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A B S T R A C T   

The main reason for the failure of artificial blood vessel transplantation is the lack of mechanically matched 
materials with excellent blood compatibility. The electrospun biodegradable polyurethane (BPU) fibers with 
micro to nanoscale topography and high porosity similar to the natural extracellular matrix (ECM) is one of the 
most suitable options for vascular graft. In our recent study, we prepared a series of PCL-based BPU fibers by 
combining two-step solution polymerization and electrospinning. SEM, 1H NMR, ATR-FTIR, XRD, TG, water 
contact angle, and mechanical tests were used to analyze the chemical structure, microstructure, thermal 
properties, surface wettability, degradation, cytocompatibility, and hemocompatibility in vitro of electrospun 
fibers. The results show that the synthesized H-PEUU, L-PEUU, H-PEEUU, and L-PEEUU have different crystalline 
properties, thus exhibiting distinctive thermal, mechanical, and degradation properties. Although the existence 
of the molecular structure of LDI and PEG600 in fibers can promote cell proliferation and migration unilaterally, 
the microstructure of the material is also the main factor affecting the biocompatibility of cells. The results 
suggest that the designed PCL-based degradable polyurethane electrospun fiber is expected to be applied to 
vascular tissue engineering.   

1. Introduction 

There are statistics that by 2022 there will be 300 million patients 
with cardiovascular and cerebrovascular diseases disease in China, of 
which about 42 thousand need small-diameter artificial blood vessels for 
bypass therapy each year [1]. Nowadays, for applicable small-diameter 
artificial vessels in clinically, autologous vein or artery are the gold 
standard. However, the lack of sufficient donors for such autologous 
blood vessels has limited its applications [2]. So, the most promising 
solution is to develop artificial blood vessels with excellent biocom
patibility and safety using biomaterials. As artificial blood vessels for 
tissue repair, it should have not only excellent biocompatibility but also 
have suitable mechanical matching [3–5]. According to the character
istics of vascular tissue, a “matching” engineered vascular scaffold 
should be designed according to the properties of the raw material itself. 

The above-mentioned “matching” should include the following mean
ings. First, the raw materials for preparing tissue engineering vascular 
scaffolds should have excellent biocompatibility and definite degrada
tion cycle. Moreover, according to the different features of autologous 
tissue, a three-dimensional scaffold that is biomimetic in both macro
scopic and microscopic structures should be designed and prepared. Last 
but not least, how to make the mechanical properties of the scaffold 
match with the autologous vascular tissue as much as possible still re
mains a challenge [6–8]. 

Due to the limited raw materials and insufficient processing tech
nology for preparing tissue engineering scaffolds, it is a great challenge 
for achieving a perfect scaffold [9–11]. Biodegradable polyurethane 
elastomers, which possess a diversiform chemical structure, adjustable 
mechanical properties [12–15], and excellent biocompatibility, are 
widely studied and applied in the fields of tissue engineering and drug 
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release [16,17]. The soft segment in degradable polyurethane is mainly 
oligomers or copolymers with hydroxyl groups at both ends (such as 
polylactic acid (PLA) [18,19], polyglycolic acid (PGA), poly
caprolactone (PCL) [20–22], polyethylene glycol (PEG) [20,22], poly
ethylene oxide (PEO) [23]), and the chain extender of the hard segment 
using degradable diol or diamine [24–26]. All in all, we can design and 
synthesize the molecular structure of degradable polyurethane elasto
mers individually according to different application requirements. 

PCL is a linear polyester with excellent mechanical properties and a 
degradation cycle of up to two years in vivo [27]. Although, it is possible 
to reduce the degradation cycle of PCL by regulating the molecular 
weight of the polymer. However, this is not a wise choice because it will 
sacrifice the mechanical properties of the material[28]. In addition, 
unlike PLA, the degradation products of PCL rarely cause the local tissue 
pH imbalance, which is the main culprit in causing sterile infection [29]. 
Through our comparative analysis of domestic and foreign research, it is 
found that although PEUU has prominent mechanical properties as well 
as good biocompatibility for tissue engineering, it is still a class of hy
drophobic materials, which greatly limits their biomedical applications 
[30]. Polyethylene glycol (PEG), which can be dissolved in both water 
and organic solvents, presents good amphiphilicity, with wide molecu
lar weight distribution, and no immunogenicity, is a kind of end group 
that can be further reversed [31]. 

Based on the excellent performance of degradable polyurethane 
elastomers in tissue engineering described above, four kinds of 
degradable polyurethane elastomers with different structures will be 
synthesized and named as H-PEUU, L-PEUU, H-PEEUU, and L-PEEUU 
respectively using diisocyanate (HDI or LDI), PCL diol, PEG600 and 
putrescine as reactive monomers by a two-step solution polymerization 
method. Following, the fibers mats or fibers tubes will be prepared by 
electrospinning using the synthesized polymer elastomers with four 
different structures (as shown in Graphical Abstract). The chemical 
structure, microscopic morphology and microstructure, thermal prop
erties, surface wettability, and degradation in vitro of the nanofibers 
were tested and analyzed. Further, studies on endothelial cell prolifer
ation, migration, and other related cell biology were also carried out. 
Ultimately, we expect that the research results of the polymer nanofibers 
will be a theoretical basis for later applications for tissue regeneration. 

