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� A novel PEUU-RGD electrospun mats for vascular application were fabricated.
� PEUU-RGD mat was a good intima for prevent the formation of thrombi or hyperplasia.
� The fabricated mats showed excellent mechanical properties and high biocompatibility.
� Inhibition of platelet adhesion of the mats were also tuned.
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a b s t r a c t

The development of a biomimetic surface which is able to promote endothelialization is fundamental in
the research for blood vessel substitutes to overcome the formation of thrombi or hyperplasia. In the
present work, the fabrication of acrylamide-terminated glycine-arginine-glycine-aspartic peptides
(Ac-GRGD) modified poly(ester-urethane) urea (PEUU) nanofibrous mats via electrospinning technique
followed by covalent immobilizing method for improving its endothelialization was successfully
achieved. Series of PEUU based polymers including PEUU, PEUU with t-butoxycarbonyl group
(PEUU-Boc), and PEUU-amino group (PEUU-NH2) were synthesized by a two-step solution polymeriza-
tion and a de-protection process. The PEUU-RGD as-prepared nanofibrous mat was characterized using
different techniques, such as, scanning electron microscopy, solide-state 13C CP-MAS nuclear magnetic
resonance, and stress-strain test. In addition, to motivate cell adhesion and proliferation, PEUU nanofibers
mat was immobilized by coupling of Ac-GRGD. The results present that incorporation of Ac-GRGD pep-
tide improved the mechanical properties and does not have negative effect on the morphology and the
structure of PEUU nanofibers. From cell viability and cell morphology results, the prepared PEUU-RGD
nanofiber mats are cytocompatible. Interestingly, the immobilized PEUU-RGD nanofibers possess lower
hemolysis rate and an improved inhibition of platelet adhesion. Overall, Ac-GRGD peptides immobilized
PEUU nanofibrous mats may have a potential application for vascular tissue engineering.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

For blood vessel tissue engineering, an ideal vascular replace-
ment should possess excellent biocompatibility and mechanical
properties [1,2]. It is also well known that native blood vessels
consist of three different layers: intima, media, and adventitia.
The intima, consists of a continuous monolayer of endothelial cells
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(ECs) [3]. A healthy endothelial layer is the only fully blood com-
patible surface that completely avoids thrombus development
[4–6]. However, clinically employed vascular scaffolds do not
spontaneously endothelialize; endothelial cells typically cover only
a small percentage of the luminal surface, leaving a portion of the
scaffolds without a complete endothelial cell layer [7,8]. However,
tissue engineering offers a potential ‘‘ideal” small diameter vascu-
lar replacement with one concept creating biodegradable poly-
meric structures that would be used to provide mechanical
support and continuous blood supply while promoting vascular
tissue development in situ [9–12]. For this reason, how to promote
endothelial cell growth, adhesion and proliferation on vascular
scaffolds are an active area of research [13–15].

Electrospinning is a versatile technique, which can produce
fibrous scaffolds with fiber diameters ranging from tens of
nanometers to a few micrometers [16–18]. This method has been
widely used to prepare tubular scaffolds with a rotation mandrel
to collect the fibers [19]. The fibrous structures produced by the
electrospinning could mimic the natural extracellular matrix
(ECM) and contribute to the cell proliferation process by the elec-
trospinning could mimic the natural extracellular matrix (ECM)
and contribute to the cell proliferation process [20–24].

Segmented polyurethanes have been employed as elastomeric
biomaterials because of their tunable mechanical properties, pro-
cessability, and good biocompatibility in a variety of applications
[25–27]. Although our group previous studies have shown that a
novel method to developed PEUU based scaffold for the subse-
quent non-interfering modification with heparin and TPS peptide,
but the patency of 20% at 8 weeks after implanted in rabbit carotid
artery [28,29]. In this paper, the biodegradable PEUU-NH2 elas-
tomers were synthesized by a de-protection process from PEUU-
Boc polymers. PEUU-NH2 nanofibers immobilized with Ac-GRGD
peptides were fabricated through carboxyl-amino condensation
reaction. Additionally, in vitro assays with endothelial cells
(human umbilical vein endothelial cells, HUVECs) were performed
to test the potential of PEUU-RGD nanofibers to promote adhesion
and control proliferation.
2. Materials and methods

