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Abstract Gly-Arg-Gly-Asp-Ser-Pro (GRGDSP) peptide
has frequently been used in the biomedical materials to
enhance adhesion and proliferation of cells. In this work,
we modified the nontoxic biodegradable waterborne poly-
urethanes (WBPU) with GRGDSP peptide and fabricated
3-D porous scaffold with the modified WBPU to investi-
gate the effect of the immobilized GRGDSP peptide on
human umbilical vein endothelial cells (HUVECs) adhe-
sion and proliferation. A facile and reliable approach was
first developed to quantitative grafting of GRGDSP onto
the WBPU molecular backbone using ethylene glycol di-
glycidyl ether (EX810) as a connector. Then 3-D porous
WBPU scaffolds with various GRGDSP content were
fabricated by freeze-drying the emulsion. In both of the
HUVECs adhesion and proliferation tests, enhanced cell
performance was observed on the GRGDSP grafted scaf-
folds compared with the unmodified scaffolds and the tis-
sue culture plate (TCP). The adhesion rate and proliferation
rate increased with the increase of GRGDSP content in the
scaffold and reached a maximum with peptide concentra-
tion of 0.85 pumol/g based on the weight of the polyure-
thanes. These results illustrate the necessity of the effective
control of the GRGDSP content in the modified WBPU and
support the potential utility of these 3-D porous modified
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1 Introduction

In vascular tissue engineering, designing of natural or
synthetic grafts to support adhesion and proliferation of
seeded cells presents a promising approach to the genera-
tion of small diameter (<6 mm) blood vessels [1]. How-
ever, the grafts have not provided a patency when applied
to small diameter blood vessels due to the incomplete cover
of endothelial cells on the graft surface and the subsequent
myointimal hyperplasia [1, 2]. Arg-Gly-Asp (RGD) con-
taining peptides have been frequently used as cell adhesive
peptide to promote various cell attachment and prolifera-
tion [3-11] by specific interaction with integrin cell
receptors since RGD was identified as an independent cell
attachment site in fibronectin in the earlier 1980s [12]. It
has also been reported that the soluble RGD peptide can
inhibit cell adhesion because it is the antagonist on
attachment of cells, which further confirmed that RGD was
the recognition sequence for integrin [13]. Therefore,
efficient immobilization of the RGD peptide on the surface
of materials is important.

As one of the most intensively investigated RGD con-
taining peptides for cell adhesion and proliferation, Gly-
Arg-Gly-Asp-Ser-Pro (GRGDSP) has been grafted onto the
surface of materials to promote cell adhesion and prolif-
eration during in vitro cell culture and used as an artificial
ECM protein to induce specific cellular responses and new
tissue formation [10, 14-16]. The previous studies also
revealed that 0.02 wt% of peptide in the film on the surface
of the substrate material is enough to induce skin fibroblast
cell adhesion [10] and 0.2 pmol/cm? density of GRGDSP
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on the surface of an interpenetrating polymer network is
sufficient to encourage the adhesion and spreading of
endothelial cells [14]. Thus, the content of immobilized
peptides containing RGD sequence would affect the cell
adhesion and proliferation on the polymer surfaces.

Additionally, 3-D porous scaffolds with interconnect
pore network play a key role in the soft tissue engineering
field on regeneration of damaged or diseased tissues. These
scaffolds with controllable porosity and pore size can
mimic the physical structure of natural extracellular matrix
to guide cell in-growth and facilitate the inflow of nutrients
and the elution of metabolic waste in the scaffolds [17].
Several methods have been used to fabricate 3-D porous
scaffold with polyurethane, such as electrospinning [18],
solvent casting/salt leaching [19], phase inversion [20] and
thermally induced phase separation [21]. In our previous
work, we have developed a series of 3-D porous polyure-
thane scaffolds with various pore diameters and porosities
by freeze-drying [22].