2. Materials and methods 

2.1. Synthesis of polymeric elastomer 

Polymeric elastomer (synthesized with PCL diol, HDI (or LDI) as soft 
segments and 1, 4-butanediamine as chain extender, they are named H- 
PEUU, L-PEUU, H-PEEUU, and L-PEEUU, respectively) were synthesized 
via a two-step solution polymerization: Poly(Ɛ-caprolactone) diol 
(Mn=2000 g/mol) and hexamethylene diisocyanate (HDI) (or LDI) were 
mixed and reacted at 80 ◦C for 2.5 h and added with 1, 4-butanediamine 
(DAB) for chain extension at 40 ◦C for 18 h. For the synthesis of H-PEUU 
or L-PEUU: The molar ratio of poly(Ɛ-caprolactone) diol, hexamethylene 
diisocyanate (or L-lysine ethyl ester diisocyanate), and 1,4-butanedi
amine is 1: 2: 1. Similarly, for the synthesis of H-PEEUU or L-PEEUU: 
The molar ratio of poly(Ɛ-caprolactone) diol, polyethylene glycol, hex
amethylene diisocyanate (or L-lysine ethyl ester diisocyanate, LDI), and 
1,4-butanediamine is 0.5: 0.5: 2: 1. After the chain extension, the syn
thesized product was washed and purified with deionized water for 
three days, and freeze-dried to obtain a dry and pure polymeric elas
tomer. The yield of the synthesized polymeric elastomers in this 
experiment were all over 90%. The estimated ultimate weight average 
molecular weight of synthetic H-PEUU, L-PEUU, H-PEEUU, and L- 
PEEUU are 4.5 × 104 g/mol, 4.1 × 104 g/mol, 4.0 × 104 g/mol, 3.8 ×
104 g/mol, respectively. The detailed monomer and chain extender 
settings are shown in Table S1. 

2.2. Preparation of electrospun nanofibers 

Synthetic polymeric elastomer (H-PEUU, L-PEUU, H-PEEUU, and L- 
PEEUU) were dissolved in 10 mL of HFIP to form a mixture with opti
mum concentration with vigorous stirring at room temperature for 72 h 
until clarified. Then, the 10 mL of the above prepared mixture solution 
were electrospinning to generate nanofibers according to the parameters 
in Table S2. The as-electrospun nanofibers were collected onto a stain
less steel bar (2 mm diameter, 100 mm length, rotated at 200 rpm) or a 
flat aluminum foil board located 14 cm from the capillary to form 
nanofibers tubes or nanofibers mats, namely H-PEUU, L-PEUU, H- 
PEEUU, and L-PEEUU, respectively. Then nanofibers tubes and nano
fibers mats were vacuumed in a desiccator for 48 h to remove residual 
HFIP. 

2.3. Characterization and testing of synthetic polymeric elastomers, 
nanofibers, and nanofibers tubes 

Attenuated total reflectance-Fourier transform infrared spectrometer 
(ATR-FITR, Thermo Nicolet, USA) was employed to characterized the 
chemical structure of synthetic polymeric elastomers in the range of 
400–4000 cm− 1 under a resolution of 4 cm− 1. The D/max-2550 PC X-ray 
diffractometer (Rigaku Co, Tokyo, Japan) was adopted to characterize 
the crystalline of nanofibers in the scanning region of 2θ= 5–60◦. The 
differential scanning calorimetry (DSC, Q25, TA) and the thermogravi
metric analysis (TGA, TGA550, TA) were performed to determine the 
thermal properties of the synthetic polymeric elastomer. Samples were 
heated from − 72–112 ℃ at 10 ℃/min in a nitrogen environment during 
the DSC measurements. The TGA was tested at ambient temperature and 
heated to 900 ◦C at 10 ◦C/min. Synthetic polymeric elastomers were 
characterized by 1H spectrum nuclear magnetic resonance (1H NMR, 
AVANCE-400 MHz, Bruker, Switzerland) with DMSO-d6 as solvent. 

The morphology and surface structure of electrospun nanofibers 
were carried out using a scanning electron microscope (SEM, Phenom 
XL, Netherlands) operating with sputter gold plating for 35 s at 5 mA at 
an accelerating voltage of 10 kV. The diameters of the electrospun 
nanofibers mats were measured using Image J software ((National In
stitutes of Health, USA)) on the basis of the SEM images. One hundred 
fibers diameters on different parts of the SEM images were chosen 
randomly, thus measuring the distribution of fibers diameters. The 
porosity of the mats was tested via the ethanol infiltration method. A 
slice of the mat was immersed in the ethanol; the volume of ethanol in 
the measuring cylinder before and after the nanofibers mat immersion 
was set as V1 and V2, respectively. After 15 min, the mat was removed 
from the ethanol, and the remaining volume was marked as V3; the 
porosity of the tested membranes was calculated according to Eq. (1): 

Porosity
(

%
)

=
V1 − V3
V2 − V3

× 100% (1) 

A contact angle measuring device (JC 2000D 2 A, Shanghai Zhong
chen Digital Technology Equipment Co., Ltd, China) was used to test the 
wettability of nanofibers mats. In this testing, 0.03 mL deionized water 
was added to the sample, and three different positions of the sample 
were taken to test the water contact angle and calculate the average 
value. Image-J (National Institutes of Health, USA) was adopted to 
determine the diameter of nanofibers. 

High-precision tensile testing machine (HY-025CS, Shanghai Hengyu 
Instrument Co., Ltd, China) with a transducer with a load range of 
0–200 N was employed to test the mechanical properties of nanofibers 
mats in dry conditions at room temperature strictly according to ISO 
7198: 1998. Each sample was cut into a rectangle with length ×width 
× thickness = 50.0 mm × 10.0 mm × 0.4 mm. Finally, tensile tests 
were investigated at room temperature with a stretching speed of 
10 mm/min. The specimens were extended until breaking under tensile 
force and the tensile stress-strain curves were recorded. Each test was 
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repeated five times during mechanical analysis. The tensile strength, 
elongation at tensile strength, the representative modulus, and first 
order equation fitting of stress and strain within the magnification of 
calculating range were calculated according to the results of stress- 
strain. 