2.1. Materials

Polycaprolactone diol (PCL2000, Mn = 2000), N-Boc-serinol
(97%), hexamethylene dissocyanate (HDI), stannous octotate (Sn
(Oct)2), butanediamine were provided by Sigma-Aldrich and used
as received unless specified. Acrylamido-terminated glycine-argi
nine-glycine-aspartic peptides (Ac-GRGD) and fluorescein isothio-
cyanate labeled acrylamido-terminated glycine-arginine-glycine-
aspartic peptides (Ac-GRGD-FITC) were obtained from China Pep-
tides Co., Ltd. (Shanghai, China). Chloroform (CF), trifluoroacetic
acid (TFA), N-(3-dimethylaminopropyl)-N0-ethylcaobodiimide
hydrochloride (EDC), and N-hydroxysuccinimide (NHS) were pur-
chased from Sigma-Aldrich Trading Co., Ltd. (Shanghai, China). 1,
1, 1, 3, 3, 3-hexafluoro-2-propanol (HFIP) was acquired from
Shanghai Darui Finechemical Co., Ltd. (Shanghai, China). Anhy-
drous ethanol (EtOH) and Anhydrous dimethylsulfoxide (DMSO)
were purchased from Changshu Hongsheng Chemical Reagent
Co., Ltd. (Changshu, China). Dulbecco’s Modified Eagle’s Medium
(DMEM), fetal bovine serum (FBS), phosphate buffer saline (PBS,
pH = 7.4), paraformaldehyde (POM), 3-(4, 5-Dimethylthiazol-2-
yl)-2, 5-diphenyltetrazoliumbromide (MTT), penicillin–strepto-
mycin and trypsin were purchased from Shanghai Yuanxiang
Medical Equipment Co. Ltd (Shanghai, China). 40, 60-diamidino-2-
phenylindole (DAPI) and rhodamine-conjugated phalloidin were
obtained from Invitrogen (USA). All chemicals were used without
further purification. Water used in all experiments was purified
using a Milli-Q Plus 185 water purification system (Millipore, Bed-
ford, MA) with resistivity higher than 18 MX cm.
2.2. Synthesis of PEUU based polymer

PCL diol (PCL2000) and N-Boc-serinol were dissolved in DMSO
in a three-necked flask with the concentration of 10% (w/v) and
HDI was added under nitrogen gas for protection. Followed this
process, the addition of Sn(Oct)2 (0.05 wt% based on the monomer
concentration) and the reaction was carried out for 3 h at 80 �C.
Butanediamine/DMSO solution at 2% (w/v) was added drop wise
to the pre-polymer solution and the molar ratio of PCL2000 with
N-Boc-serinol, HDI and butanediamine was 1:2:1. The reaction
continued with stirring for 18 h at 40 �C. Then the polymer solution
was extruded into the deionized water for precipitation. PEUU-Boc
was eventually obtained after being dried in a vacuum oven at
60 �C for 48 h. PEUU was also synthesized in a similar method with
the exceptional of addition N-Boc-serinol.

The synthesized PEUU-Boc was dissolved in CF/TFA solvent (v:
v = 50/50) at the concentration of 5% (w/v, PEUU-Boc/solvent) in
a round bottom flask and stirred for 1 h at 25 �C to remove the
Boc-preotcted groups. The excess CF and TFA were moved by
rotary evaporation and the polymer was precipitated and neutral-
ized in 2% (w/v) Na2CO3 aqueous solution (pH = 11.4) to remove
residual TFA. The product was then washed with distilled water
and rinsed in isopropanol for 1 day, followed by drying in a vac-
uum oven at 60 �C for 2 days [29].
2.3. Fabrication of electrospun nanofibers

1.2 g of polymers (PEUU, PEUU-Boc, PEUU-NH2) were dissolved
in 10 mL of HFIP at room temperature for 24 h with vigorous mag-
netic stirring to prepare the solution for electrospinning.

The polymers (PEUU, PEUU-Boc, PEUU-NH2) in 1, 1, 1, 3, 3, 3-
hexafluoro-2-propanol (HFIP) solution (12%, w/v) were fed at
1.0 mL/h, 0.5 mL/h, 0.55 mL/h from a capillary charged at 9 kV,
10 kV, 8.45 kV, respectively, and perpendicularly located 14 cm
from the target thin aluminum foil which acting as a collector
which was positioned horizontally and grounded. All of the elec-
trospinning processes were carried out at around 25 �C and
50% ± 2% relative humidity.
2.4. Nanofibers surface immobilization with Ac-GRGD peptide

Ac-GRGD molecules were covalently attached to the PEUU-NH2

nanofibrous mats using EDC/NHS chemistry as previously
described with modification [30]. Briefly, the PEUU-NH2 nanofi-
brous mats were saturated with EtOH for 5 h prior to immobiliza-
tion reaction. After this step, the PEUU-NH2 nanofibrous mats were
collected and washed first with PBS 3 time. At the same time, Ac-
GRGD (8.98 mmol, 4 mg), EDC (100 mmol, 19.17 mg), and NHS
(250 mmol, 28.77 mg) were dissolved in 2 mL DMSO, 2 mL PBS,
2 mL PBS, respectively. Then all the three solutions were mixed
and stirred for 3 h to activate the carboxyl group of Ac-GRGD.
The activated Ac-GRGD was added dropwise into the above PBS
solution of the PEUU-NH2 nanofibrous mats (10 mL) under stirring
for 2 days. After 2 days crosslinking reaction at room temperature,
mats were washed with copious amounts of distilled water to
remove the byproducts, and then were lyophilized for 2 days. For
comparison, PEUU-NH2 with Ac-GRGD-FITC conjugation was also
prepared in a manner similar to that used to form the
PEUU-RGD-FITC nanofibrous mats. The only difference is the use
of Ac-GRGD-FITC instead of the use of Ac-GRGD (Fig. 1(c)).
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2.5. Nanofibrous mats characterizations

