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Through the assembly of polyelectrolyte in aqueous emulsion, we synthesized a series of coreeshell ionic
complex nanoparticles containing anionic polyurethane (PU) and cationic chitosan (CS). The physico-
chemical properties of PUeCS ionic complex (PU-c-CS) materials were investigated by IR, XPS, DLS, TEM,
AFM, general tensile tests, and surface contact angle measurement. It was found that the sizes of the
prepared nanoparticles were in the range from 60 to 220 nm, and the films exhibited good mechanical
properties. The cell (HUVECs) culture experiments showed that the PU-c-CS films exhibited very low
cytotoxicity and supported cell adhesion and growth. Protein (BSA) adsorption was significantly
decreased for the PU-c-CS films. Furthermore, the results of prothrombin time (PT) and activated partial
thromboplastin time (APTT) indicated that antithrombogenicity of the materials were effectively
improved.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Polyurethane block copolymers (PU) are widely used as
cardiovascular biomaterials due to their excellent mechanical
properties and good biocompatibility [1e3]. However, surface-
induced thrombosis, protein adsorption, and cytocompatibility are
three serious aspects when PU is used as implantable material [4,5].
And the intrinsic inert property of PU is unfavorable of endothelial
cells growth [3]. Hence, it is necessary that PUwould bemodified to
enhance antithrombogenicity and biocompatibility. Many
approaches have focused on material surfaces because the hemo-
compatibility and cytocompatibility are mostly modulated by the
surface of thematerials, whilst the bulk physicochemical properties
of thematerials are rarely changed [6e10]. It has been reported that
the immobilization of natural materials like gelatin, collagen, chi-
tosan (CS), alginate or biotin, etc., onto the surface of polymeric
materials helped to improve the biocompatibility of thesematerials
[11e16].
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Chitin [17], one of the most abundant naturally occurring poly-
saccharide, is a linear polymer consisting ofN-acetyl-D-glucosamine
units joined by b(1,4)-glycosidic linkages. Chitosan, chitin’s deacy-
lated derivative, exhibits much higher reactivity, many interesting
physicochemical and biological properties [18,19]. Due to its
biocompatibility, biodegradability andbioactivity, it is considered as
a very interesting substance for diverse applications in biomaterials
[20e23]. One of the CS’s most promising features is its excellent
ability for cell transplantation and tissue regeneration when it is
incorporated into porous structure materials [24e27]. But CS has
poor mechanical properties, and is difficult to be directly used.

Currently, many efforts have been applied to modify PU with
natural CS for the preparation of new biomaterials with excellent
mechanical property, good biocompatibility, increasing anti-
coagulation effect, and so on [3,15,16]. Zhu et al. [3] reported that
the swollen CS was used as an extender for the preparation of
modified PU through the co-polymerization; Lin et al. [15] immo-
bilized CS onto the PU surface grafted with poly(acrylic acid); Yang
et al. [16] studied impregnated CS onto the surface of PU fragment
through N-isopropyl acrylamide and glutaraldehyde. The modified
PU materials obtained by the reported methods were limited to be
applied owing to the processing and moulding difficulties.

In this paper, novel biomaterials were synthesized by immobi-
lizing CS onto the surface of waterborne PU through the assembly
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of polyelectrolyte in aqueous emulsion. First, PTMO, IPDI, DMPA
and TEA were used for the synthesis of the novel waterborne
anionic PU. Then, a series of coreeshell structure PUeCS ionic
complex (PU-c-CS) aqueous emulsion would be formed when
cationic CS solutionwas dropped into anionic PU aqueous emulsion
through ionic complexation under very mild conditions. The
biocompatibility of PU-c-CS films was examined by using cell
culture experiments, protein adsorption assay, prothrombin time
(PT) and activated partial thromboplastin time (APTT). The results
indicated that the PU-c-CS films exhibited very low cytotoxicity and
supported cell adhesion and growth while retaining good
mechanical properties. In addition, the APTT was significantly
prolonged and protein adsorption was obviously decreased for
surface-modified PU-c-CS films. The results suggested that the
novel PU-c-CS films would be very useful for practical applications
of implantable materials.

