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A high-strength PCL/PU composite vascular with excellent cycle stability and cell 

compatibility were fabricated by electrospinning. 

Strong PCL/PU scaffold 
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A strong PCL/PU vascular graft was fabricated using 

electrospinning. By regulating the content of PCL, the 

composite scaffolds show obvious mechanical enhancement 

with strength up to 69.95 MPa. Furthermore, the scaffolds 

exhibit high porosity, mechanical anisotropy, cell 

compatibility and cycle performance, which are important 

for tissue engineer applications.  

Vascular disease is a serious threat to the health of people.1 Thus, 

there is an urgent demand for high-performance vascular graft. 

Artificial vascular scaffold is a kind of tube that serves as 

replacements for damaged or injured blood vessels. As a functional 

construct, it is essential that an engineered vascular graft should 

meet certain basic criteria, such as biocompatibility for cell 

proliferation and growth, porosity favorable of diffusion for the 

nutrients and waste, and so on.2 But for practical application, what 

should be first taken into account is the mechanical property of the 

graft including adequate strength, elasticity and mechanical 

durability to withstand puncture and cyclic loading. Over the past 

several years, substantial progress has been made in designing 

materials with excellent mechanical properties using diverse 

materials 3,4 and methods such as ice templating,5 doping,6 vacuum 

filtration.7 Despite the stirring and exciting progress, most of the 

aforementioned materials and methods will be unavoidably 

confronted with cost, bioactivity or cyclic elasticity issues in terms 

of practical applications in tissue engineering of vascular grafts. 

Currently, the available options for these vascular graft 

transplants are autologous grafts, allografts, xenografts, artificial 

prostheses and synthetic vascular grafts made of expanded 

polytetrafluroethylene (ePTFE) and polyethylene terephthalate.8 

Regrettably, by using these available options, a series of problems 

including unsuitable diameter, mechanical compliance and 

construction occurred after a certain period. In order to obtain 

artificial blood vessels suitable for transplantation, a number of 

methods were explored and developed, such as molecular self-

assembly, hydrogels, thermally induced phase separation.9 The 

utilization of these methods and materials brings significant results 

for preparation of vascular grafts. However, further improvement 

and optimization were still needed since the aforementioned methods 

are not optimal in terms of practical application. The main problems 

of the failure could be ascribed to the lack of control for mechanical 

property, composition, vascular dimension and morphology. Thus, 

developing a suitable method to prepare the available artificial blood 

vessels is particularly necessary. 

Electrospinning,10 which can flexibly tune the structure,11,12 

composition13 and performance14-16 of scaffolds and optimize cell 

adhesion as well as guide their behaviour,17 is an effective method to 

prepare scaffolds for tissue engineering.18-20 For example, a 

bilayered scaffold was prepared using electrospinning based on PCL 

and collagen and endothelial cells (EC) adhesion and smooth muscle 

cells (SMC) infiltration were studied.21 Also, a modified approach, 

electrospray concurrently with the electrospinning in order to obtain 

nanofibrous scaffolds of rough surface for cell attachment and 

proliferation, has been developed.22 Recently, several materials, 
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including PVDF-HFP,23  PGS/PCL,24 PLLA/PDMS,25 have been 

used in preparation of artificial vascular graft. In these reports, 

uniaxial mechanical property and biocompatibility were often 

mentioned. However, some particular mechanical properties should 

not be neglected  because reported materials or properties are not 

strong enough to satisfy the requirement of practical applications, for 

example, i) most of the mechanical properties are often reported in 

terms of uniaxial tensile (almost all in longitudinal direction), it 

cannot represent the comprehensive mechanical performance, by 

contrast, lateral tension properties are more important for clinical 

success of blood vessels; ii) the cycle performance, which is crucial 

to display material flexibility, pliability and mechanical durability, 

are poorly discussed; iii) for specific applications, such as saphenous 

vein (long, σ = 13 MPa),26 the strength of current materials are still 

weak.  