To better understand the effect of GRGDSP peptides on
the adhesion and proliferation of cells cultured in the
scaffolds matrix, 3-D porous scaffold fabricated with
GRGDSP grafted materials is an ideal candidate for the cell
culture tests. However, the exact content of peptide, which
is extremely low in the modified materials, is difficult to
determine. The usually used peptide density determination
methods, such as, ninhydrin method [23], amino acid
analysis [15] and '*°I radiolabelling [24] are complicated
and unsuitable for detecting the bulk density of GRGDSP
peptide in the modified WBPU. The objective of this
research is to develop a reliable process to control the
content of GRGDSP in the modified WBPU and to study
the effect of GRGDSP content on the adhesion and pro-
liferation of HUVECs on the 3-D porous scaffolds. Firstly,
WBPU containing -COOH was reacted with equivalent
molar amount of EX810 in solution based on molar amount
of -COOH in WBPU. And then, ethylenediamine perflu-
orocaprylate (EDAPFC) containing fluorinated chain syn-
thesized with ethylenediamine and perfluorocaprylic acid
(PFCA) was employed to confirm the feasibility of reaction
between epoxy group of EX810 modified WBPU and
amino group, and ensure that the epoxy groups remained
on the modified WBPU are enough for the grafting of
GRGDSP peptide molecules added in the later experiment,
since EDAPFC is the same as GRGDSP containing an
amino group, which has high reactive activity with epoxy
group. FTIR and XPS were used to analyses the products of
EX810 modified WBPU and EDAPFC grafted WBPU,
respectively. Finally, GRGDSP was reacted with EX810
modified WBPU and a series of GRGDSP modified WBPU
with different amount of peptide content were obtained,
and the exact content of GRGDSP grafted onto WBPU can
be determined. The 3-D porous scaffolds were fabricated
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with WBPU emulsion and GRGDSP modified WBPU
emulsion by freeze-drying. The scaffolds obtained with
mean pore-size of 40.9 um and pore size distribution from
10.1 to 172.3 pm [22] were then used for cell culture to
investigate the effect of GRGDSP content on the adhesion
and proliferation of HUVECs. The results of cell culture
tests revealed that the HUVECS cultured on the GRGDSP
grafted scaffolds displayed enhanced viability compared
with the cells seeded on the unmodified scaffolds, which
demonstrated that the presence of GRGDSP peptide is
beneficial to the adhesion and proliferation of HUVECS on
the scaffolds.

2 Materials and methods
2.1 Materials

PFCA was obtained from Jiangsu Chemical Company
(China). GRGDSP (99.5% purity) was bought from Cal-
biochem. 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyl tetra-
zolium bromide (MTT reagent) and ethylene glycol
diglycidyl ether (EX810) (50 wt% solution) were pur-
chased from Sigma-Aldrich Chemical Company. Other
chemicals and solvents were used as received.

2.2 Methods
2.2.1 EX810 modified WBPU

WBPU emulsion was synthesized based on isophorone
diisocyanate (IPDI), 1,4-butandiol (BDO), poly (ethylene
glycol) (PEG, molecular weight 1450), poly (e-caprolac-
tone) (PCL, molecular weight 2000) and vL-lysine as
described in our previous work [25]. The feed molar ratio
of IPDI, PCL, PEG, BDO and vr-lysine in this work is 3:
0.75: 0.25: 0.85: 0.85. WBPU emulsion was added into
EX810 solution and then reacted at 60°C with 0.1 wt%
tetrabutylammonium hydrogen sulfate (TBAHS) as the
phase transfer catalyst. Equivalent molar amount of
—COOH reacted with EX810 in this reaction. The reaction
was monitored by Fourier transform infrared (FTIR)
spectrometer.

2.2.2 Immobilization of EDAPFC on EX810 modified
WBPU

2.2.2.1 Synthesis of EDAPFC PFCA (1 g, 2.4 mmol)
dissolved in tetrahydrofuran was added into the ice-bath
cooled solution of Boc-ethyldiamine (0.46 g, 0.29 mmol)
in tetrahydrofuran. The mixture was stirred at 0°C for 1 h
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subsequently at room temperature for 24 h. And then 10 ml
HCI/EtOAc was added, the mixture was stirred overnight at
room temperature to deprotect the Boc group [26]. The
product was precipitated by adding petroleum ether
(30-60°C), then washed with saturated sodium chloride
solution and dried in vacuum to yield 0.51 g EDAPFC
(43.4%). The EDAPFC obtained was characterized by
nuclear magnetic resonance spectroscopy ('"H NMR) with
Varian"™" Inova-400 spectrometer (400 MHz) in MeOD.
'"H NMR (MeOD, 400 MHz) dppm: 3.24(4H, m, —-CH,—
CH,-), 3.01(2H, t, NH,-), 3.51(1H, t, -NH-).