2. Experimental section

2.1. Materials

CS with 90% degree of deacetylation and average molecular
weight of 5000 was purchased from Yuhuan Ocean Biochemical Co.
(Taizhou, China). Polytetramethylene oxide glycol (PTMO,
Mn¼ 1000), isophorone diisocyanate (IPDI), 2,20-dimethylol pro-
pionic acid (DMPA) were obtained from SigmaeAldrich (USA) and
dried under vacuum before use. Acetone and triethylamine (TEA)
were purchased from Shanghai Chemical Co. (China) and purified
by distillation. Other chemicals, including phosphate buffered
saline (PBS), bovine serum albumin (BSA), sodium dodecyl sulfate
(SDS) and dimethyl sulfoxides (DMSO) were of analytical grade and
purchased from SigmaeAldrich.

2.2. Preparations of PU-c-CS nanoparticles and films

PU copolymer made of PTMO, IPDI and DMPA was first
synthesized by using a bulk polymerization procedure. IPDI (6.66 g)
was firstly added into a polymerization flask containing PTMO
(10.0 g) and the mixture was stirred at 80e85 �C for 3 h with
a stirring rate of 350e400 rpm. DMPA (1.34 g) was then added to
the flask and reacted for another 2 h under the same condition. The
prepolymer was dissolved in 25 mL acetone, and ionized with TEA
(1.01 g) for 10 min. Afterwards, the above copolymer emulsion was
dropwise added into 50 mL distilled water under moderate stirring
at room temperature overnight [28].

The resulting anionic PU copolymer was dispersed in mixed
solvent (25 mL of acetone and 100 mL of distilled water). Acetone
and redundant TEA were removed under reduced pressure by
rotatory evaporator and the final volume of the aqueous emulsion
was concentrated to about 60 mL at 25 �C.

PU-c-CS nanoparticles were easily prepared through ionic
complexation reactions between PU aqueous emulsion and CS
solution (1.62% wt), mixed in the volume ratio of 1:0.5, 1:1 and 1:2,
respectively. The aqueous emulsion was stirred at 25 �C for 12 h.
PU-c-CS aqueous emulsion was cast into Teflon disk and kept at
60 �C under vacuum in order to obtain dry PU-c-CS films. A total of
600 mL of PU-c-CS aqueous emulsion was added in each Petri dish,
making it soak around the bottom. The solvent was evaporated in
air and then in vacuum at room temperature.

2.3. Characterization

Infrared spectra (IR) were recorded with a Nicolet 5DX Fourier
transform infrared spectrometer using films as samples.
The chemical composition of PU-c-CS film surface was deter-
mined by X-ray photoelectron spectroscopy (XPS). The XPS
measurements were made on the Thermo ESCALAB 250 spectrom-
eter (USA) with a monochromatized A1Ka X-ray source (1486.6 eV
photos) at a constant dwell time of 100 ms and pass energy of 20 eV.
The anode voltage and current were set at 15 kV and 10 mA,
respectively. The samples were mounted on the sample stubs by
double-sided adhesive tapes. The charging shift was referred to the
C1s line emitted from the saturated hydrocarbon [29]. Before theXPS
measurements, the films were placed in tubes filled with distilled
water for 48 h. Afterwards, the films were taken out and rinsed
carefully by deionized water, then dried under vacuum.

The mean particle size and x-potential of the samples were
determined, respectively, by BI-9000AT dynamic light scattering
instrument (DLS) and Zetaplus potential analyzer (Brookhaven
Instruments Corporation, New York, USA). All measurements were
repeated for three times for each sample at room temperature.

Transmission electron microscopy (TEM) experiments were
conducted on a JEM-1005 TEM (JEOL Co. Japan). In a typical
experiment, one drop of the diluted emulsion sample was put to
carbon film supported by a copper grid.

Atomic forcemicroscopy (AFM) (SPI3800, Seiko Instruments Inc.,
Japan) was used to study the surface morphology of the films. One
drop of properly diluted emulsion sample was placed on the surface
of a clean silicon wafer and dried at 60 �C under vacuum. The AFM
observationswereperformedwitha20 mmscanner in tappingmode.

The mechanical properties were determined on a table model
Instron Series IX Automated Materials Testing System with Inter-
face type of 4200. An ASTM 1708 standard die was used for the
samples, which were dried under a vacuum for a minimum of 48 h
before testing. The index was as follows: sample rate: 2.0 pts/s;
crosshead speed: 20.0 mm/min; full scale load range: 0.50 KN;
humidity: 60%; and temperature: 15 �C.