The morphology of the electrospun nanofibers were investi-
gated by scanning electron microscopy (SEM) (JEOL, JSM-5600,
Japan) at an accelerated voltage of 10 kV after sputter-coating with
gold. The average fiber diameter was determined from 100 random
measurements on a typical SEM image under lower magnification
(1000�) using Image analysis software (Image-J, National Insti-
tutes of Health, USA). The contact angle was measured three times
for each sample using a contact angle instrument (OCA40, Data-
physics, Germany) when the droplet was stable at 25 �C ± 0.5 �C
and for a relative humidity of 30% ± 2%. The porosity of different
nanofibers was measured using a method reported in the literature
[31]. Three small strips (10 mm � 30 mm) were cut randomly from
the nanofibrous mats. The thickness of the nanofibrous mats was
measured with a micrometer and the apparent density (qa) and
porosity (p) were calculated from Eqs. (1) and (2), respectively.
qa ðg=cm3Þ ¼ m ðgÞ
d ðcmÞ � s ðcm2Þ ð1Þ
p ¼ 1� qa ðg=cm3Þ
qb ðg=cm3Þ

� �
� 100% ð2Þ
where m, d, and s stand for mass, thickness, and area of the strips,
respectively. The bulk density (qb) of PEUU is 1.16 g/cm3.

Nanofibers was characterized by solide-state 13C CP-MAS
nuclear magnetic resonance (AVANCE-400, Bruker, Switzerland)
with a 13C resonance frequency of 100 MHz, contact time of
1.0 ms, and pulse delay time of 4.0 s. Fourier transform infrared
(FTIR) spectra were recorded by absorption mode at 2 cm�1 inter-
val in the range of 4000–600 cm�1 wave numbers, using a FT-IR
spectrophotometer (Avatar380, USA). Wide-angle X-ray diffraction
(WAXRD) curves were obtained on a D/max-2550 PC X-ray diffrac-
tometer (Rigaku Co., Tokyo, Japan) within the scanning region of 2h
(5–60�), with Cu Ka radiation (l = 1.5418 Å) at 40 kV and 40 mA.
The fluorescent image of PEUU-RGD-FITC nanofibers was observed
by a fluorescence microscope (Nikon TS100, Japan). For analysis,
the nanofibers were loaded onto the glass slide during the process
of electrospinning [32].

Thermal properties were measured by using a STAPT-1000
instrument (Linseis, German). Samples (3–5 mg) were heated from
29 �C to 600 �C at a heating rate of 10 �C/min under a flow of nitro-
gen (40 mL/min). The mechanical properties of nanofibrous mats
were tested by a material testing machine (H5 K-S, Hounsfield,
UK) with a crosshead speed of 10 mm/min under a load of 10 N,
according to ASTM D638-98 (n = 5). All the nanofibrous mats were
cut into small strips with the width � gauge length = 10 � 30 mm,
and three strips from different sites of each fibrous mats sample
were chosen for the tensile test. The stress and strain data were
calculated using Eqs. (3) and (4) [3,33,34]:
r ðMPaÞ ¼ P ðNÞ
w ðmmÞ � d ðmmÞ ð3Þ
e ¼ l
l0
� 100% ð4Þ
where r, e, P, w, d, l, and l0 stand for stress, strain, load, mat width,
mat length, extension length, and gauge length, respectively. Ten-
sile strength, elongation at break, and Young’s modulus were
obtained from the strain-stress curves.
2.6. In vitro cell culture: cell viability and morphology of HUVECs
cultured on the mats

HUVECs was cultured in Dulbecco’s modified Eagle’s medium
(DMEM) with 10% fetal bovine serum and 1% antibiotic-
antimycotic in an atmosphere of 5% CO2 and 37 �C, and the med-
ium was replenished every two days. All electrospun mats samples
were placed into 24-well plates individually and secured by stain-
less rings. Before cell seeding, the nanofibrous mats were disin-
fected with 70% ethanol immersion for 12 h, followed washed 3
times with phosphate buffer solution (PBS), and then washed once
again with culture medium [35]. For cell adhesion test, HUVECs
were both seeded with a density of 1.0 � 104 cells/well. For cell
proliferation test, HUVECs were seeded with a density of
8.0 � 103 cells/well.

MTT assay and SEM observation were employed to evaluate the
viability and morphology of the adhered and proliferated HUVECs
cultured onto different nanofibrous mats (n = 3 for each group)
according to the manufacturer’s protocol, respectively [36,37]. On
a separate set of sheets, the attached cells were fixed with 4%
paraformaldehyde and then 40, 60-diamidino-2-phenylindole
hydrochloride (DAPI, Invitrogen, USA) and rhodamine-conjugated
phalloidin (Invitrogen, USA) were used to stain the nucleus and
cytoskeletons of cells. Specimens were observed under TS100 fluo-
rescence microscope (Nikon, Japan).