2.2.2.2 EDAPFC grafted on EX810 modified WBPU ED
APFC (0.19 g, 0.4 mmol) dissolved in tetrahydrofuran was
added into EX810 modified WBPU emulsion (22.7 g,
13.65 wt%). The mixture was stirred at 40°C for 12 h, and
then at 60°C for 2 h to obtain unpurified EDAPFC grafted
WBPU. The mixture was precipitated with diethyl ether for
three times to remove the unreacted EDAPFC completely
and the product was named as purified EDAPFC grafted
WBPU. The unpurified and purified EDAPFC grafted
WBPU were dropped on the cover glass slides and dried at
60°C for 24 h and then 60°C under vacuum for XPS
analysis.

2.2.3 Immobilization of GRGDSP on EX810 modified
WBPU

A series of GRGDSP peptide modified WBPU were
obtained by adding GRGDSP (0.09, 0.17, 0.85 and
1.70 pmol/g based on the amount of EX810 modified
WBPU) into EX810 modified WBPU emulsion and reacted
at 45°C for 12 h, then at 60°C for 2 h under magnetic stir-
ring. The result products were named PURO00O5, PUROI,
PUROS and PURI, respectively.

2.2.4 Fabrication of 3-D interconnected porous scaffolds
and characterization of the porous structure

3-D porous scaffolds were fabricated by freeze-drying the
WBPU emulsion and GRGDSP modified WBPU emulsion.
0.5 ml WBPU emulsion was added into a 1.5 cm diameter
cylindrical plastic mold to form the scaffold with thickness
around ~2.8 mm. The molds with emulsion were kept in
refrigerator at 4°C for 4 h, and then pre-freezing at —25°C
for 24 h before freeze-drying. The frozen emulsion in
cylindrical plastic mold was lyophilized in a freeze-dryer
(Boyikang, Beijing) for 24 h to dry the sample completely.
All the scaffold samples were fabricated using emulsion
(16 wt%) to obtain porous scaffolds with mean pore-size of
40.9 um and pore size distribution between 10.1 and
172.3 pm [22].

2.2.5 Human umbilical vein endothelial cells culture

HUVECs provided by Internal Medicine Laboratory of
HuaXi Medicinal Center, Sichuan University were cultured
in complete Dulbecco’s modified Eagle’s medium
(DMEM) medium supplemented with 10% fetal bovine
serum (FBS), 100 U/ml penicillin, 100 mg/ml streptomycin
at 37°C and 5% of CO,/95% air and kept at approximately
90% relative humidity in culture bottles. The medium was
renewed every 2 days.

Cells in increased logarithmic phase were rinsed with
sterilized phosphate-buffer saline (PBS) and then incubated
in 0.25% trypsin for 3 min. Trypsinization was stopped by
adding DMEM medium with 10% fetal bovine serum.
Cells were centrifuged and resuspended in DMEM with
10% FBS and then diluted into certain concentration.
Before cell seeding, a series of disinfection steps were
taken to ensure a contamination-free environment for cell
growth. The WBPU scaffolds were firstly washed with
ethanol for 15 min, and then immersed in 75% ethanol
overnight to remove the impurities and low molecular
weight compound. After being immersed in 75% ethanol,
the samples were then immersed in sterilized PBS for 3 h
and replace the solution with fresh sterilized PBS every
15 min. Then the disinfected samples with the same size of
culture well were placed into each well of the culture plate
individually to exactly cover the bottom of the wells. These
samples were then immersed in DMEM medium overnight
before cell culture.

2.2.6 Endothelial cell adhesion rate assay

The cell adhesion rate was tested based on Williamson
et al.’s work [27]. Briefly, 1 x 10° cells in 1 ml of serum-
containing medium were added into each well of 24-well
TCP containing WBPU scaffold and GRGDSP modified
WBPU scaffold. 1 x 10° cells seeded in the well of TCP
was used as control. Cells were allowed to adhere for
60 min with lid removed before analysis. Culture condi-
tions were maintained in incubator at 37°C and 5% of CO,/
95% air and kept at approximately 90% relative humidity.
After 60 min, the culture medium was aspirated out and the
samples were washed gently with PBS to remove the non-
adherent cells. And then the samples were incubated with
0.5 mg/ml methyl thiazolyl tetrazolium (MTT) in culture
medium. After incubating at 37°C for 4 h, purple formazan
crystal salts were formed. The solution in the well was
removed and 1 ml of DMSO was added. The culture plates
were mildly shaken for 15 min, and then 200 pl solution
from each well was transferred to a 96 wells plate for test. 6
replicates were tested for each sample. The optical density
(O.D.) was obtained at 490 nm using a Microplate Reader.
The O.D. values of cells on the material samples (D;) were
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compared with the O.D. value of 1 x 10° cells (Dg) to
obtain the adhesion rate of each sample. The adhesion rate
of endothelial cells (Ry) on WBPU materials was calculated
using the Eq. 1:

R, = D, /Dy x 100% (1)

2.2.7 Endothelial cell viability

Endothelial cells suspension from culture flask was calcu-
lated and diluted to 1 x 10° cell/ml. 50 pl of cells sus-
pension were added into each well of 24-well TCP with
scaffold samples. The same amount of cells was seeded in
TCP without any scaffold sample as a control. Cells were
allowed to adhere for 60 min and then 950 pl DMEM
medium with 10% fetal bovine serum was added to each
well for cell proliferation for certain period of time before
analysis. Culture conditions were maintained in incubator
at 37°C and 5% of CO,/95% air and kept at approximately
90% relative humidity. The culture medium was changed
every 2 days. After culture, the medium was aspirated out
and the scaffolds were washed with sterile PBS to remove
the non-adherent cells. After 1, 2, 4 and 6 days’ culture, the
samples for proliferation analysis were tested with MTT
assay as described previously to measure the amount of the
cells. 6 repeats were conducted to acquire an average value
for each sample. The O.D. values of endothelial cells
seeded on scaffold (D) were compared with the O.D.
value of the control endothelial cells seeded in the TCP
well without scaffolds (Dy') to obtain the proliferation rate
of each sample [28, 29]. The proliferation rate of endo-
thelial cells (P;) on WBPU materials were calculated using
the Eq. 2:

P, = D/ /D), x 100% (2)

The samples for endothelial morphology observation
were fixed with 4 wt% paraformaldehyde PBS solution in
24-well plate at room temperature. After 1 h, the samples
were washed twice with sterile PBS for further morphology
observation. FEI/Philips XL-30 field Environmental
Scanning Electron Microscope (ESEM) was used to
obtain high-resolution images of the cell morphology.

2.2.8 Characterization

2.2.8.1 Fourier transform infrared spectroscopy Infrared
spectra of WBPU and EX810 grafted WBPU thin films
covered on KBr discs were obtained with the Nicolet-560
spectrophotometer between 4,000 and 600 cm™' in the
resolution of 4 cm™'. Fifty scans were averaged for each
sample.

2.2.8.2 X-ray photoelectron spectroscopy X-ray Photo-
electron Spectroscopy (XPS) was performed on a Kratos
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XSAM-800 Spectrometer. A magnesium anode at 20 kV
10 mA, and a take-off angle of 30° corresponding to 5 nm
of analyzed depth was used. The area of the analytical
X-ray spot on the sample surface is about 250 micron. The
relative atomic percentage of each element on the surface
was estimated from the peak areas using atomic sensitivity
factors specified for the XSAM-800. Fitting was then
realized with XPSPEAK 1.0 spectrometer software.

2.2.9 Statistical analysis

All experimental results were expressed as mean = the
standard deviation of the mean. Three repeats for each test
were carried out for the adhesion assay and proliferation
experiment. The significance of difference was determined
with ANOVA followed by LSD test. Statistical signifi-
cance was determined and accepted at P < 0.05.

3 Results and discussion
3.1 Synthesis of EDAPFC and EX810 modified WBPU

The synthesis routes of EDAPFC and EX810 modified
WBPU are shown in Fig. 1a and b, respectively. FTIR
spectrometer was employed to monitor the reaction
between epoxy groups of EX810 and carboxyl groups
(~COOH) of the WBPU. Figure 2a shows the FTIR spectra
of WBPU, EX810 modified WBPU after 2 and 4 days’
reaction. Figure 2b, ¢ and d present the amido (N-H) and
hydroxyl (O-H) stretching region, carbonyl (C=0)
stretching region of WBPU and stretching region of epoxy
group of EX810, respectively.