Water contact angle measurements were made by CAM 200
(KSV Instrument Ltd., Finland) at room temperature. The data were
collected 1 min after the 6.5 mL drop of double-distilled water had
been placed on the surface of the film. Results were presented as
the average of at least 10 measurements on three different surfaces.

2.4. Hydrolytic stability of the samples

The samples were weighed (W1) and placed in tubes filled with
phosphate buffer (pH 7.4) in triplicate. The tubes were placed in the
thermostatic shaker at 37 �C for 48 days. The samples were taken
out and washed with distilled water, then dried at room temper-
ature and weighed (W2). The hydrolytic loss weight was calculated
as follows [30].

Loss weightðLWÞ ¼ ðW1 �W2Þ=W1 � 100%

The films had been placed in deionized water at 37 �C for 48 days
and rinsed well by deionized water in triplicate. The pre-weighed
dry specimens were immersed in deionized water at 25.0 �C. After
equilibrating for 24 h, the samples were blotted with laboratory
tissue and weighed. The water-swelling ratio (SR) was expressed as
the weight percentage of water in the swollen sample.

Swelling ratioðSRÞ ¼ ðWS �WDÞ=WD � 100%

Where WS is the weight of the swollen sample, and WD is the
weight of the dry sample.

2.5. Cells culture and morphology observation

Human umbilical vein endothelial cells (HUVEC, ECV304) were
used for the cell attachment and proliferation study. ECV304 cells
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were routinely grown and maintained in RPMI-1640 medium
containing 10% fetal bovine serum (FBS) and 100 U/mL penicillin
and 100 mg/mL streptomycin. Two milliliter of cell suspension at
a given density was placed on each Petri dish, pre-laid with PU or
PU-c-CS films which were rinsed carefully with PBS and sterilized
by UV-radiation, and maintained in a humidified atmosphere with
5% CO2 at 37 �C. Blank dishes were used as control. Cell numbers
were quantified every 12 h using a hemocytometer after exposure
to trypsin/EDTA (Invitrogen, USA). And the cell proliferation was
measured using the procedure of MTT reduction for cell viability
measurement [16,31]. In brief, the medium was carefully removed
from the cultured well and the floating cells were harvested at
determined time points. The wells were washed with PBS, and
400 mL of medium containing the collected floating cells was added
to the well. One milliliter of MTT-solution (1 mg/mL in PBS) was
added to each well in the dark. The culture dish was packed with
aluminum foil paper and incubated 4 h at 37 �C. The cultured
mediumwas then removed by pipette, and 1 mL DMSO was added
to each well and kept at room temperature for 30 min. Then, 100 mL
mixed solution was transferred from each well into a 96-well
culture dish. The solution of the well was examined with ELISA
reader (Safire, Tecan, Switzerland) at 570 nm (reference wave-
length: 655 nm).

Inverted microscopy (ECLIPSE TE2000, Nikon Co.) was used to
take photos of randomly selected areas of the cultured cells every
12 h after ECV304 cells were plated. Blank Petri dish and PU film
were used as control groups.
2.6. Protein adsorption assay

Protein adsorption assay was performed by adding 1 mL of BSA
solution (3 mg/mL in PBS) on each Petri dish in triplicate. After 12 h
of incubation in a humidified air containing 5% CO2 at 37 �C, BSA
solution was taken out, and the dishes were rinsed carefully with
PBS. Then 1 ml of 2% SDS solution was added into each dish, fol-
lowed by another 8 h of incubation. A protein analysis kit (micro-
BCA protein assay regent kit, Shenergy Bioclor Co., China) based on
the bicinchoninic acids (BCA) method was used to determine the
concentration of BSA in the SDS solution [32,33].
2.7. Blood coagulation assays