The tensile properties circumferential direction and suture retention 
strengths of fibers tubes were also tested by a tensile testing machine 
(HY-940FS, Shanghai Hengyu Instrument Co., Ltd, China) with a sensor 
with a load range of 0–200 N. Radial tensile properties of fibers tubes 
were determined in the circumferential direction via two “L”-shaped 
clamps as demonstrated in Fig. S1A. Burst pressure was measured by a 
customized device in accordance with section 8.3.3.3 of ISO 7198: 1998. 

2.4. Degradation in vitro 

The degradation of the prepared nanofibers mats was measured 
during 24 weeks according to the well-known weight method used in 
PBS buffer solution in vitro. Nanofiber strips with square shape (length 
×width × thickness = 10.0 mm × 10.0 mm × 0.2 mm) were placed in a 
10 mL PBS (pH = 7.4) solution (PBS was changed every other week). 
The initial mass of the nanofibers strip was weighed before soaked in 
PBS. After that, the nanofiber strip was dried and weighed after taken 
out at the setting time point to analyze the degradation degree. The 
weight remaining rate was determined by Eq. (2): 

Weight remaining rate(%) = W2/W1 × 100% (2)  

where W1 expresses the initial mass of the nanofibers strip; W2 stands for 
the mass of the setting time point of the nanofibers strip after 
degradation. 

The number-average molecular weight (Mn) of nanofibers before 
and after degradation was measured by Gel Permeation Chromatog
raphy (PL-GPC50, Agilent Technologies (China) Co., Ltd). The concen
tration of the sample solution for the testing was 5 mg/mL. 
Hexafluoroisopropanol (HFIP) was used as the mobile phase and the 
flow rate was set to 1 mL/min. See more experimental details in the 
Supporting Information. 

3. Results and discussion 

High-quality materials that can be used to prepare tissue engineering 
blood vessels should have the following characteristics: good biocom
patibility is first and foremost; The structure of materials’ surface is 
suitable for the adhesion and proliferation of host cells, as well as 
anticoagulation, and low immune rejection [3–5]. Moreover, it will 
gradually degrade or fuse with its own tissue for a certain period of time 
[32,33]. The degradation rate is comparable to the regeneration rate of 
the autologous extracellular matrix, and the degradation products are 

Fig. 1. (A) 1H NMR spectra, (B) ATR-FTIR spectra, (C) wide-angle X-ray diffraction pattern, (D) TG curves, and (E) DSC curves of H-PEUU, L-PEUU, H-PEEUU, and L- 
PEEUU polymers elastomer, respectively. 
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non-toxic. It has suitable pore size and matched mechanical properties 
with natural blood vessels [34–36]. 

Up to now, there is no material that can meet the requirements of 
manufacturing artificial blood vessels with small diameter (less than 
6 mm) in clinical practice [37–44]. This is mainly because the existing 
synthetic materials cannot escape the attack of the body’s immune 
system, and the surface of the material is easy to induce coagulation and 
inflammatory reactions [45–48]. Biodegradable polyurethane nano
fibers have excellent physical and mechanical properties and are suit
able as small blood vessel materials [21,49,50]. However, the 
biocompatibility of polyurethane materials is far from meeting the re
quirements of long-term clinical implantation of small blood vessels, and 
it needs to be synthesized and modified [48,51,52]. 

Therefore, we have designed and synthesized a series of biodegrad
able polyurethane (H-PEUU, L-PEUU, H-PEEUU, and L-PEEUU), 
following electrospun into nanofibers, which with a structure of the 
bionic extracellular matrix exhibited matched mechanical properties 
(Graphical Abstract). 

3.1. Characterization of synthetic polymeric elastomer 

Synthetic block polyurethane materials, which with prominent me
chanical properties, abundant source, as well as easily molding, have a 
wide range of applications in tissue engineering due to their tunable 
physical, chemical, biomechanical, and degradation properties. We are 
devoted to the study of biodegradable block polyurethane for vascular 
tissue. Detailedly, Biodegradable PCL and bioactive molecules were 
introduced into the molecular backbone of polyurethane by designing 
different structures of soft and hard segments and adjusting the molar 
ratio of synthetic monomers to synthesize biodegradable polyurethane 
with bioactivity and tissue inducibility. The ultimate goal is to optimize 
the preparation of vascular tissue engineering materials with stable 
comprehensive mechanical properties, processable strength, moderate 
surface infiltration, and excellent biocompatibility. 

In this study, four synthetic polymeric elastomers were synthesized 
by a two-step method using PCL diol and PEG600 as the soft segment and 
HDI (or LDI) as the hard segment (Graphical Abstract A and Graphical 
Abstract B). The chemical structure of synthetic polymeric elastomers 
(H-PEUU, L-PEUU, H-PEEUU, and L-PEEUU) were investigated by 1H 
spectrum nuclear magnetic resonance (1H NMR) and attenuated total 
reflection Fourier transform infrared spectroscopy (ATR-FTIR), respec
tively (Fig. 1A and B). 1H NMR was used to confirm the chemical 
structure of the synthetic polymeric elastomers. As the 1H NMR spectra 
of H-PEUU, L-PEUU, H-PEEUU, and L-PEEUU shown in Fig. 1A, all the 
synthesized polymeric elastomers exhibited characteristic peaks at 
2.50 ppm and 3.35 ppm belonging to DMSO and H2O structures, 
respectively. Characteristic peak of methylene at 2.92 ppm may linked 
to -NCO in HDI or LDI. The strong absorption peak at 1.38 ppm may due 
to the methyl proton peak of ethyl ester group in LDI, while it does not 
appear in H-PEEUU due to the fact that the absence of this group in H- 
PEUU. All the above chemical shift peaks verify that PEG600, LDI, or 
HDI have been successfully introduced into the molecular chain of BPU. 