Polyurethane (PU), an elastic polymer and consisting of soft 

and hard segments, is a biocompatible materials. Polycaprolactone 

(PCL), a viscous and nontoxic polymer, is an ideal reinforcer due to 

its semi-crystallization and functional group similar to PU. Both of 

them, characterized by its good biodegradability and 

biocompatibility, are widely used in the design of biomaterials,27,28 

which make them desirable building blocks for assembling vascular 

scaffolds. Compound formed by two or more materials in certain 

ways can play advantages of each materials, show performances that 

single material does not have and expand the applications of 

integrated materials. With this inspiration, here we developed a 

biocompatible PCL/PU composite with excellent mechanical 

properties, where the strength and elongation of composite 

demonstrated significant improvement (over 800% for strength 

enhancement) compared to pure PU. Subsequently, small diameter 

artificial PCL/PU composite vascular scaffolds were fabricated using 

electrospinning and pulling-out method, of which the overall 

porosity, biaxial tensile mechanical properties, cyclic mechanical 

durability and cell compatibility were examined. The results 

indicated that PCL could substantially enhance the strength of the 

PU and PCL/PU composite tube could be a promising candidate for 

small diameter vascular graft. 

In this work, PCL/PU composite fibrous film and small 

diameter vascular grafts were fabricated by electrospinning. With 

appropriate ratio, the mechanical properties of the composite get 

obvious improvement compared with pure PCL or PU. Fig 1 shows 

the typical SEM images and diameter distributions of as-prepared 

films. The top of the Fig 1a-1d are images of pure PU, PCL/PU (10% 

PCL), PCL/PU (25% PCL) and pure PCL nanofibers, respectively. 

Displayed in the bottom are corresponding diameter distributions. It 

is seen that all the resulting fibers intersected closely and oriented 

randomly. The average diameters of them are about 660 nm, 730 nm, 

830 nm and 760 nm, respectively. All samples are of close average 

fiber diameters and corresponding diameter distributions is narrow, 

indicating uniform morphology of PCL/PU composite. For each film, 

the fibers are continuous, uniform, macroscopically smooth and 

without evident gross defects. In order to optimize mechanical 

performance, fibers morphology and diameter were regulated and 

controlled by adjusting the parameters of the electrospinning 

including voltage, needle diameter, working distance, humidity, 

solvent and concentration of solutions. 

To assess the mechanical properties of those films, tensile 

experiment was performed at room temperature (25°C) with a 

loading rate of 10 mm/min. Fig 2a shows uniaxial stress–strain 

curves of films under tensile loading. All films show a nearly short 

Fig. 1 Representative SEM images and diameter distributions of as-

prepared electrospinning fiber films: a) pure PU, b) PCL/PU with 

PCL content of 10%, c) 25%, d) pure PCL. All the fibers, with 

relatively smooth surfaces, are continuous and randomly oriented. In 

an effort to optimize mechanical performance, films morphology 

was regulated and controlled by adjusting the parameters of the 

electrospinning, relative proportions of mixed solvent and 

concentration of solutions. The bottom of the Fig show the diameters 

distribution of the fibers, and the average diameter are 660 nm, 730 

nm, 830 nm and 760 nm, respectively. The fiber diameter 

distributions were generated from SEM images by Image J software. 

Scale bar = 20 µm. 