A series of clean tubes were coated with emulsion and dried in
octuple. Fresh rabbit blood (0.1 mL) containing sodium citrate and
a solution of CaCl2 (0.025 mol/L, 20.1 mL) were added into each
tube. The time of the emergence of a milky white flocculate was
recorded as the recalcification time (RT). Blank tubes and the tubes
coated with silicon oil (SO) were used as control groups.
Fig. 1. Illustration of the preparation process
Fivemilligrams of samples was added into the tubes with 0.2 mL
of 3.8% sodium citrate solution, and blank without sample added
was used as control. Human whole blood (30 mL) from a healthy
volunteer was collected, and 1 mL of the human whole blood was
immediately added into these tubes. Then the human whole blood
was centrifuged at 1000 rpm for 20 min at 4 �C to separate the
blood corpuscles, and obtain the platelet-poor plasma (PPP) for
blood coagulation time test. A sample was incubated 37 �C for 1 h.
The APTT and PT of the PPP were determined by an automated
blood coagulation analyzer (Helena Laboratories, USA) in triplicate
[34,35].

2.8. Statistical analysis

The results were analyzed statistically using student’s t-test to
determine whether there were any statistically significant differ-
ences among the experimental groups at the 5 percent level of
significance (P< 0.05). Results were expressed as mean values
� standard deviation (SD).

3. Results and discussion

3.1. Characterization of PU-c-CS

PU-c-CS nanoparticles were synthesized through the assembly
of polyelectrolyte in aqueous emulsion. The preparation process of
PU-c-CS nanoparticles was illustrated in Fig. 1 and the composition
of each sample was summarized in Table 1. IR studies were con-
ducted to investigate the complex formation between PU and CS.
Fig. 2 showed the IR spectra of CS, PU and PU-c-CS films. CS is
a positively charged polymer and easily forms ionic complex with
anionic polymer [36,37]. In pure CS, amide band I at 1632 cm�1 and
amide band II at 1554 cm�1 could be observed and bending and
rocking vibration of eCH2 appeared at 1412 cm�1. The main char-
acteristic bands for urea groups of pure PU and PU-c-CS were
observed around 1700 cm�1 (C]O axial deformation) and
1543e1462 cm�1 (NH angular deformation) [1]. Comparedwith the
spectra of CS and PU, the C]O stretching vibration of eCOO�

groups in PU-c-CS appeared at 1647 cm�1. On the other hand, the
broad absorption around 2472 cm�1 was attributed to the eNH3

þ

groups in PU-c-CS. These results indicated that the carboxylic
groups of PU were dissociated into eCOO� groups which com-
plexed with protonated amino groups of CS through electrostatic
interaction to form the polyelectrolyte complex during the emul-
sion polymerization procedure.

Surface compositionwas analyzed by XPS. Fig. 3 showed the XPS
spectra of CS, PU and PU-c-CS films. All binding energy data were
reproducible within �0.2 eV. The spectra of PU film showed
three carbon, one oxygen and two nitrogen peaks while CS and the
of biocompatible PU-c-CS nanoparticle.



Table 1
Summarization of sample composition.

Sample CS content (g) Ratio of nCS:nPU

PU 0
PU-c-CS1 0.81 1:2
PU-c-CS2 1.62 1:1
PU-c-CS3 3.24 1:0.5

nCS is the molar number of amino group in CS; and nPU is the molar number of
carboxyl group in PU.

Fig. 3. XPS spectra for C1s and N1s of CS, PU and PU-c-CS films.
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PU-c-CS films showed four carbon, two oxygen and two nitrogen
peaks. The C1s peak corresponding to the aliphatic and aromatic
carbons was observed at 285.0 eV [2]. The C1s peaks for amino and
ethereal carbon were located at 286.0 and 286.5 eV, respectively.
The C1s peaks corresponding to the carbonyl and amide groups
were observed at 288.0 and 288.2 eV, respectively. The C1s peaks for
ester, carboxylic acid and urea (carbonyl of the urethane groups)
were all observed at 289.0 eV. The O1s peaks corresponding to the
oxygen of the carbonyl, hydroxyl and ester appeared at 532.2, 532.8
and 533.7 eV, respectively. The N1s peaks corresponding to the
nitrogen of the amide and amine groups appeared at 399.5 and
401.5 eV, respectively [7]. It was obviously seen from Fig. 2 that the
C1s spectra of PU film had the peak of urethane group at 289.1 eV,
indicating that there were hard-segment and soft-segment on the
PU film surface. For PU-c-CS films, the C1s peak of urethane group at
289.2 eV was also observed, while the C1s spectra of CS film had the
peak of ester at 288.8 eV. With increasing degree of ionic complex,
the C1s peak of amine and hydroxyl at 286.3 eV depressed while the
C1s peaks of CeN bonds at 287.8 eV rose clearly. In N1s peaks, PU,
PU-c-CS and CS films showed two peaks at 399.5 and 401.5 eV,
respectively. Compared with PU, the strength of the peak of amino
group at 401.5 eV of CS was greater sharply. These results
confirmed that CS had been immobilized onto the surface of PU.