In the N-H and O-H stretching region, as shown in
Fig. 2, a broad peak corresponding to the N-H stretching
around 3,550 cm™' and the O-H stretching around
3,600 cm~! was observed [30-32]. The O-H stretching in
the range 3,700-3,500 cm~' and centered at about
3,600 cm ™' decreases in the EX810 grafted WBPU, owing
to the decreasing of carboxyl groups in WBPU. In the
carbonyl stretching region, the carbonyl stretching band in
the 1,800-1,600 cm ™' region is overlapped by the stretch-
ing band around 1,730, 1,700, and 1,650 cm™! due to the
absorption of the free carbonyl (in PCL and urethane),
hydrogen-bonded carbonyl (in urethane) and free carbonyl
(in urea), hydrogen-bonded carbonyl (in urea) and carboxyl
group (Fig. 2), respectively [31-34]. In the FTIR spectra of
EX810 modified WBPU, a decreasing absorbrance is also
observed in the 1,680-1,610 cm™! region centered at
around 1,650 cm™' because of the decrease amount of
carboxyl groups in WBPU. The result is coincident with the
changing trend of O—H stretching, which further verifies the
reaction between the epoxy groups of EX810 and -COOH
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Fig. 1 The scheme of synthesis
of GRGDSP grafted WBPU.
a Synthesis of EX810 modified
WBPU; b synthesis of EDAPFC
and grafting of EDAPFC in
WBPU; c grafting of GRGDSP
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in the WBPU. Additionally, in the epoxy stretching region,
the stretching of epoxy group characterization bond at
855-840 and 909 cm ' is strengthened in the spectrum of
EX810 modified WBPUs, which implies that epoxy groups
are available in the EX810 modified WBPUs emulsion.
These results demonstrated that EX810 could be grafted on
the WBPU with tetrabutylammonium hydrogen sulfate
(TBAHS) as the phase transfer catalyst. Moreover, there
were epoxy groups in the EX810 modified WBPU sample
for subsequent reaction.

3.2 Covalent grafting GRGDSP into EX810 modified
WBPU

It is a hard technical challenge for us to characterize the
amount of GRGDSP grafted into WBPU. Fortunately, our
previous studies have demonstrated that the long fluoro-
carbon side chains attached to polyurethane chains could

(B)
OH
GRGDSP =N, c,0CH,~CH-CH,- 00C - WBPU
- lCHZOCHZ— CH—CH,~NH— GRGDSP
b
©

largely migrate onto the surfaces of the polymer due to
their lower surface free energies. Particularly, the ratio of
surface and theoretical bulk fluorine content (Fgyface/Fouik)
of long fluorocarbon chains end-capped with CF; group is
about 10-20 because the surface free energy of CF3 group
is only one-sixth to that of CF, group [35, 36]. To confirm
the epoxy groups remaining in the EX810 modified WBPU
are enough for grafting GRGDSP into WBPU, EDAPFC
containing free amino group and end-capped with CF3
group was applied to react with EX810 modified WBPU, as
model reaction. The reaction scheme of EDAPFC with
EX810 modified WBPU was shown in Fig. 1b. The surface
element composition of EDAPFC modified WBPU before
and after purification was investigated by XPS spectra
(Fig. 3).

The C 1s peaks of unpurified EDAPFC modified WBPU
can be fairly resolved into three component peaks:
a hydrocarbon (-C-C—C-) peak at 284.78 eV, an ether

@ Springer



824 J Mater Sci: Mater Med (2011) 22:819-827
(B) (C) 4 weey (D) Table 1 Atom percentagfz (%) of oxygen, fluorine, nitrogen anq
4d i ;’ carbon in EDAPFC modified WBPU products before and after puri-
= iy fication obtained by XPS analysis
2d 2d \
WBPU / l 2d Element Unpurified Purified
o | 4d product (at)%* product (at)%*
= WBPU ||
S / O ls 18.37 19.15
g ) - S\ F s 34.81 12.06
3800 1800 160 82
|- sl W N _ N Is 1.88 239
d ] — - e W~
§ WBEO™, ] 1 - Cls 28.49 48.92
—— / ’ P b,
N / 1 /e a
b e (at)% atom percentage (F, O, N and C)
(Y AW L
N @
e 1 . and purified EDAPFC modified WBPU are calculated from
4000 3000 2000 1000 500 the XPS survey scan spectra, as listed in Table 1. In the
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Fig. 2 FTIR spectra of WBPU and EX810 modified WBPU (a);
amido (N-H) and hydroxyl (O-H) stretching region (b); carbonyl
(C=0) stretching region of WBPU (c) and stretching region of epoxy
group in EX810 (d). 2d-EX810 modified WBPU after 2 days’
reaction; 4d—-EX810 modified WBPU after 4 days’ reaction

(~C-0O-C-) peak at 286.19 eV and a broad peak centered
around 290.76 eV overlapped by ester (-COO-) peak in
urethane and PCL, —CF,— and —CF; peak. However, in the
purified product, besides hydrocarbon (—C-C—C-) sub-
peak at 284.78 eV and an ether (-C—O-C-) sub-peak at
286.19 eV, the weakened -CF,-, —CF; sub-peak at
291.65 eV and a sub-peak of ester (-COO-) at 288.49 eV
have also been observed due to the free EDAPFC removed
from modified WBPU [37], suggesting that the EDAPFC
can be covalently bonded to EX810 modified WBPU via
epoxy group.