As ATR-FTIR spectra shown in Fig. 1B, all of the four synthetic 
polymeric elastomers have an absorption peak at 3335 cm− 1, which may 
be the N-H characteristic absorption peak in the carbamate group 
(-NHCOO-). The absorption peak at 3335 cm− 1 of L-PEUU and L-PEEUU 
is significantly higher than that of H-PEUU and H-PEEUU. This is mainly 
due to the fact that the reactivity of -NCO in HDI with -OH in PCL diol or 
PEG600 is stronger than LDI, which will lead to more -NHCOO- group 
formed. The absorption peak at 1100 cm− 1 is the stretching vibration of 
the ether bond. The characteristic carbonyl of PCL appeared at 
1730 cm− 1. The asymmetric and symmetric stretching vibrations of the 
methylene group were identified at 2860 cm− 1 and 2950 cm− 1, 
respectively. 1720 cm− 1 is the absorption peak of C––O on the ester 
group, which is consistent with the infrared spectrum of a typical 
polyester polyurethane. The absorption peak at 1170 cm− 1 is the 

stretching vibration peak of C-O-C in the soft segment, and 1240 cm− 1 

belongs to the stretching vibration peak of -CO-O-C-. On the other hand, 
only H-PEUU and H-PEEUU have absorption peaks at 1630 cm− 1, which 
indicates that the presence of the side chain group -COOC2H5 in LDI 
makes it easier to react the -NCO group with -NH2 in 1,4-butanediamine 
to form a broader band characteristic δN-H+ υC-N. Neither PCL diols and 
characteristic hydroxyl groups (-OH) at 3500 cm− 1 in PEG600 nor a 
specific absorption peak of isocyanate (-NCO) at 2260 cm− 1 in HDI (LDI) 
exists in the infrared spectra of the four polymer elastomers, which 
demonstrates that the hydroxyl groups at both ends of the PCL diol and 
the isocyanate groups at both ends of the HDI (LDI) have completely 
reacted. 

The crystal structure, surface wettability, and degradation perfor
mance of polymer materials are closely related. As the main segment of 
BPU, PCL has strong crystallinity, slow biodegradation, and hydropho
bic surface and interface, which limits the comprehensive biological 
properties of PCL, although it has excellent biocompatibility and 
outstanding mechanical properties. Therefore, much attention has been 
drawn to diblock copolymers using PEG600 and PCL diol as synthetic 
monomers. The wide-angle X-ray diffraction (WAXRD) pattern further 
confirmed the difference in crystallinity of the four synthetic polymeric 
elastomers (BPU) (Fig. 1C). Both the synthesized BPU and PCL have 
crystalline regions, two diffraction peaks, as well as the same positions 
of the diffraction peaks (at 2θ=21.6◦ and 23.6◦). Compared with the 
diffraction peaks of PCL and PEG600, the intensities of the diffraction 
peaks of the four synthetic polymer elastomers here are significantly 
weaker, mainly due to both PCL and PEG600 being crystalline polymers 
and the molecular chain being relatively compliant and more prone to 
movement. More specifically, the peaks of H-PEUU and L-PEUU were 
sharper than H-PEEUU and L-PEEUU, respectively. This result confirmed 
that the addition of PEG600 altered the crystallinity of the synthesized 
BPU, which is mainly due to the fact that PCL is a polymer with a more 
flexible molecular chain, and the movement of the molecular chain is 
easier than that of PEG600, which is reflected in the XRD spectrum as 
sharp diffraction peaks. 

Since the predesigned nanofibers tubular grafts were prepared by 
electrospinning, it is very indispensable to test the TG and DTG of the 
synthesized polymeric elastomers. The TG and DTG curves present the 
thermal stability of polymeric elastomers were shown in Fig. 1D. The TG 
and DTG curves also present two-stage thermal decomposition during 
the thermal degradation. The first is thermal decomposition of urethane 
and urea bonds. And the other one is due to the decomposition of soft 
segments. The main molecular chain of synthetic polymeric elastomers 
was decomposed rapidly during 210–380 ℃ hot environment. The 
thermal degradation temperatures of the four polymer elastomers are 
generally in the range of 265–275 ℃, and the 50% degradation mass 
temperature is near 350 ℃, indicating that the four main polymer chains 
have similar molecular structures. Nevertheless, as in Fig. 1D, the 50% 
weight loss of PEEUU increased slightly than that of PEUU, which might 
be explained as the introduction of PEG600 in the soft segment thus 
enhanced the thermal stability of the polyurethane elastomer, which is 
related to PEG600 is a crystalline polymer, its high crystallinity makes 
the molecular chain arrangement very regular, the crystalline area is not 
easy to change due to the external heating environment. Compared L- 
PEUU (L-PEEUU) with H-PEUU (H-PEEUU), L-PEUU (L-PEEUU) present 
the higher thermal degradation temperatures than H-PEUU (H-PEEUU). 
The reason for the above phenomenon may be that L-PEUU and L- 
PEEUU both have a side chain -COOC2H5 in the molecule, which en
hances the hydrogen bond interaction in the molecular chain. 