2.7. Hemolysis assays

Fresh New Zealand white rabbit blood containing 3.8% sodium
citrate injection (sodium citrate to distilled water ratio, 3.8:100
w/v) for anticoagulant (the ratio of anticoagulant to blood is 1:9,
v/v) prepared reference to previous literature. Healthy red blood
cells (HRBCs) were obtained by a pre-treatment procedure accord-
ing to the literature before hemolysis assay [38]. In brief, the
HRBCs were obtained by centrifuging the fresh blood (1200 r/
min for 10 min), followed by washing the precipitates with PBS
for 5 times to completely remove the serum. The HRBCs were 10
times diluted with PBS before hemolysis assay. The diluted HRBCs
(0.2 mL) mixed with PBS solution (10 mL) with a total volume of
10.2 mL were added into centrifugal tube with bottom covered
with PEUU nanofibrous mats, PEUU-Boc nanofibrous mats, PEUU-
NH2 nanofibrous mats, and PEUU-RGD nanofibrous mats
(3 cm � 1 cm), respectively. The diluted HRBCs (0.2 mL) were also,
respectively, mixed with 10 mL water (as a positive control) and
10 mL PBS buffer (as a negative control) in centrifugal tube for
comparison. After a gentle shaking, all samples were incubated at
37 �C for 2 h. Then all the HRBC suspensions were taken away care-
fully and were centrifuged at 2000 r/min for 5 min. The absorbance
at 545 nm of the supernatant (hemoglobin) was determined by
Lambda 25 UV–Vis spectrophotometer (Perkin Elmer, USA).
Hemolysis rate (HR) was defined as follows:

HR ¼ SA� NA
PA� NA

� 100% ð5Þ

where SA, PA, and NA stand for the absorbency of the experimental
sample, the positive control and the negative control, respectively.
Mean and standard deviation of the triplicate centrifugal tubes for
each sample were calculated.

2.8. Platelet adhesion test

Rabbit platelet-rich plasma was obtained from healthy female
New Zealand White rabbits in compliance with protocols approved
by the Institutional Review Board for Human Investigations at the
Shanghai Jiaotong University School of Medicine. Blood was drawn
into plastic Vacutainer tubes containing 3.2% sodium citrate.
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Platelet-rich plasma (PRP, 2 � 107 platelets/mL) was obtained by
centrifugation at 1500 rpm for 10 min at room temperature.

All nanofibrous mats (PEUU nanfibrous mats, PEUU-Boc nanofi-
brous mats, PEUU-NH2 nanofibrous mats, and PEUU-RGD nanofi-
brous mats; n = 3 for each group) with disk shapes
(diameter = 15 mm) were placed into 24-well plates individually
and secured by stainless rings. Then, disk samples were sterilized
with 70% ethanol immersion for 2 h, and rinsed with deionized
water three times. Finally, PRP (350 lL/well) were seeded on the
samples [29].

After 3 h incubation at 37 �C with mild shaking, the samples
were gently rinsed with deionized water to wash away nonat-
tached platelets. Then, the platelets deposited on the surface were
fixed in 4% paraformaldehyde, and dehydrated with gradient alco-
hol and dried at room temperature. Finally, the platelets adhered
on nanofibrous mats were sputter-coated with gold for SEM obser-
vation. The number of adherent platelets was determined by
detecting the activity of lactate dehydrogenase (LDH Release Assay
Kit, Beyotime, Nantong, China) present after cell lysis as previously
described [35].

2.9. Statistical analysis

In our all the experiments, all results are represented as the
mean ± standard deviation (SD). The data were analyzed by one-
Fig. 1. Schematic illustration for synthesis of PEUU based poly
way ANOVA, followed by Tukey’s test for the evaluation of specific
differences with Origin Pro 8.0 (Origin lab Inc., USA). A value of
0.05 was selected as the significance level, and the data were indi-
cated with (⁄) for p < 0.05, (⁄⁄) for p < 0.01, and (⁄⁄⁄) for p < 0.001,
respectively [28,29].

3. Results and discussion

3.1. Fabrication and characterization of PEUU based nanofibers

3.1.1. Synthesis and chemical structure of PEUU based polymers
In the last decades a large number of synthetic polymers with

various different properties are available for vascular tissue engi-
neering applications. Most of the polymers have no sufficient
mechanical stability and elasticity as well as inadequate interac-
tion between polymer and cells. In this study, the PEUU based
polymer was synthesized via a two-step solution polymerization
method according to our previous work [28,29,35], whereas the
main different is using butanediamine instead of putrescine, which
was synthesized through isocyanato-amino or isocyanato-hydroxy
condensation reaction, as shown in Fig. 1(a). Firstly, PCL2000-HDI
and N-Boc-serinol-HDI conjugates were synthesized via an
isocyanato-hydroxy condensation reaction between the hydroxyl
groups of PCL2000 and the isocyanato groups of HDI or the
hydroxyl groups of N-Boc-serinol and the isocyanato groups of
mers and the process of fabrication PEUU-RGD nanofibers.



Table 1
Assignments of 13C CP/MAS NMR chemical shifts of PEUU, PEUU-Boc, PEUU-NH2, and
PEUU-RGD electrospun nanofibers, where the structure of the repeat unit is shown in
Fig. 2(e).

Chemical shift (ppm) Assignment Chemical shift (ppm) Assignment

170.0 CO (urea) 24.5 � 32.5 C3 + C4 + C5
162.5 CO (urethane) 42.3 C2
62.5–69.5 C1 – –
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HDI, respectively (the first step in Fig. 1(a)). Secondly, PCL2000-
HDI and N-Boc-serinol-HDI was conjugated through isocyanato-
amino condensation reaction between the amino groups of
butanediamine and the isocyanato groups of PCL2000-HDI or N-
Boc-serinol-HDI (the second step in Fig. 1(a)). Then after de-
protection of the Boc groups, PEUU-NH2 polymer was obtained
(the third step in Fig. 1(a)). Fig. 1(b) shows the schematic represen-
tation for Ac-GRGD surface immobilization for PEUU-NH2 nanofi-
brous mats by carboxy-amino condensation reaction (Fig. 1(b)).
In order to prove Ac-GRGD peptides immobilized onto the surface
of PEUU nanofibers, we also have used FITC conjugated Ac-GRGD
which immobilized onto the surface of PEUU nanofibers instead
of Ac-GRGD, as shown in Fig. 1(c).