linear region with a relatively steeper slope in the initial stress–strain 

curve followed by a long linear region. However, the breaking 

strength, modulus and elongation of pure PU and PCL/PU are 

significantly different. The tensile strength and elongation of the 

pure PU films are 7.84 ± 1.25 MPa and 355.67 ± 16.48%, which are 

similar to the previously reported values.29 With the addition of PCL, 

the tensile stress increases firstly and then decreases after reaching a 

certain threshold. Fig 2b shows statistical graph of strength for 

PCL/PU composite in different ratios. From Fig 2b, we could 

obviously see that the composite with the PCL content of 10% has 

the strongest tensile strength of 60.45 ± 8.01 MPa, which is more 

than eight times of the pure PU film. Fig 2c and 2d are modulus and 

elongation of the composite. The maximum value of elongation can 

even reach 512.32%, which indicated good pliability and flexibility 

of the PCL/PU films. It revealed that adding a certain amount of 

PCL to PU, the mechanical properties of the composite can be 

greatly improved. Furthermore, with the PCL contents of 10% and 

25%, the strength and toughness of the composites show synergistic 

enhancement (orange and green curve shown in Fig 2a). These 

results demonstrate that PCL plays a notable role in improving the 

strength of PU without sacrificing the elasticity of composite. It is 

supposed that there are three reasons that can account for this 

phenomenon: i) PCL, a semicrystalline polymer, possess of many 

characteristics including good viscoelasticity, biocompatibility and 

functional group which is the same as PU (Fig S1). With the addition 

of a certain amount of PCL, the solution of PCL and PU showed 

good compatibility in mixed solvent. And the DSC (Fig S2) results 

showed that the degree of crystallinity30,31 for composite films also 

increased with a certain amount of PCL adding, as reflected by the 

increased melting point; ii) the electrospinning PCL/PU composite 

films have a high densification, which is result from the bonding, 

interconnecting32-34 and intersection between the fibers, as shown in 

Fig S3, these bonding points and entanglement hinder the fibers 

slipping in the process of tensile, giving rise to load transfer; iii) the 

addition of PCL to PU increases the rigid component content thereby 

increasing the strength and supramolecular structure was formed. 

With further increasing PCL content, joints decreased and phase 

separate were occur in the composite material.35-37 
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Fig. 2 Typical mechanical properties of pure and composite PCL/PU 

fibrous films. a) Representative tensile stress-strain curves, b) 

ultimate tensile strength, c) modulus and d) elongation of pure and 

composite fiber films. All the films were measured at room 

temperature with a speed of 10 mm/min. The mechanical properties 

of the composite were enhanced considerably compared with pure 

PU (dark blue), especially for films with PCL contents of 10% 

(orange) and 25% (green). The maximum strength (60.45 ± 8.01 

MPa) is 771% of the pure PU (7.84 ± 1.25 MPa). More importantly, 

there is a synergetic reinforcement in terms of tensile strength and 

elongation. 

Based on outstanding mechanical properties of the PCL/PU, 

several vascular grafts were fabricated using electrospinning. Here, 

the composite with PCL content of 25% was used as typical example 

for fabrication of vascular grafts in consideration of mechanical 

properties and fiber porosity. Fig 3 are the morphology of as-

prepared vascular scaffolds. The precursor solution is the same as 

the corresponding fibrous films. And stainless steel and hollow 

mandrels with a rotating speed of 60 r/min connected with motors 

were used to fabricate the tubular-shaped construct (Fig S4). As 

shown in Fig 3a, tubes with different diameter and length were 

prepared using electrospinning and pulling-out method. A typical 

PCL/PU tubular scaffold, having a diameter about 5 mm and a 

length of 6 cm was displayed in Fig 3b. Then segments cutting from 

as-prepared tubular scaffold were conducted for a period of time to 

testify the mechanical property.As shown in Fig 3c, a round tube 

was stretched to flat shape using tweezers, which indicated good 

pliability of the tube. Fig 3d is a photograph showing a 426 g weight 

object hanging on a tube segment with 5 mm diameter and 4 mm 

length. After five minutes, the tube segment is still intact. Fig 3e and 

3f are cross-sectional SEM images of the tube at different 

magnifications. The resulting fibers are uniform and oriented 

randomly. Intersecting and bonding of the fibers in tube is obvious 

(Fig 3f). Apart from morphology and structure, the overall porosity 

of the PCL/PU (PCL of 25%) tube was estimated using following 

equation,38 

 1 / 100%o      

/m V   

   / / /o PCL PUx y x y      

Fig. 3 Digital camera images and scanning electron micrographs of 

PCL/PU artificial blood vessels. a) Whole appearance of artificial 

blood vessels having different lengths and diameters produced. b) 