Differential scanning calorimetry (DSC) thermogram of H-PEUU, L- 
PEUU, H-PEEUU, and L-PEEUU was shown in Fig. 1E. The results 
showed that the glass transition temperature (Tg) of H-PEUU, L-PEUU, 
H-PEEUU, and L-PEEUU were − 52.68 ℃, − 53.15 ℃, − 52.85 ℃, and 
− 55.04 ℃, respectively. All the synthesized polymeric elastomers were 
presented with low Tg, which attributed to the PCL in soft segment (the 
Tg of PCL is around − 60 ℃). As presented in the results of Fig. 1E, the Tg 
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of BPU with PEG chain segment was present at lower temperature than 
that without PEG chain segment, respectively. Moreover, when LDI is 
segmented into a molecular chain, the Tg of L-PEUU and L-PEEUU 
showed lower temperatures than H-PEUU and H-PEEUU, respectively, 
which may be ascribed to the asymmetry of the LDI structure that hin
ders the accumulation of hard segments. In addition, the melting tem
peratures of polymers containing PEG600 as a soft segment was higher 
than those without PEG600, was due to the melting of PCL crystals. 
Detailedly, the presence of PEG600 enhanced the microphase separation 
of the soft segment and thus affected its crystallinity, which is also in 
accord with the results of WAXRD in Fig. 1C. Moreover, the PEG600 in 
the soft segment enhances the natural conformation of BPU itself, which 
makes the BPU molecular chain possessed less stretchable and more 
rigid, and reduced the thermal shock of groups within the molecule. 
Therefore, it was confirmed that all the four synthetic polymeric elas
tomers in this research presented a rubbery state at room temperature. It 
was also noted from the results that the structure of BPU chain had 
obvious influence on the crystallinity of polymers. 

3.2. Microstructure and surface wettability of nanofibers 

Due to the high hydrophilicity of PEG, it is easy to form a water film 
on its surface and inhibit protein adsorption and platelet adhesion. 
Therefore, PEG is often used as a modifier on the surface of biomaterials 
and is fixed on the surface of biomaterials via such as grafting, surface 
coating, and cross-linking block copolymerization to improve the blood 
compatibility of the material surface. 

In order to improve the application of BPU in small-diameter tissue- 
engineered blood vessels, it is necessary to improve the hemocompati
bility and histocompatibility of vascular grafts. We spun the synthesized 
BPU into small diameter blood artificial blood vessels with a diameter of 
2 mm by electrospinning technology, and studied and analyzed the ef
fects of different synthetic monomers on the surface morphology, 
microscopic morphology, and surface wettability of vascular grafts. 
Macroscopically, the scaffold could maintain its laminar or tubular 
shape after being peeled from flat aluminum foil and the steel bar, 
respectively (Fig. 2A and B). We obtained tubular scaffolds with a length 
of 20 mm and an inner diameter of 2 mm (Fig. 2B). Both the outer 
surface and inner surface morphology of the electrospun fibers tubes 

Fig. 2. (A) and (B) The digital photos of H-PEUU, L-PEUU, H-PEEUU, and L-PEEUU fibers mats and fibers tubes, respectively; (C) Outer surface and inner surface 
SEM images of the electrospun H-PEUU, L-PEUU, H-PEEUU, and L-PEEUU fibers, respectively; (D) Water contact angle of H-PEUU, L-PEUU, H-PEEUU, and L-PEEUU 
fibers mats at the 5 s time point, respectively. 
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were observed by SEM and it was found that the diameters of the four 
electrospun polymers were distributed between 600 and 800 nm 
(Fig. 2C). The diameter distribution of each group of fibers was different 
(Table 1). The statistical datas of diameter showed that the average 
diameter of H-PEUU, L-PEUU, H-PEEUU, and L-PEEUU groups were 
3.26 ± 0.33, 2.96 ± 0.45, 1.83 ± 0.31, and 1.05 ± 0.28 µm. The diam
eter of H-PEUU group was coarse but evenly distributed. However, we 
also found that the average diameter decreased and porosity increased 
from 3.26 to 1.05 µm and 72.1–83.4% as the presence of PEG and LDI in 
the molecular chainr component increases (Table 1). Moreover, 
compared with the other three groups, the fiber distribution of H-PEUU 
is more uniform, smooth and no protrusions. A large number of crude 
fibers or clusters of aggregated fibers were found among SEM images of 
L-PEUU, H-PEEUU, and L-PEEUU groups. Moreover, a large number of 
unfiberized polymer microspheres were found on SEM images of both H- 
PEEUU and L-PEEUU. Even more, there is a state of adhesion between L- 
PEEUU fibers. This is mainly because the side chain group -COOC2H5 of 
LDI is a weakly negatively charged group. During the electrospinning 
process, the negative high voltage of more than ten thousand volts 
produces a small amount of electrostatic repulsion on the surface of the 
material, which causes some fibers to “squirt” in the electric field. On the 
other hand, compared with polymers without PEG600, the higher 

crystalline region of the polymer containing PEG600 in the soft segment 
limits the dispersion of polymer molecules in the solution, which de
stroys the spinnability of both H-PEEUU and L-PEEUU [17,18,24–26]. 
As shown in Fig. 2D, the water contact angle values of H-PEUU, L-PEUU, 
H-PEEUU, and L-PEEUU were 124◦, 120◦, 47◦, and 35◦ at 5 s, respec
tively. It can be found that no matter how rough the fiber surface is, the 
contact angle of the polymer nanofibers containing PEG600 presented 
significantly smaller water contact angle. In brief, the above results 
show that the main factor affecting the surface wettability of BPU fiber 
mat is the chemical properties of the material itself. 