Chemical structures of different nanofibers were qualitatively
confirmed by FTIR spectroscopy. The spectrums presented in
Fig. 2(a) show the characteristic peak of PEUU which are around
1725 cm�1 (ester carbonyl group), 1570 cm�1 (the deformation
vibration in plane of N–H), the broad peak at 1161 cm�1 and
1236 cm�1 represent the stretching vibration of C–O–C. The peaks
at 1454 cm�1 and 1088 cm�1 are attributed to the vibration of the
C–N stretch and C–O stretch bonding, respectively. A few of the
peaks magnitude have no significantly change when Ac-GRGD
group were immobilized onto the nanofibers, likely due to the
insensitivity of the FTIR technique.

The crystallinity of polymers was further confirmed by WAXRD
(Fig. 2(b)). Peaks at 2h = 21.5� corresponded to the crystalline
structure of the soft segment in PEUU. The crystalline peak of PEUU
shows no significant difference before and after immobilized mod-
ified. Furthermore, Ac-GRGD peptides immobilized electrospun
PEUU nanofibers only displayed a broad and diffuse diffraction
peak at 2h of 21.5�, which indicated that solvent (DMSO) have
destroyed the crystal structure on the surface of PEUU-NH2 in
the process of covalent immobilization [35].
Fig. 2. (a) ATR-FTIR spectra, (b) X-ray diffraction pattern, and (c) 13C CP/MAS NMR
respectively, and (d) fluorescent image of PEUU-RGD-FITC electrospun nanofibers and (
The 13C CP/MAS NMR spectra of PEUU, PEUU-Boc, PEUU-NH2,
and PEUU-RGD electrospun nanofibers are shown in Fig. 2(c). The
chemical shift assignments are list in Table 1. There exist two kinds
of –NH groups in PEUU-based polymer: one is in the urethane unit
and the other is in the urea unit. The 13C peaks appearing at
170.0 ppm and 162.5 ppm are assigned to the carbonyl carbons
in the urea and urethane groups, respectively. Other 13C peaks as
shown in Table 1. The 13C peaks of PEUU, PEUU-Boc, PEUU-NH2,
and PEUU-RGD electrospun nanofibers have no significant differ-
ent, this is because they have similar molecular backbones, as
shown in Fig. 2(e).

Fluorescence microscopy was used to confirm the existence of
Ac-GRGD onto PEUU nanofibers. The Ac-GRGD immobilized onto
PEUU nanofibers can be clearly observed by the green fluorescence
of Ac-GRGD-FITC using a fluorescence microscope (Fig. 2(d)). The
Ac-GRGD peptide immobilized PEUU nanofibers exhibited a uni-
form green fluorescence, which is attributed to homogeneous
immobilization of Ac-GRGD peptide onto the nanofibers. This
result revealed that the Ac-GRGD peptide can be immobilized onto
PEUU nanofibers with uniform distribution on the surface of PEUU
nanofibers.
spectra of PEUU, PEUU-Boc, PEUU-NH2, and PEUU-RGD electrospun nanofibers,
e) the molecular backbone of PEUU based polymers.
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3.1.2. Surface morphology and hydrophilicity of PEUU based
nanofibers

The surface morphology and diameter distribution of the
formed nanofibers were observed by SEM (Fig. 3). It can be seen
Fig. 3. SEM images, diameter distribution histograms, porosity and water contact angle o
NH2 nanofibrous mats (e) and (f), PEUU-RGD nanofibrous mats (g) and (h).
that the surface of these nanofibers display a porous three-
dimensional structure, and the diameter of these nanofibers keep
a relatively narrow distribution range. In comparison to PEUU
nanofibers and PEUU-NH2 nanofibers, the fiber diameters decrease
f PEUU nanofibrous mats (a) and (b), PEUU-Boc nanofibrous mats (c) and (d), PEUU-
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of PEUU-Boc nanofibers are presumably due to the existence of t-
butoxycarbonyl group, which was possess positive charge and
enhanced the traction on the surface of droplet. Combining with
Fig. 4 which is the corresponding representative mechanical prop-
erty data of PEUU nanofibrous mats, PEUU-Boc nanofibrous mats,
PEUU-NH2 nanofibrous mats, and PEUU-RGD nanofibrous mats,
the tensile strength of either PEUU nanofibrous mats or PEUU-
RGD nanofibrous mats was increased compared with PEUU-Boc
nanofibrous mats and PEUU-NH2 nanofibrous mats. This is likely
due to the diameter of PEUU nanofibers (943 nm) and PEUU-RGD
nanofibers (1132 nm) are thicker than other two nanofibrers
(460 and 890 nm). Porosity and surface hydrophilicity are impor-
tant parameters for the electrospun nanofibers to be used in tissue
engineering applications. The porosity and water contact angle
data of PEUU nanofibrous, PEUU-Boc nanofibers, PEUU-NH2 nano-
fibers, and PEUU-RGD nanofibers are also shown in Fig. 3. It is
interesting that the anisotropy of water contact angles was shown
on all the nanofibrous mats regardless of the surface chemistry
difference, which could be due to the chemical groups
(t-butoxycarbonyl group, amino, and Ac-GRGD peptides) on the
surfaces of PEUU nanofibers does not seem to significantly alter
the porosity and the hydrophilicity of PEUU nanofibers [39].
Furthermore, this might also be the reason that PEUU is a kind of
hydrophobic polymer and the hydrophily of PEUU is hard to be
changed by lower Ac-GRGD peptide surface density. In summary,
the hydrophilicity of PEUU-Boc nanofibers can’t be changed by
the immobilization of Ac-GRGD peptide. Nevertheless, PEUU-RGD
nanofibrous mats are most suitable as a scaffold because RGD
groups have high affinity with the cells during cell growth.
Fig. 4. Mechanical properties of PEUU nanofibrous mats, PEUU-Boc nanofibrous mats, PE
(a) representative stress-strain curves, inset shows the magnification of calculating rang
break.
Therefore, PEUU-RGD nanofibrous mats can provide a good envi-
ronment for cell attachment and proliferation [7,33,40].
3.2. Mechanical and thermal properties of nanofibrous mats