In our current research, for PTMO-based waterborne PU, the
water-swelling ratio changed from 54.6 to 19.8% when the CS
content increased from 0 to 12.7% (wt.%) as shown in Table 2. The
partly ionized CS and PU could form compact þH3NeCOO� layers by
electrostatic interactions, which resulted in the formation of PU-c-
CS nanoparticles with coreeshell structure. Consequently, with CS
content increasing, the thicker compact þH3NeCOO� layers could
induce the films more difficult to swell in water. And the hydrolysis
Fig. 2. IR spectra of CS, PU and PU-c-CS films.
weight loss ratio after 48 days was changed from 0.64 to 8.59%.
Although modest hydrolysis weight loss happened, most of CS and
PU formed the polyelectrolyte complexes.

Table 3 summarized the particle size, polydispersity and x-
potential of nanoparticles prepared at different CS content. The
aggregation was attributed to the formation of clusters caused by
ionic bonding between the positively charged eNH3

þ groups of CS
and the negatively charged eCOO� groups of PU [38]. The sizes of
the emulsion particles increased along with the CS content, and the
polydispersity increased with the increase of the particle size. With
the addition of CS, more CS was immobilized onto the surface of the
PU core by the formation of the CS shell layer through ionic inter-
action. The diameter of the emulsion particle then increased
Table 2
Sample characterization.

Sample code Static contact
angle (�)

Swelling ratios
(%, 24 h)

Loss weight
(%, 48 days)

PU 80.1� 0.42 54.6 0.64
PU-c-CS1 55.8� 0.54 48.5 2.34
PU-c-CS2 46.5� 0.21 32.1 6.82
PU-c-CS3 30.7� 0.16 19.8 8.59



Table 3
Effective mean diameter, x-potential and pH value of PU, PU-c-CS nanoparticles.

Sample Effective
diameter (nm)

Polydispersity x-potential
(mV)

pH value

PU 62.2 0.116 �38.8 8.69
PU-c-CS1 89.1 0.182 �29.5 8.13
PU-c-CS2 151.6 0.217 �15.3 7.91
PU-c-CS3 211.1 0.272 7.1 7.78
CS 17.9 6.85
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correspondingly. In addition, it was thought that the electrostatic
force between anionic PU and cationic CS might play an important
role in the change of the particle size in aqueous emulsion. The
more CS shell layer was formed, the weaker the restriction power
between PU core and CS shell got, and the easier the swelling of CS
shell became. These factors could result in the increase of the
particle size and polydispersity. The x-potential of pure PU aqueous
emulsion was negative with ionized carboxylic groups, and the x-
potential of pure CS solution was positive with ionized amino
groups. Similarly, the x-potential of emulsion particles increased
from an initial value of �38.8 mV to 7.1 mV, and the pH value of
aqueous emulsion decreased from 8.69 to 7.78 along with the
addition of CS. The fact that x-potential increased more than
mathematical calculations, suggested that CS be in the outermost
layer of the particles.

Fig. 4 showed the TEM photographs of PU and PU-c-CS nano-
particles. Fig. 4A obviously showed that the PU nanoparticles were
spherical. In the case of dropping CS solution into PU aqueous
emulsion, PU-c-CS nanoparticles were formed by ionic interaction
between cationic CS and anionic PU at the PU spherical surfaces
[38]. The PU core had been initially generated, and the CS coacer-
vate layer was formed on the surface of PU core. The high-magni-
fication image (Fig. 4B) clearly displayed PU-c-CS nanoparticles had
coreeshell structure. And the formed PU-c-CS interface complex
layer prevented more CS solution to diffuse into the core to further
complex with PU. The dimension and size distribution of the
nanoparticles shown in Fig. 4 were also consistent with the results
determined by DLS.
Fig. 4. The TEM photographs of PU and PU-c-C
All the emulsions exhibited satisfactory stability in the whole
range of the testing temperature from the freezeethaw test.
Though the size of the emulsion particles increased, the aqueous
emulsions were stable owing to hydrophilic groups such as CS and
carboxylic anions.