3.3. Mechanical properties 

As a vascular tissue engineering scaffold material, which was a bio
mimetic extracellular matrix, the spun nanofibers should be able to 
provide temporary mechanical support for the regeneration of vascular 
tissue and maintain the potential space for the formation of new tissue. 
Tensile stress-strain curves of H-PEUU, L-PEUU, H-PEEUU, and L- 
PEEUU, and related tensile machinery performance test results are 
shown in Fig. 3 and Table 1. We have found that the introduction of 
PEG600 and LDI in the molecular chain significantly reduced the 
maximum tensile strength and maximum tensile strain of BPU fibers. It 
is generally believed that the presence of side chains in the molecules of 
fiber materials makes the entanglement of molecular bonds more 
complicated, thereby improving the mechanical properties of fiber 
materials. However, some previous studies claimed that the weakly 
positively charged groups on the molecular side chain could form 
intermolecular hydrogen bonds with the electrophilic interaction be
tween the electrons exposed on the carbonyl group of the molecular 
main chain, thus showing the macroscopically enhanced mechanical 
properties of the fiber material. The molecule side chains -COOC2H5 in 
both L-PEUU and L-PEEUU have a weak negative charge, which will 

Table 1 
Mean diameter and porosity of H-PEUU, L-PEUU, H-PEEUU, and L-PEEUU fi
bers, respectively. (data are representatives of independent experiments and all 
data are given as mean ± SD, n = 5).  

Samples H-PEUU L-PEUU H-PEEUU L-PEEUU 

Fibers Diameter (μm) 3.26 
± 0.33 

2.96 
± 0.45 

1.83 
± 0.31 

1.05 
± 0.28 

Porosity (%) 72.1 
± 1.35 

75.4 
± 2.07 

78.3 
± 2.11 

83.4 
± 1.98  

Fig. 3. Mechanical properties of prepared H-PEUU, L-PEUU, H-PEEUU, and L-PEEUU nanofibers mats, respectively: (A) Representative stress-strain curves; (F) 
Young’s modulus; (C) Tensile strength; (D) Elongation at tensile strength. (Data are representatives of independent experiments and all data are given as mean ± SD, 
n = 5; * p < 0.05). 
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produce a electrostatic repulsion effect with the electrons exposed on the 
carbonyl group of the main chain of the molecule, that leads to a 
dispersed state for L-PEUU and L-PEEUU molecular chain. The above 
phenomena will lead to the deterioration of the mechanical properties of 
BPU. Combining the chemical structure and crystal structure and 
comparing the mechanical properties of these four polymer nanofiber 
membranes, we also believe that the existence of a large number of 
crystalline regions of PEG600 is the primary factor for the reduction of 
the maximum stress of the nanofiber membrane. As shown in Table 2, 
the maximum stresses of H-PEEUU and L-PEEUU are 3.8 MPa and 

3.1 MPa, respectively, which are significantly smaller than 5.9 MPa of 
H-PEUU. In addition, the maximum strain data of the four nanofibers 
shown in Table 2 and the maximum strain variation trend shown in 
Fig. 3D also indicate that the intermolecular electrostatic repulsion 
produced by the side chain -COOC2H5 and the existence of the PEG600 
crystal region are responsible for the weakening of the elasticity of BPU 
fibers. Finally, the low modulus of the four nanofiber mats is shown in 
Fig. 3B, which is also the basic feature of degradable poly(easte- 
urethane)urea with PCL as the main segment. 

Radial tensile properties of fibers tubes are shown in Fig. S1A. Fibers 
tubes were squashed into rectangle shapes for axial tensile testing. 
Representative tensile stress-strain curves of fibers tubes in the dry state 
are shown in Fig. S1B. The stress-strain profile of the four fiber tubes is 
similar to that of the fiber mats, respectively. As the results in Fig. S1C 
and Fig. S1D, H-PEUU fibers tube showed comparable suture retention 
strength and burst pressure to the other groups. The suture retention 
strength and burst pressure value of grafts were much greater than those 
of human mammary artery (about 1.5 ×103 mmHg) and saphenous vein 
(approximately 2.0 ×103 mmHg), indicating that they are mechanically 
adequate for surgical procedures and robust enough to endure blood 

Table 2 
Tensile properties of H-PEUU, L-PEUU, H-PEEUU, and L-PEEUU nanofibers 
(data are representatives of independent experiments and all data are given as 
mean ± SD, n = 5).  

Sample Stress (MPa) Strain (%) Young’s modulus (MPa) 

H-PEUU 5.9 ± 0.4 314.2 ± 21.3 2.6 ± 0.2 
L-PEUU 4.2 ± 0.3 153.2 ± 18.7 3.1 ± 0.2 
H-PEEUU 3.8 ± 0.2 234.98 ± 19.8 1.9 ± 0.2 
L-PEEUU 3.1 ± 0.2 131.7 ± 20.0 2.5 ± 0.2  

Fig. 4. (A) Mass remaining and (B) effect of biodegradation time on the number average molecular weight of H-PEUU, L-PEUU, H-PEEUU, and L-PEEUU fibers mats 
after degradation in PBS; (C) CCK-8 assay of the proliferation viability of HUVECs cultured onto cover slips, H-PEUU, L-PEUU, H-PEEUU, and L-PEEUU fibers mats, 
respectively; (D) Fluorescence microscopy images of HUVECs cultured onto H-PEUU, L-PEUU, H-PEEUU, and L-PEEUU fibers mats with labeling of cytoskeleton and 
nucleus after 3-day culture, respectively. (The nuclei are stained blue by DAPI and the cytoskeletons are stained red by rhodamine-conjugated phalloidin; Data are 
representatives of independent experiments and all data are given as mean ± SD, n = 5; * p < 0.05). 
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pressure [53]. 