The representative tensile stress-strain curves and mechanical
property data of PEUU nanofibrous mats, PEUU-Boc nanofibrous
mats, PEUU-NH2 nanofibrous mats and PEUU-RGD nanofibrous
mats are shown in Fig. 4. Compared with PEUU nanofibrous mats,
the tensile strength and elongation at break of PEUU-Boc
nanofibrous mats, PEUU-NH2 nanofibrous mats and PEUU-RGD
nanofibrous mats were decreased, while the Young’s modulus
(the strain range as shown in Fig. 4(a) inset: PEUU nanofibrous
mats 40–200%, PEUU-Boc nanofibrous mats 30–160%, PEUU-NH2

nanofibrous mats 40–140% and PUU-RGD nanofibrous mats
40–170%) of both PEUU-Boc nanofibrous mats and PEUU-NH2

nanofibrous mats were significantly increased (as show in Table 2
and Fig. 4(a)). The results suggested that the Ac-GRGD peptide
covalent immobilized with amino onto PEUU-NH2 can act as the
physical crosslinker to form a stiff network on the nanofibers
matrix and enhance the Young’s modulus of PEUU-RGD nanofibers
compared with PEUU-Boc nanofibrous mats and PEUU-NH2 nanofi-
brous mats. Excessive interaction between groups, active group
especially amino partially agglomerated and consequently formed
stress concentration on nanofibers, as a result, the tensile strength
of PEUU-Boc nanofibrous mats and PEUU-NH2 nanofibrous mats
decreased [41]. The decrease in the elongation at break of
PEUU-NH2 nanofibrous mats compared to PEUU nanofibrous mats
may be due to the excessive interaction between amino and
UU-NH2 nanofibrous mats and PEUU-RGD nanofibrous mats under dry conditions:
e of Young’s modulus; (b) Young’s modulus; (c) tensile strength; (d) elongation at



Table 2
Tensile properties of PEUU nanofibers, PEUU-Boc nanofibers, PEUU-NH2 nanofibers,
and PEUU-RGD nanofibers (data are representatives of independent experiments and
all data are given as mean ± SD, n = 3).

Sample Tensile strength (MPa) Elongation at
break (%)

Young’s
modulus (MPa)

PEUU 11.2 ± 0.4 229.2 ± 20.4 5.4 ± 0.1
PEUU-Boc 3.2 ± 0.2 186.4 ± 16.7 1.6 ± 0.1
PEUU-NH2 4.6 ± 0.2 157.9 ± 13.3 2.5 ± 0.2
PEUU-RGD 8.2 ± 0.3 194.5 ± 14.1 3.8 ± 0.1
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consequently formed stress concentration on nanofibers [42]. As
the Ac-GRGD peptide immobilized PEUU molecular chains can
mix and tightly entangle each other, the Ac-GRGD peptide are
strongly tethered to PEUU nanofibers matrix. As a result, the ten-
sile strength and elongation at break of PEUU-RGD nanofibrous
mats and PEUU nanofibers are similar. On the other hand, the
Young’s modulus of PEUU-RGD nanofibrous mats was significantly
higher than other specimens.

Thermogravimetric analysis is considered to be the most impor-
tant method for studying the thermal stability of polymers. Fig. 5
shows the TG curves and DTG curves of PEUU nanofibrous mats,
PEUU-Boc nanofibrous mats, PEUU-NH2 nanofibrous mats and
PEUU-RGD nanofibrous mats, respectively. A moderate decrease
in weight before 100 �C could be due to the vaporization of water
in nanofibrous mats. The weight decreased rapidly from approxi-
mately 200 �C to 500 �C, which can be attributed to the thermal
decomposition of the main chain of PEUU based polymers. It can
be seen that the onset temperature of thermal degradation of the
four samples is between 265 �C and 275 �C, and the thermal degra-
Fig. 5. TG curves (a) and DTG curves (b) of PEUU nanofibrous mats, PEUU-Boc nan