side view of the typical tubular scaffold with an diameter about 5 

mm and a length of 6 cm, c) a round tube was stretched to flat shape 

using tweezers. d) Photograph showing a 426 g weight hanging on a 

segment with about 5 mm diameter and 4 mm length. After five 

minutes, the segment is still intact. Fig 3c and 3d demonstrated good 

flexibility, pliancy and strength of the tube. e), f) cross-sectional 

view with different magnifications showing intersection, stack and 

bonding of the fibers. The resulting fibers are uniform and oriented 

randomly. There is no significant change for the morphology of 

scaffolds after immersed in water. 

where    is the porosity;    is the density of the samples calculated 

from volume  V lwh   and dry weight ( m ) of the tubular scaffold; 

l , w  and h  represents the length, width and height of the 

rectangular sheet cutting from as-prepared fiber tube; :x y is the 

mass ratio of  component in the composite; 
o   is derived from the 

standard density of PCL (1.145 g/mL) and PU (1.176 g/mL). The 

calculated overall porosity reached 70.55 ± 3.24%, which was in 

favor of cellular infiltration and diffusion for metabolites, nutrients 

and waste.  

Mechanical anisotropy and cycle performance are very 

important for the elastic expansion and retraction of blood vessels in 

tissue engineer applications. Fig 4 are typical tensile mechanical 

properties of tube in different directions. A gauge length of 5 mm    

other tensile test parameters are the same as fiber films. And the  

results of stress-strain curves were also calculated from load-

displacement curves. It is noteworthy that tubes in different 

directions exhibited significant anisotropy in mechanical properties. 

Fig 4a displayed the typical stress-strain curve for longitudinal 

tensile of the PCL/PU tube. The maximum strength is about 69.95 

MPa, which is higher than homologous fiber film. However, the 

elongation decreases from about 465% to 255%. It can be explained 

by the intersecting and stacking between the fibers observed in 

vascular graft, as summarized in Fig S5. For lateral tensile (Fig 4d), 

the maximum strength is 42.5 MPa. The mechanical anisotropy (in 

different tensile direction) was mainly attributed to the structure and 

morphology of the fiber tube. In brief, the process of tube formation 

by means of rotating mandrel is the formation of continuous and 

closed 3D network fiber architecture. In the process of longitudinal 

tensile, the continuous and closed 3D network structure is  
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Fig. 4 Biaxial tensile mechanical properties and elastic recovery 

behavior during cyclic stretching of PCL/PU artificial blood vessel. 

(a-c) Longitudinal stretch. The maximum strength is about 69.95 

MPa. (d-f) Lateral tensile. The maximum strength is about 42.5 MPa. 

This indicated tensile anisotropy of the tube. In cyclic mechanical 

tests, there is an obvious hysteresis for first cycle curves regardless 
of tensile direction. From the second cycle to 15 cycles, the tube 

shows no significant change in the mechanical property. 

conducive to suppress and restrain the fiber slippage, which is absent 

in lateral tensile.  

Although vascular grafts are increasingly developed and 

exploited, their cyclic mechanical stability, determining their 

practical applications, is seldom investigated and understood. 