3.4. Degradation, cytocompatibility, and hemocompatibility in vitro 

The degradation percentages of spun fibers mats in PBS buffer so
lution are shown in Fig. 4A. Under the action of PBS hydrolysis, the H- 
PEUU fiber mats degraded only about 16% in 24 weeks, while the other 
three groups of fiber mats degraded significantly faster than the H-PEUU 
nanofiber mats. The degradation characteristics of the fiber mat are not 
only related to the chemical properties of the material itself but also to 
the microstructure of the fiber mat. Combined with Fig. 2C, the fibers 
that make up the L-PEUU fiber mat have some relatively thick fiber 
clusters, which will increase the pore size of the L-PEUU fiber mat, and 
the existence of large pore size will inevitably enhance the infiltration of 
the PBS solution into the fiber mat, which will accelerate the degrada
tion of L-PEUU fiber mats. In addition, the existence of PEG600 mo
lecular segments in BPU increases the hydrophilicity of the fiber itself, 
and a large number of water molecules will enter the molecular chain 
network, thereby accelerating the degradation of the fiber itself. This has 
also been reported in previous studies. For example, Guan et al. have 
synthetized poly(ester-urethane) urea (PEUU) and poly(ether-ester- 
urethane) urea (PEEUU) with PCL diol and PCL-PEG-PCL diol as soft 
segments, respectively. Degradation in vitro indicated that the degra
dation rate of PEEUU in PBS was two times faster than that of PEUU[22]. 

The degradation of the fiber mat must be accompanied by a decrease 
in the molecular weight of the material. Fig. 4B presents the changes in 
the number-average molecular weight of the four nanofiber materials 
during the degradation process. Consistent with the residual mass per
centage of degradation, after 24 weeks of degradation, the number- 
average molecular weight of the H-PEUU fiber material decreased 
from 4.5 × 106 to 2.3 × 106, and the degradation rate was significantly 
slower than that of the other three nanofibers. 

In order to test the biocompatibility of the four spun fiber materials, 
the proliferation experiments of HUVECs were performed on H-PEUU, L- 
PEUU, H-PEEUU, and L-PEEUU fiber mats, respectively. It can be found 
from Fig. 4C, the number of HUVECs in both the experimental group and 
control groups increased with the increase of culture time. The cells in 

each group had an obvious tendency to proliferate from the first day to 
the third day, indicating that the cells have been able to adapt to the 
surrounding microenvironment and achieve the best growth state at this 
time. On the fifth day, compared with the proliferation activity of the 
cells four days ago, the cells at this time had covered the entire fiber mat, 
and the proliferation was not obvious. This may be due to the contact 
between the cells, which presents an inhibitory effect on the continued 
proliferation and spreading of the cells. 

Overall, in the early stage of cell proliferation, the wettability of the 
fiber material itself has a great impact on cell viability. For example, the 
ability to promote cell proliferation of hydrophilic H-PEEUU and L- 
PEEUU was greater than other groups on the third day. In the following 
stage, when the HUVECs have almost completely covered the surface of 
fiber mats, the effect of “contact inhibition of growth” between cells is 
prominent. The cells will continue to proliferate and grow into the inner 
fiber mat, based on the suitable pore structure of fibers mats. For 
example, the absorbance of H-PEUU and L-PEUU fiber mats with rela
tively uniform and regular fiber structure on the fifth day is greater than 
that of H-PEEUU and L-PEEUU. Since the cells were not full on the third 
day, the corresponding cytoskeleton-nucleus fluorescence staining 
(Fig. 4D) and cytoskeleton electron microscope (Fig. 5) showed only the 
apparent morphology of the cells. In conclusion, the cells on the four 
fiber mats had good morphology, obvious pseudopodia, and the overall 
spindle shape, and some cells had formed a small-scale cell community, 
which was in line with the normal proliferation behavior of HUVECs. 

Cell adhesion, migration and proliferation are interrelated behav
iors. Before the cells adhere to the fibers, they will predict the process of 
the material. If the cells have a rejection effect on the material, the 
tendency to migrate and adhere to the material will be weakened. The 
basis of the cell’s prediction of the material is mainly according to 
whether the material itself has a recognition site that binds to the outside 
of the cell membrane. Both Figs. 6A and S2 show fluorescent staining 
images of HUVECs cultured onto H-PEUU, L-PEUU, H-PEEUU, and L- 
PEEUU fiber mats after 48 h migration, respectively. The results showed 
that HUVECs migrated more from both sides of the migration zone to the 
migration zone on the H-PEUU and H-PEEUU fiber mats than the other 
two groups. In addition, the shape of HUVECs in the migration zone 

Fig. 5. SEM images of HUVECs grown onto H-PEUU, L-PEUU, H-PEEUU, and L-PEEUU fibers mats after 3-day culture and magnified 300 times and magnified 2000 
times, respectively. 
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showed obvious polypseudopodia and spindle shape, while most of the 
HUVECs in the non-migration zone still retained the round shape as the 
shape of the early stage of cell growth. We also quantified the migratory 
capacity of cells on the above four fiber mats. The test of cell migration 
ability included two aspects: quantification of the cell area in the 
migration zone (Fig. 6B) and the percentage of cells at different migra
tion distances to the total migrated cells (Fig. 6C). In quantitative sta
tistics as shown in Fig. 6C, it can be found that the H-PEEUU group has 
the highest proportion in the range of migration distance greater than 
450 µm, which proves that the HUVECs in this group have the strongest 
cell migration ability, that is, the chemotactic attraction of H-PEEUU 
nanofibers to cells. We also believe that the smooth and regular fiber 
structure can maximize the retention of various nutrients, which were 
produced by cell metabolism in the process of cell growth and were more 

suitable for the later proliferation, migration and growth of host cells. As 
in the H-PEUU group, most of the cells were concentrated in the mid and 
close-range migratory zone, although HUVECs were more numerous in 
the migratory zone than in the other three groups. Therefore, the 
HUVECs grown on H-PEUU fiber mats were mainly proliferative. All in 
all, the process of cell growth and spreading is a coordinated process of 
cell adhesion, migration, and proliferation, whose ultimate goal is to 
achieve rapid in situ cells on the surface of the material, which will 
achieve the purpose of effective tissue regeneration and construction. 

