes were immersed in diazotized heparin 

solution (6 and 20 mg/mL) with sodium cyanoborohydride (reagent grade, 95%; 0.5 

mg/mL) in PBS buffer at pH=5.5 at room temperature overnight, shaking. After overnight 

incubation, we adjusted the pH to 10 by 4M NaOH and kept the solution at 40 °C for 1 h. 

It was then adjusted to pH 7 with 4M HCl, followed by washing in DI water overnight, 

shaking.5 
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3.2.4 Quantification of the Heparin Stability and its Anti-Thrombogenic Activity on 

Heparin-Conjugated PCU Grafts 

Determination for Heparin Conjugation Detection by Using Toluidine Blue Assays. 

PCU eletrospun grafts with non-activated heparin were utilized as control group. The 

standard curve was made by heparin standard solutions (0-60 μg/mL) in PBS (pH = 7.4).  

1 mL toluidine blue solution (0.005 wt % in 0.2% NaCl water solution) was added to the 

heparin tested solution (graft in 1 mL PBS) in a 15mL centrifuge tube at 37 °C for 2h. 

After the reacton 2 mL N-hexane was added to centrifuge tube at room temperature for 

15 min shaking. Following this step, the upper organic layer and the membranes were 

removed. The absorbance of the water layer was measured with a spectrophotometer at 

655 nm.28 

Quantification of Anime and Heparin’s Stability 

After the amine or heparin treatment, the membranes were immersed in PBS solution to 

measure the stability. The quantification of the membranes was measured at these time 

points: 0h, 1 day, 3 days and 7 days. 
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Anti-Thrombogenic Activity Assay 

In order to evaluate anti-thrombogenic activity, human thrombin (Thrombin, from human 

plasma, Sigma Aldrich), Antithrombin (Antithrombin III, Human Plasma, Sigma Aldrich) 

and Chromogenix S-2238™(Chromogenic Substrate S-2238™, Diapharma) were used. 

The standard curve was created by heparin standard solutions 1000 µL (0-2 

U/mL(NIH-Unit/mL)) in Tris buffer (pH = 8.4) containing 100 µL 2 U/mL antithrombin. 

Test membranes were immersed in Tris buffer 900 µL (pH = 8.4) and 100 µL 0.02 U/mL 

anti-thrombin. The test solution was incubated at 37 °C for 4 min, and then 500 µL 

thrombin (1 U/mL) was added. After 30 seconds at 37 °C, 1000 µL Substrate S-2238 

(0.3125 mg/mL) was added and incubated at 37 °C for 20 mins. The absorbance of the 

solution was measured with a spectrophotometer at 405 nm. 5,29,30 

 

3.2.5 MTT assays and Fluorescent Staining for in vitro Human Endothelial Cell 

Culture on Heparin-Conjugated PCU Grafts  

The heparin-modified membranes (15mm diameter) that went through PEI/EDC-NHS, 

PEI /End-point, PEG/EDC-NHS and PEG/End-point were chosen for an in vitro cell  
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culture study. PCU membranes were sticked in a 24-well tissue culture plate by double 

side tape, and then membranes sticked on the plate were sterilized by 70% ethanol 

immersion for 15 min, and rinsed by PBS for three times. Human aortic endothelial cells 

(HAECs) were seeded on the PCU membranes at a concentration of 1 × 104 cells/well, 

and then cultured at 37 °C with 5% CO2 humidified atmosphere. The culture medium was 

exchanged every 2 days.  

 

The cell proliferation on the substrates was quantified by the MTS assay (CellTiter 96® 

AQueous One Solution Cell Proliferation Assay, Fisher). Briefly, at Days 1, 3 and 5 of the 

cell culture, the original culture medium was removed. After being washed by PBS, 360 µl 

MTS dye solution (each 360 µl solution contains 300 µl fresh medium and 60 µl MTS) 

was added and cultured for 4h at 37°C. After incubation, the absorbance of the solution 

was measured by spectrophotometer at 490 nm.31 

In addition, cellular morphology was examined by using fluorescence microscope (Carl 

Zeiss LSM 700, Jena, Germany) after staining with Alexa Fluor 568 phalloidin and DAPI. 
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3.3 Results 

3.3.1 Chemical Characterization after Amine Surface Modification  

The amine density on the membranes of three different amine surface treatments (PEI 

aminolysis, layer-by-layer surface coating and PEG aminolysis) was compared. 

Additionally, the stability of amine attachment was tested through the 0, 1, 3 and 7 days 

releasing test.  