3.2. Film general characterization

The surface morphologies of PU and PU-c-CS films were moni-
tored by AFM in tapping mode and were displayed in Fig. 5A and B,
respectively. The PU films were very smooth, and the drop height of
the surface was 12.7 nm. The PU-c-CS film was rougher than the PU
film, and the drop height of the surface was 23.0 nm. The average
roughness (RMS) was calculated from AFM images, 0.67 nm for PU
and 2.96 nm for PU-c-CS2, respectively. The AFM images (shown in
Fig. 5A and C) exhibited the light and dark micro-regions around
100 nm, which were the specific microphase-separated morpho-
logies, consisting of hard-segment-rich and soft-segment-rich
domains. Besides the small light and dark micro-regions, there were
many big light spherical bodies with the dimension around 200 nm
(shown in Fig. 5B and D). CS was viewed as hard composition, and
hard-segment-rich domains of the PU-c-CS filmswould be increased
with the addition of CS. From the molecule geometric arrangement
point of view, it was definitely that the increase of CS would lead to
the increase in the number of the hard segments, and, therefore, the
average size of hard domains increased correspondingly. The light
regions in phase image correspond to hard-segment-rich domains
and the dark regions correspond to soft-segment-rich domains.
So these big light regions could be assigned to the domains of PU
coated by CS.

The results from Table 2 showed that the samples became more
hydrophilic after the addition of CS. As a result, the contact angles
decreased from 80.1� to 30.7� when the CS content increased from
0 to 12.7% (wt.%). It was ascribed to the introduction of hydrophilic
groups in CS, and the hydrophobic PU core surrounded by the
hydrophilic CS coat shown in Fig. 1 and Fig. 4B.

The results of General Tensile Test (Table 4) demonstrated that
the films showed good mechanical properties. It was attributed to
S nanoparticles: (A) PU, and (B) PU-c-CS2.



Fig. 5. The AFM images to present the surface morphology of the PU and PU-c-CS films: (A) 3D image of PU, (B) 3D image of PU-c-CS2, (C) phase image of PU, and (D) phase image of
PU-c-CS2.
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specific microphase-separated morphology of the PU scaffolds,
which consisted of hard-segment-rich and soft-segment-rich
domains (Fig. 5C and D). And with the increase of the CS content,
Young’s modulus increased greatly from 41.7 Mpa to 149.5 Mpa,
while the elongation of strain decreased sharply from 847.3% to
108.5%. It could be explained that in block PU, soft segments
contributed to the elasticity and low-temperature properties,
whereas the hard segments contributed to the modulus, strength,
and elevated temperature properties [30]. CS was rigid molecule,
which provided materials with high modulus strength. Thus the
addition of CS could be viewed as increasing of total hard compo-
sitions in PU-c-CS. The above-mentioned results were consistent
with the morphology of the films in Fig. 5. Hence, Young’s modulus
increased in the order of PU< PU-c-CS1< PU-c-CS2< PU-c-CS3,
while the elongation of strain decreased in the order of PU> PU-c-
CS1> PU-c-CS2> PU-c-CS3.

3.3. Biological properties of the materials

ECV304 endothelial cells were cultured on the surface of CS, PU
films, PU-c-CS films and Petri dish (polystyrene) as control,
Table 4
General of tensile test of PU and PU-c-CS films.

Sample Percent strain
at peak (%)

Young’s modulus
(MPa)

Stress at break
(Mpa)