To quantificationally investigate EDAPFC content in
modified WBPU, atomic percentage (%) of fluorine,
nitrogen, oxygen and carbon on the surfaces of unpurified

Fig. 3 XPS spectra of
EDAPFC modified WBPU
before and after purification.

a Carbon in the purified
product; b carbon in the
unpurified product; ¢ fluorine in
the purified product; d fluorine
in the unpurified product

purified EDAPFC modified WBPU, the fluorine content on
the surface was decreased from 34.81 to 12.06%, while the
carbon, oxygen and nitrogen content increased. The
extraction of excessive EDAPFC in the modified WBPU
emulsion resulted in decrease of EDAPFC content and
increase of WBPU component on the surface of the film.
These results indicated that EDAPFC was successfully
grafted on EX810 modified WBPU, which proved the
amino group containing compound could be easily grafted
into the EX810 modified WBPU. Therefore, based on the
fluorine content on unpurified fluorinate WBPU surface
and on purified WBPU surface (Table 1), we can roughly
calculate around 34.65% of EDAPFA grafted on the
WBPU, indicating that the epoxy group available content
in 1 g EX810 modified WBPU is about 0.045 mmol.

In this work, the GRGDSP peptide can be immobilized
on WBPU through EX810 as previously described. To
modify WBPU with GRGDSP, different dosage of
GRGDSP (0.09, 0.17, 0.85 and 1.70 umol/g based on the
weight of WBPU) reacted with EX810 modified WBPU to
obtain a series of modified WBPU containing various
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amount of GRGDSP. The feed molar amount of GRGDSP
is much less than the molar amount (not less than
0.045 mmol/g) of epoxy group available for grafting,
which ensure that all the GRGDSP added can be com-
pletely grafted in the WBPU.

3.3 HUVECs cultured on GRGDSP modified WBPU
scaffolds

To study the effect of GRGDSP on the cell adhesion on
WBPU scaffolds, HUVECs were seeded on the surfaces of
GRGDSP modified WBPU scaffolds, WBPU scaffolds, and
TCP. Figure 4 shows the endothelial cell adhesion rate on
the surfaces of GRGDSP modified WBPU scaffolds,
WBPU scaffold and TCP. After culture for 60 min in the
DMEM culture medium, 35% of HUVECs adhered to the
surface of the TCP, while 67% of the HUVECs adhered to
the WBPU scaffold sample and more than 75% of
HUVECs adhered to all the GRGDSP modified WBPU
scaffolds samples. The statistical analysis results revealed
significant difference (P < 0.05) between TCP and all
WBPU scaffolds.

The higher adhesion rate was observed on WBPU
scaffolds than that on the TCP due to the good hydrophi-
licity of WBPU materials [38], the higher roughness and
more space available for HUVECs adhesion. Also, our
previous research has demonstrated that the polymer
scaffolds with 3-D interconnected pores can evidently
enhance the HUVECs adhesion rate [22]. On the other
hand, the adhesion rate on the surface of GRGDSP modi-
fied WBPU scaffolds is higher than that on the WBPU
scaffold, which indicates that the GRGDSP peptide modi-
fied WBPU can further promote the adhesion of HUVECs

100 o

w4 wH
*# 2?%7

N
N

Adhesion Rate (%)
5
1

20

WBPU PUR005 PURO1 PURO05 PUR1 TCP

Fig. 4 Adhesion rate (%) of HUVECs on the TCP, WBPU scaffold
and GRGDSP modified WBPU scaffolds. Data represents the mean of
six samples + standard deviation. *P < 0.05 compared to TCP;

#P < 0.05 compared to WBPU

to the surfaces of scaffolds. This result also further con-
firmed that GRGDSP peptide added has been grafted on the
WBPU, since the soluble GRGD had shown inhibition on
the cell adhesion and caused low adhesion rate in the
previous study [11]. The endothelial cell adhesion rate
increased with the increasing of GRGDSP content in the
modified WBPU, and the maximum value (~90%) was
obtained on the PUROS containing 0.85 pmol/g GRGDSP.
Yet, no significant increase of the adhesion rate can be
observed with more GRGDSP (>0.85 umol/g) grafted into
WBPU. This result is coincident with the Sawyer et al.’s
[9] research result that high RGD coating concentration
does not inhibit or increase cell attachment.