In order to figure out the most efficient means of amine surface modification, we 

compared the different ethanol concentrations of reaction solutions for PEI and PEG 

aminolysis, finding that the higher the ethanol concentration, the higher amine density of 

the membrane will be (highest efficiency: 0.5% PEI in 100% ethanol: 3.18 µmol/cm2). 

Also, PEI aminolysis with 100% ethanol solution showed a significant difference 

compared to all other groups (P<0.05; Figure 3.1 (a)). 

The result from the stability test indicates that the primary releasing of the amine took 

place during the first day and became comparatively stable during days 1 to 7 (Figure 3.1 

(b)), confirming that amino groups introduced on the surface of the membrane by 

layer-by-layer or aminolysis can be used for the later heparin conjugation.  
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Figure 3.1 Amine density and stability on different surface modified grafts. (a) 

Comparison for amine density by different surface modification methods, 

including PEI aminolysis, Layer-by-layer and PEG aminolysis (n=3); (b) The 

amine stability of different surface modification methods by releasing test at 

Days 0,1,3,7 (n=3); * indicates significant difference between groups (P<0.05). 

a	

b	

*	

b	
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3.3.2 Quantification of Heparin Conjugation and Stability 

To further determine how the higher amine density corresponded to better heparin 

conjugation, heparin conjugation was applied to all previously mentioned amine-treated 

membranes.  

The PCU membrane with PEI aminolysis in ethanol concentrations of 30%, 50% and 

100% showed a significantly higher heparin concentration at ~ 20 mg/mL greater than the 

membrane with PEI aminolysis at lower ethanol condition (P<0.05; Figure 3.2 (a)). The 

layer-by-layer method has a relatively lower heparin concentration at 5 mg/mL, while the 

PEG aminolized membrane also showed a relatively lower concentration. 

Meanwhile, two heparin conjugation methods (EDC-NHS conjugation and End-point 

conjugation) were compared in our study, and the heparin physically absorbed on the 

non-aminolized membrane was used as the control. We chose and treated 

PEI-aminolized (100% ethanol solution) membranes to be treated by two different 

heparin modification methods, EDC-NHS and End-point Heparin conjugation. 

Non-activated heparin treatment was tested as control. In EDC-NHS modification method, 

the heparin needed to be activated by adding EDC-NHS, and in the control test 
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EDC-NHS was not used. In the End-point modification method, the heparin needs to be 

activated by diazotizing, and in the control test, heparin was not diazotized. According to 

our results, there was no significant difference between the two methods (Figure 3.2 (b)).  

Figure 3.2 Heparin concentration and stability on different surface modified 

grafts. (a) Comparison for heparin concentration by different conjugation 

methods, including EDC-NHS conjugation and End-point conjugation (n=3). 

(b) Verify the heparin stability of different conjugation methods by releasing 

test at Days 0,1,3,7 (n=3); * indicates significant difference between groups 

(P<0.05). 

a	

b	
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3.3.3 Anti-thrombogenic Activity of Heparin Conjugated Membrane 

The anti-thrombogenic activity of conjugated heparin was verified using anti-thrombin III 

(Fig. 3.3). The conjugated-heparin activity on PEI and PEG-aminolized grafts significantly 

differs from non-heparin treated grafts (P<0.05). We found no significant difference 

between layer-by-layer amine surface modified grafts and the heparin-treated 

layer-by-layer amine modified surface. The heparin-conjugated PEG aminolized grafts 

showed the highest anti-thrombogenic activity of 47.1 ± 5.5 U/cm3 than PEI/EDC-NHS 

treated grafts of 33.3 ±9.7 U/cm3.

Figure 3.3 Quantification of anti-thrombogenic activity of immobilized 

heparin on the graft surface by anti-thrombin-III (n=3); * indicates 

significant difference between groups (P<0.05). 
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3.3.4 Identification of the Cell Growth on Heparin-Conjugated PCU Grafts 

The cell proliferation from day 0 to 5 on the substrates was quantified by MTT assays. 

Human aortic endothelial cells (HAEC), seeded on a plain 24-well plate, showed a 

constant proliferation rate from day 1 to day 5. On the substrates, the cell can proliferate 

quickly from day 0 to day 3, then the proliferation slows down after day 3, and there is no 

significant difference between day 3 and day 5, showed all the modified membranes are 

non-toxic to the cell growth.  