Therefore, besides uniaxial tensile properties, a set of cyclic 

mechanical tests was carried out in order to understand the dynamic 

compliance, fatigue behavior and mechanical durability of PCL/PU 

tubular vessel. The cyclic tensile curves of PCL/PU tube with the 

strain 200% are shown in Fig 4b, c (longitudinal tensile) and Fig 4e, 

f (lateral tensile). We can clearly find that the cyclic stress–strain 

curves of different tensile directions are similar in their shape and 

the curves of the first cycle (Fig 4b, e) were much broader than the 

following cycles. In the first cycle, the loading curves show three 

regions: i) an initial linear region from0 to about 20% with a steep 

slope; ii) a long, stable and successive linear regionwith the stress 

rising relatively slowly at strains of 20–170%; iii) the slope of the 

loading curve showed a break down at the strain of about 170% 

followed by a gentle increase of stress. In terms of loading and 

unloading regions, there is an obvious hysteresis in first cycle 

regardless of tensile direction. This irreversible hysteresis also 

caused that maximum cyclic stress in the following stress–strain 

cycles is lower than that of the first cycle. From the second cycle to 

following, all the curves were nearly overlapped with each other and 

each of them showed two regions: a quasi-linear region and another 

one with a steeper slope. And after 15 cycles, the loss for total strain 

is not evident and the cyclic mechanical properties are still stable. 
These phenomena show that no breakdown occurred in these tests. 

Fig.5 The cytotoxicity (Fig 5a) and cell viability (Fig 5b) of mouse 

fibroblast cells (L929) on the control, PCL/PU composite and e-

PTFE scaffolds in different culture times at 490 nm according to 

MTT assay. Composite PCL/PU scaffold are found to be non-

cytotoxic, with relative cell viability greater than 93%. These results 

indicated good cytocompatibility of PCL/PU fibrous scaffold. Initial 

cell density for seeding is 2000 cells/well. 

 
Culture 

time 
Control PCL/PU e-PTFE 

Day 1 0.136 ± 0.003 0.130 ± 0.003 0.129 ± 0.005 

Day 3 0.283 ± 0.024 0.314 ± 0.021 0.292 ± 0.034 

Day 5 0.434 ± 0.044 0.444 ± 0.045 0.438 ± 0.031 

Day 7 0.565 ± 0.024 0.534 ± 0.016 0.546 ± 0.042 

 

For all the cycle curves, the unloading region including the first 
cycle were nearly identical, indicating that the energy stored in each 

cycle was unchanged. These excellent mechanical properties make 

PCL/PU tube a promising candidate for tissue engineering of 

vascular grafts. 

Being a qualified vascular graft, cytocompatibility is 

indispensable for the growth and proliferation of the cells in 

application. Mitochondrial metabolic (MTT) assay, a common 

method to determine cytotoxicity, was used here for the purpose of 

testing cell adhesion and viability. Table 1 and Fig 5 shows the 

proliferation of mouse fibroblast cells (L929) on the negative control, 

PCL/PU composite and e-PTFE scaffolds in different culture times. 

Notably, with the culture time increasing, there is an obvious 

increase for the optical density (OD) values (Fig 5a). And composite 

PCL/PU scaffold are found to be non-cytotoxic, with relative cell 

viability greater than 93% (Fig 5b). Another phenomenon should be 

noted particularly is that the OD values of the as-prepared PCL/PU 

hybrid scaffold is even higher than negative control and e-PTFE 

scaffolds at days 3 and 5. These results indicated that the PCL/PU 

fibrous scaffold is nontoxic on the L929 cells, which proving their 

potential ability to support cell proliferation and utility for vascular 

tissue engineering. 

Conclusions 

In summary, a high strength, elastic and biocompatible artificial 

PCL/PU composite vascular graft has been developed with high 

performance by electrospinning following by pulling out 

method. After hybrid, the strength of as-prepared PCL/PU 

scaffold is significantly enhanced up to 69.95 ± 9.12 MPa with 

the PCL content of 25 wt% and can withstand expansion and 

contract more than fifteen cycles. The scaffold with the porosity 

of 70.55 ± 3.24% also demonstrated good cell adhesion and 

Table 1. MTT assay to evaluate the cytotoxicity (Mean±SD) 
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proliferation. The combination of good and anisotropic 

mechanical properties, appropriate porosity, cycling stability 

and cytocompatibility, along with a simple preparation method, 

make the materials a good replacement for small diameter 

blood scaffolds and opens the door towards the production of 

high-performance artificial vascular grafts for tissue 

engineering. 
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