The proliferation rate of HUVECs on the surfaces of
GRGDSP modified WBPU scaffolds and WBPU scaffold
obtained by MTT assay was shown in Fig. 5. It’s observed
that the GRGDSP can markedly promote the proliferation
of HUVEC:S on the scaffolds. Thus, the growth of HUVECs
on the GRGDSP modified WBPU scaffolds are superior to
that on the WBPU scaffold during the whole culture period
(6 days) (Fig.5). With the peptide content less than
0.85 umol/g in the modified WBPU scaffold, the prolifer-
ation rate of HUVECs increased with the increasing of
GRGDSP content in the scaffolds. And in the same manner
as the endothelial cell adhesion rate discussed above, the
highest proliferation rate reached 160% on 0.85 and
1.70 pmol/g GRGDSP grafted into the modified WBPU
scaffolds, showing that the further increase of GRGDSP
content in the WBPU scaffolds hardly improve the
HUVECs proliferation rate on these scaffolds. Similarly,
Neff et al. [24] have demonstrated that the optimal density
for fibroblasts proliferation at 48 h post incubation was

20 PURO005 P<0.05
1 2 PuRror P<0.05 ’_'_,—:"
200 4 EE= PUR05 ,_'_—.: —_
~ PUR1 P<0.05 ———
% 1 ™Y wsrPu - - 1B
T 150 P<0.05 ——— = =
g — = %’ =
g — = W"E %%E NN
f == LEY DAY AN
£ AN AN AN
= = A\
01 AN A\ A\
N 2N\ S\l 75\
2 4 6

Time (d)
Fig. 5 Proliferation rate of HUVECsS after 1, 2, 4, 6 days’ culture on

the WBPU and GRGDSP modified WBPU scaffolds. Data represents
the mean of six samples + standard deviation
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Fig. 6 The ESEM images of
HUVEC:S after cultured for

1 day (a) and 6 days (b) on
scaffold PUROS. The size bar
corresponds to 50 pm. The
HUVEC:S in the pictures are
shown by the arrows

about 8000 GRGDSY peptides/um? on PS. Garland et al.
[39] also reported that the HUVECs density on RGD
modified polymer surfaces increased with increasing RGD
concentration up to a bulk peptide concentration of around
5 pmol/g and reached a plateau. Since there are several
impact factors, including cellular lines, peptides, tech-
niques used for modification, means of density quantifica-
tion and so on, affect the results of cellular proliferation
rate, the optimal concentration of peptide on the polymer
surfaces is different in various culture systems. In this
study, the results indicate that the PUROS with 0.85 pmol/g
of GRGDSP is more suitable for endothelial cell prolifer-
ation on these modified WBPU scaffolds.

The Fig. 6 shows the ESEM images of endothelial cells
after cultured for 1 and 6 days on scaffold PUROS. After
1 days’ culture, the endothelial cells were visible and
spread out on the surface of the scaffold. After 6 days’
culture, the amount of HUVECs notably increased and the
cells combined together to form a tissue-like surface on the
scaffold. The surface configuration of the scaffold changed
and some of the pores were covered by the cells.

4 Conclusions

In this study, a novel convenient method was firstly
developed to quantitatively graft GRGDSP on the WBPU
through EX810 with two terminal epoxy groups, and a
series of 3-D porous scaffolds containing various GRGDSP
content were fabricated by freeze-drying to investigate the
effect of GRGDSP on the adhesion and proliferation of
HUVEGCs in vitro. The results of HUVECs adhesion and
proliferation on the GRGDSP modified WBPU scaffolds
confirm that 0.85 pmol/g of GRGDSP grafted into WBPU
is more advantageous for the endothelialization of scaf-
folds. The promotion effect of GRGDSP on the adhesion
and proliferation of HUVECs suggests that the modified
polyurethane scaffolds may be effective as a tissue regen-
eration substrate used in soft tissue engineering.

@ Springer
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