Figure 3.4 The effect on absorbance of MTT assays applied to Human Aortic 

Endothelial Cell growth on PCU grafts with different treatment on day 1, 3 and 5 

(n=3); * indicates significant difference between groups (P<0.05); # indicates 

significant difference between Day 1 and Day 3, 5. 
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Figure 3.5 Heparin-modified membranes PEI/EDC-NHS, PEI /End-point, 

PEG/EDC-NHS and PEG/End-point after in vitro human aortic endothelial cells culture 

study. Red indicates cytoskeleton. Blue indicates nucleus. 
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3.4 Discussion 

Previous studies have shown that surface modification for PCU vacular grafts was 

needed before surgical implantation. The PCU substrates can be treated physically or 

chemically, such as plasma, ultraviolet irradiation (UV), activating urethane or 

bromoalkylation, aminolysis, and layer by layer coating.28 Among them, aminolysis and 

layer by layer coating are easier methods to scale up the graft modification for the clinic 

translation. 

In our study, we compared three different amine surface treatment methods, including 

PEI aminolysis, layer-by-layer coating and PEG aminolysis with further heparin 

modification. The results showed the PEI aminolysis/heparin and PEG 

aminolysis/heparin showed higher heparin density and anti-thrombosis than the layer by 

layer methods. Although PEG aminolysis do not create the more amino groups and 

heparin conjugation than other methods, while PEG aminolysis with EDC-NHS heparin 

conjugations showed the best performance of the anti-thrombogenic property. This may 

due to the PEG long chain is flexible and benefit to the heparin molecules combine with 

the anti-thrombin III and maintain its desired efficiency.5 
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Compared to the previous study conducted by our lab, the heparin treatment in this study 

is more stable. In the previous study, end-point heparin conjugation was used, and the 

density was 27 ± 11 μg/cm3 on Day 0, and 22 ± 18 μg/cm3 on Day 7. In my study, with the 

same treatment, the heparin density was 21.5 ± 1.6 μg/cm3 on Day 0, and 20.0 ± 3.5 

μg/cm3 on Day 7. For EDC-NHS heparin treatment, the heparin density was 19.9 ± 0.7 

μg/cm3 on Day 0 and 18.9 ± 1.7 μg/cm3 on Day 7. These findings demonstate a more 

stable detection both in terms of absolute value and standard deviation. 

EDC-NHS heparin conjugations and PEG aminolysis illustrate a better performance of 

the anti-thrombogenic test. The result of the anti-thrombotic test of PEI/EDC-NHS 

treatment was 33.3 ±9.7 U/cm3 and 47.1 ± 5.5 U/cm3 for PEG/EDC-NHS treatment. This 

result is actually contrary to the heparin concentration. However, we found that PEG, as a 

polymer chain, has the properties of both reducing agent and stabilizer, even under high 

temperatures or acidic or alkali environment. The longer polymer chain shows higher 

activity and can be used to protect some synthetic materiasl.32 PEG also reflected its 

stability within the cell infiltration and in allowing for better cell proliferation. Heparin 

conjugation indicates a better cell infiltration compared to the bulk substrates. The reason 
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for the slowing of infiltration rate might be that the porosity of the substrates has been 

almost filled by cells from Day 0 to Day 3, but the EC on the plain well do not have this 

spacing problem.  

The HAEC on the substrates shows that there is a noticeable cell growth, especially on 

PEG and PEG/Heparin treated substrates. And PEG substrates showed the more intact 

cell morphology than on the PEI and PEI/Heparin substrates. This may due to PEG can 

provide a biocompatible cell growth environment, while PEI may have positive charge 

cytotoxicity. The previous study shows 25k PEI has the most toxicity, and smaller PEI has 

less toxicity, such as 2k PEI. In our research, what we are using is 10k branched PEI, so 

that might be the reason why the cell did not perform well. In the future study, we can 

seek a way to use cross-linking smaller PEI, such as cross-linking of branched 2-kDa PEI, 

which can avoid the toxicity, and improve the performance at the same time.33,34 
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Chapter 4: Concluding Remarks 

 

In this thesis, we developed the kink-resistant nanofibrous vascular graft by 

electrospinning combined with spiral coil integration techniques, and proved that our 

newly designed kink-resistant grafts can maintain the lumen better than normal vascular 

grafts to keep the patency after implantation. At the same time, several surface amination 

methods and heparin conjugation techniques were used to endue anti-thrombosis 

properties for PCU grafts. 

More investigation into the heparin conjugation is needed, including the most efficient 

amine reaction, heparin activity, and others. In addition, in vivo study and automated 

production of our graft is a further goal in the future. 
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