Fig. 6. MTT assay of the adhesion viability (a) and the proliferation viability (b) of HUVE
PEUU-NH2 nanofibrous mats and PEUU-RGD nanofibrous mats, respectively.
dation temperature of 50% weight loss is near 350 �C. Compared
with the two pyrolytic process of PEUU nanofibrous mats, the
pyrolytic process of PEUU-Boc nanofibrous mats, PEUU-NH2

nanofibrous mats and PEUU-RGD nanofibrous mats possess three
stages: the dehydration of polymers, thermal fracture of main
molecular chains and thermal scission of side chains (active
groups: t-butoxycarbonyl group, amino, or Ac-GRGD peptide). In
addition, the thermal degradation temperature of 50% weight loss
of PEUU-Boc nanofibrous mats, PEUU-NH2 nanofibrous mats and
PEUU-RGD nanofibrous mats both increased slightly. This may
due to the interaction between active groups (t-butoxycarbonyl
group, amino, or Ac-GRGD peptide) and consequently formed
tightly entanglement of molecular chains. The peak decomposition
temperature of the DTG curves represented the temperature at
which the maximum weight loss rate is reached, as shown in
Fig. 5(b). The peak decomposition temperature of PEUU
nanofibrous mats appears about 325 �C and significantly less than
the other three samples. From curves in Fig. 5(b), it can be
observed that a diffuse peak appears about 440 �C on the curve
of PEUU-Boc nanofibrous mats, PEUU-NH2 nanofibrous mats and
PEUU-RGD nanofibrous mats, respectively, which are attributed
to the existence of side chains (active groups: t-butoxycarbonyl
group, amino, or Ac-GRGD peptide). Therefore, the result proved
that the Ac-GRGD peptide had been grafted onto PEUU nanofibers
again.
3.3. Cytocompatibility assay

For further tissue engineering applications, it is important to
ensure the biocompatibility of the developed nanofibrous mats.
The intima for vascular scaffolds was typically designed to promote
ofibrous mats, PEUU-NH2 nanofibrous mats and PEUU-RGD nanofibrous mats.

Cs cultured onto cover slips, PEUU nanofibrous mats, PEUU-Boc nanofibrous mats,



Fig. 7. Fluorescence microscopy images of HUVECs cultured onto cover slips, PEUU nanofibrous mats, PEUU-Boc nanofibrous mats, PEUU-NH2 nanofibrous mats and PEUU-
RGD nanofibrous mats with labeling of cytoskeleton (red) and nucleus (blue) after 8-h culture, respectively. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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endothelial cell growth, physiological functions, and maintain nor-
mal states of cell differentiation [37,43,44]. The HUVECs adhesion
and proliferation were investigated to evaluate whether the
PEUU-RGD nanofibrous mats satisfied the fundamental require-
ment in vascular tissue engineering. The adhesion behavior of
HUVECs onto the nanofibrous mats was evaluated in 8 h (Fig. 6
(a)). Compared with cover slips group, HUVECs exhibited good
adhesion to the PEUU-RGD nanofibrous mats. The biomimetic
structure of nanofibrous mats and the capability of in situ regener-
ative of Ac-GRGD peptide which was immobilized onto the surface
of electrospun poly(ester-urethane) urea polymer nanofibers
afford the mats with better adhesion viability compared with the
former reports [35,45].

The proliferation of HUVECs on days 1, 4, and 7 after cultured on
nanofibrous mats is shown in Fig. 6(b). In addition to PEUU-NH2

nanofibrous mats group the HUVECs cultured on the nanofibrous
mats grew better than those cultured on cover slips on the fourth
day, and especially on the seventh day. The viability of HUVECs
cultured onto PEUU-NH2 nanofibrous mats is much lower than
other groups and this may due to the existence of amino which



Fig. 8. Fluorescence microscopy images of HUVECs cultured onto cover slips, PEUU nanofibrous mats, PEUU-Boc nanofibrous mats, PEUU-NH2 nanofibrous mats and PEUU-
RGD nanofibrous mats with labeling of cytoskeleton (red) and nucleus (blue) after 4-day culture, respectively. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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provides an adverse alkaline environment for cells growth. After
Ac-GRGD peptide was immobilized onto the surface of electrospun
poly(ester-urethane) urea polymer nanofibers, the rate of cell pro-
liferation increased dramatically. The result is in agreement with
previous literature [35]. This implies that cells were specifically
attached with the surface via Ac-GRGD-integrin receptor interac-
tions. The obvious increment of cell proliferation rate also supports
the specific interaction between cells and RGD moieties in Ac-
GRGD.
The cytocompatibility of PEUU-RGD nanofibrous mats was fur-
ther confirmed by observing the morphology of HUVECs cultured
onto the nanofibrous mats after 8th hours and 4th days of
incubation by rhodamine-conjugated phalloidin/DAPI staining via
fluorescence microscopy, which expressed cell nucleus with blue
color while fluorescence labeled cytoskeleton with red color
(Figs. 7and 8). The density of HUVECs cultured on PEUU nanofi-
brous mats and PEUU-RGD nanofibrous mats were higher than
cover slips, PEUU-Boc nanofibrous mats and PEUU-NH2 nanofi-



Fig. 9. SEM micrographs of HUVECs grown onto PEUU nanofibrous mats, PEUU-Boc nanofibrous mats, PEUU-NH2 nanofibrous mats and PEUU-RGD nanofibrous mats after 4-
day culture and (a) magnified 200 times, (b) magnified 500 times, (c) magnified 1000 times, respectively.