As a potential material for artificial blood vessels, BPU nanofibers are 
ceaselessly in contact with blood. Therefore, blood compatibility is also 
one of the important factors affecting the use of BPU. The correlation 
analysis results of the hemolysis experiments are shown in Fig. 7A. The 
value of the ordinate represents the absorbance, and the greater the 

Fig. 6. Migration assay of HUVECs seeded onto H-PEUU, L-PEUU, H-PEEUU, and L-PEEUU fibers mats after incubation of the cells for 48 h, respectively: (A) With 
labeling of nucleus (blue) using DAPI; (B) Quantitative spreading area measurements of HUVECs on different fiber mats after culturing for 48 h; (D) Percentage of 
migrated HUVECs at most 225 µm, 225–450 µm, beyond 450 µm after 48 h culture. (Data are representatives of independent experiments and all data are given as 
mean ± SD, n = 5; ** p < 0.01, * p < 0.05). 
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absorbance means the higher the heme content in the centrifuged su
pernatant in the hemolysis experiment. That is, the greater the degree of 
damage and rupture of red blood cells during the hemolysis test, the 
more severe the hemolysis. The content of heme in the supernatant of 
the centrifuge tube in the experimental group was significantly different 
from that in the positive control group (distilled water) (***p < 0.001), 
while similar to the negative group (0.9% normal saline). The super
natants in the centrifuge tubes of the four experimental groups were all 
present transparent and clear, indicating that the H-PEUU, L-PEUU, H- 
PEEUU, and L-PEEUU fibers won’t cause acute hemolysis after trans
plantation. The solution in the positive control group was blood red, 
indicating that the red blood cells in this group were basically destroyed, 
while the negative control group did not have this phenomenon. It can 
be seen from the hemolysis rate data in Fig. 7A that the hemolysis rates 
of the negative control group and the four experimental groups were all 
less than 5%, which further proved the hemolysis safety of the four fiber 
mats. The above data are also in line with the safety regulations of in
ternational standards for materials or devices that come into contact 
with blood. 

The adhesion and activation of platelets on the surface of the mate
rial induce the coagulation response and releases substances that 
accelerate the coagulation response. The urethane structure of 

polyurethane makes it easy to generate a microphase-separated struc
ture, which is similar to the structure of the cell wall and is less likely to 
cause substantial antiplatelet adhesion. Observing and calculating the 
adhesion quantity and morphological changes of platelets is an impor
tant index to evaluate the anticoagulant properties of materials. As 
shown in Fig. 7B and C, after PEG600 was used as one of the monomer 
blocks for synthesizing BPU, the platelet adhesion was significantly 
reduced, and the morphology mainly wasinactive round without pseu
dopodia. Quantitative analysis of lactate dehydrogenase assay (LDH) 
further confirmed the visual observation (Fig. 7B). In addition, we also 
found that only few platelets can be seen on H-PEEUU and L-PEEUU 
fiber mats, while the adhesive platelets on both H-PEUU and L-PEUU 
fiber mats are significantly higher. In particular, the amount of platelet 
adhesion on the L-PEUU fiber mat is the largest. The chemical properties 
of the fiber surface are key factors affecting platelet adhesion. The hy
drophobic L-PEUU fiber molecular chain does not have a PEG segment 
that can form a hydration film, so it is easier to induce platelet aggre
gation. Moreover, due to the charged -COOC2H5 groups on the surface of 
L-PEUU fibers, it is more likely to cause platelet aggregation, which 
leads to a large number of platelet aggregation on the surface of L-PEUU 
fibers (Fig. 7C). 

Fig. 7. (A) Quantification of relative hemolysis rate of electrospun H-PEUU, L-PEUU, H-PEEUU, and L-PEEUU fibers mats. Water (+) and 0.9% normal saline (NS) (-) 
were used as positive and negative control, respectively; (B) and (C) Platelet deposition determined by lactate dehydrogenase assay and SEM images. (Yellow arrows 
show the platelets; Data are representatives of independent experiments and all data are given as mean ± SD, n = 5; * p < 0.05). 
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4. Conclusion 

In the present study, a series of PCL-based polyurethane elastomers 
were synthesized by two-step solution polymerization method using PCL 
diol, HDI, LDI, and PEG600 as monomers, respectively. Then, the syn
thetic four elastomers were electrospun into fibers mats with different 
fibers structures. The results indicated that the presence of PEG600 in 
the BPU soft segment makes the BPU easier to crystallize. Due to the 
hydrogen bond strengthening effect in LDI type BPU, its melting point 
and thermal stability are stronger than HDI type BPU. Moreover, the 
presence of PEG600 and LDI in soft segment of BPU both reduced the 
spinnability of the polymer, while the stress and strain of the nanofibers 
were significantly reduced, but still met the requirements for vascular 
scaffolds. On the other hand, the presence of PEG600 promoted the 
degradation of the L-PEEUU nanofiber mat, which increased its degra
dation rate from 18% to 70% at week 24. Most importantly, we also 
found that the regular and uniform morphology of the fibers has a 
positive effect on cell proliferation and migration. Finally, in vitro 
platelet adhesion experiments showed that the presence of PEG600 in 
BPU could effectively inhibit platelet adhesion. 
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