Fig. 10. Hemolytic assay of electrospun PEUU (1), PEUU-Boc (2), PEUU-NH2 (3), and
PEUU-RGD (4) nanofibrous mats. Water (+) and PBS (�) was used as positive and
negative control, respectively.
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brous mats. This might due to two reasons, Firstly on the surface of
Ac-GRGD peptide immobilized nanofibers the change in surface
cytocompatibility property enhances the cell adhesion and prolif-
eration rate and secondly the existence of t-butoxycarbonyl group
or amino in the cell surrounding limit the HUVECs activity. The
HUVECs morphology on nanofibrous mats were shown via SEM
images (Fig. 9). It is also reveal the cell-cell and cell-matrix interac-
tion. The results suggested that HUVECs cultured onto the PEUU-
RGD nanofibrous mats more easily spread than those cultured onto
PEUU nanofibrous mats, PEUU-Boc nanofibrous mats, PEUU-NH2

nanofibrous mats. This observation also could be confirmed in
Fig. 9 PEUU-RGD nanofibrous mats, where cells obviously formed
spindle like or triangular shapes, indicating the suitable environ-
ment of PEUU-RGD nanofibrous mats for cell growth. These cells
morphology observation data corroborate the results of MTT assay.

3.4. Hemocompatibility of nanofibrous mats

Hemolytic activity is one of the key indicators to evaluate the
hemocompatibility of implant materials such as vascular replace-
ments [46]. The release of adenosine diphosphate within the bro-
ken red blood cells can strengthen the assembly of blood
platelets, which accelerates the formation of clotting and thrombus
[47]. The hemolysis test results of PEUU nanofibrous mats, PEUU-
Boc nanofibrous mats, PEUU-NH2 nanofibrous mats and PEUU-
RGD nanofibrous mats are also shown in Fig. 10. The hemolysis
rate (HR) of PEUU-RGD nanofibrous mats is about 1.21%, which is
far less than the value of safe limit (5%). On the other hand com-
pared with PEUU nanofibrous mats and PEUU-NH2 nanofibrous
mats, PEUU-RGD nanofibrous mats exhibit much lower HR.

SEM images showed platelets adhesion on surfaces of nanofi-
brous mats following 3 h incubation of rabbit platelet-rich plasma
(Fig. 11(a)–(d)). A large number of platelets deposited onto PEUU
nanofibrous mats and PEUU-NH2 nanofibrous mats with some of
the deposited platelets extending pseudopodia. In contrast, plate-
let deposition onto PEUU-RGD nanofibrous mats was markedly
reduced (Fig. 11), with sparse deposition of individual platelets
observed. Quantification of platelet deposition using the LDH assay
(Fig. 11(e)) confirmed the visual results, with PEUU-RGD nanofi-
brous mats exhibiting significantly lower platelet deposition than
PEUU nanofibrous mats and PEUU-NH2 nanofibrous mats. The
PEUU-NH2 nanofibrous mats experienced more platelet adhesion
than PEUU nanofibrous mats, an effect that might be explained
by the increased cationic nature of the amine containing polymer
[29]. This would be consistent with previous reports on amino-
bearing surfaces being associated with increased protein adsorp-
tion [29,42]. Endothelial cells (ECs) possess the properties of anti-
platelet [48]. In vitro studies also reported positive impact of the
RGD to promote attachment and retention of ECs [49]. Thus the
rapid endothelialization is a prerequisite for a successful antiplate-
let adhesion. The presence of RGD peptide can inhibit platelet
adhesion and aggregation. This result can be supported by the for-
mer report where the electrospun tubular PCL grafts exhibited an
improved inhibition of platelet adhesionwere functionally modi-
fied by a RGD-containing molecule through selfresembling [7].
On the other hand, RGD is a peptide with a characteristic sequence
of fibronectin, and it can bind to nearly half of all known human



Fig. 11. Effect of grafted RGD on platelet adhesion (3 h contact with rabbit blood): SEM images platelet-rich blood adhesion on PEUU nanofibrous mats (a), PEUU-Boc
nanofibrous mats (b), PEUU-NH2 nanofibrous mats (c), and PEUU-RGD nanofibrous mats (d), as indicated by red arrows; quantification of lactate dehydrogenase activity
among four groups (e). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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integrins [50]. Adamson et al. designed a monolayer modified gold
surfaces with RGD peptide to capture and activation of human pla-
telets and confirmed that platelet adhesion at RGD surfaces is
occurring through integrin-RGD interactions [51].

4. Conclusion

In present study, we developed RGD-peptide modified electro-
spun poly(ester-urethane) urea polymer nanofibrous mats via elec-
trospinning technique and covalent grafting method and
characterized by chemical structures analysis. The nanofibrous
mats were assessed via mechanical and thermal properties, cell
compatibility, and hemocompatibility to evaluate effectiveness as
prospective intima for promoting vascular tissue development
in situ. The PEUU-RGD nanofibrous mats exhibited a combination
of excellent mechanical property, high biocompatibility, and
improved inhibition of platelet adhesion. These results suggest that
the as-prepared PEUU-RGD nanofibrous mats may be a promising
intima for vascular tissue engineering.
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