PU 847.333 41.769 30.865
PU-c-CS1 653.567 62.810 28.371
PU-c-CS2 335.200 111.881 17.993
PU-c-CS3 108.567 149.558 15.373
respectively. Cell density was indirectly determined by hemocy-
tometer andMTT assay at 12, 24, 48, 72 and 96 h, and the data were
given in Fig. 6. The results showed that there was significant
difference about ECV304 endothelial cell density on the PU film and
CS film, especially after 48 h of incubation, suggesting that CS film
facilitate the growth of ECV304 endothelial cell. These results also
demonstrated that the hydrophobicity and the intrinsic inert
Fig. 6. ECV304 cell proliferation analysis after cultured for different time in a humid-
ified air containing 5% CO2 at 37 �C on the surface of control, PU, PU-c-CS1, PU-c-CS2,
PU-c-CS3 and CS, respectively. Cell seeding density is 1.0� 105/ml.
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properties of PU were not favorable for the cell growth and
spreading. By comparing the results of the cell density between the
PU-c-CS films and PU film after 12 h and 96 h, the cell density on
PU-c-CS films obviously increased with the enhancement of CS
content. This was consistent with the results observed by Yang et al.
[16]. The increase of the surface hydrophilicity and immobilization
of biocompatible CS provided the possibility to enhance the inter-
action between cells and PU-c-CS films. It would be favorable for
the promotion of cell attachment and proliferation [3]. Therefore,
these CS-immobilized PU films proved to be non-cytotoxic and
could support cell adhesion and growth.

The morphology of ECV304 endothelial cells on CS, PU film, PU-
c-CS films, and polystyrene as control were examined under light
microscopy and the microscopic observations after 12, 24, 48 and
72 h of seeding (Fig. 7). It could be seen from the figure that ECV304
endothelial cells on PU film and CS film were round and with
limited or no attachment to the cells. They were able to be easily
removed by medium and floated in the medium. By comparing the
morphology of cells on CS film and PU film, it was showed that the
cells on CS film were highly transparent, while the cells on PU film
appeared as dark particles within cells and cell fragments increased
a little after 12 h of culture. These observations revealed that CS
film not only remained as cells viable but also benefited the cell
proliferation, and demonstrated that CS, natural polysaccharide,
had better biocompatibility than that of synthetic PU, even though
both PU film and CS film were shown to be poorly adhering
substrates. When the cells were cultured on PU-c-CS films, the
morphology of ECV304 endothelial cells had significant difference
from that of PU film or CS film. The cells on PU-c-CS2 film appeared
highly transparent, attached and well spread after cultured for 12 h
similar to the cells on the control of polystyrene, suggesting that
PU-c-CS2 film did help ECV304 endothelial cells to retain their
phenotype.

The cell adhesion to artificial substrate was usually affected by
surface charge, biological and chemical properties of molecules on
Fig. 7. Microscopy photographs of ECV304 cells at 12, 24, 48, 72 h after t
the substrate surface and also the molecular aggregation form on
the surface, etc., [14,39]. From the results of our experiment, either
PU film with negative charge and hydrophobicity or CS film with
positive charge was not favorable for the cell attachment and
spreading. It was reasonable to assume that there were suitable
charge, hydrophobic domain and hydrophilic domain on the
surface of PU-c-CS films which could facilitate the cell adhesion and
proliferation. Therefore, CS immobilization onto the surface of PU
was possible to promote the endothelium regeneration of vascular
scaffold [3].

Plasma protein adsorption was one of the most important
phenomena in determination of the biocompatibility of the
implantable materials [32]. The amounts of BSA protein adsorption
on the surface of PU, PU-c-CS1, PU-c-CS2 and PU-c-CS3 were
387.98� 4.56,273.65�10.79,215.05� 5.25, and161.14� 5.06 mg/mL,
respectively. According to an earlier report, hydrophobic surface
was favorable to protein adsorption [40]. Increasing hydrophilicity
of the surfaceswas commonly used for the reduction of non-specific
protein adsorption to biomaterials surfaces. The report indicated
that the amount of BSA protein adsorbed on the film surface
increased while the water contact angle increased. Our experi-
mental data were consistent with the report. PU exhibited high
adsorption of BSA protein, and the adsorbed amount of protein
decreased after CS immobilization onto PU films. With the addition
of CS, the hydrophilicity of the PUeCS surfaces increased, whilst the
adsorption of proteins decreased.

The blood coagulation cascade included intrinsic pathway,
extrinsic pathway, and common pathway. APTT and PT are used to
mainly examine the intrinsic and common pathway [34,35]. Table 5
showed that the in vitro anticoagulation activity of samples with
the clotting time as readout. The PT of all samples was almost the
same level, which indicated that both PU film and PU-c-CS films
could not restrain the prothrombin activity separately. The APTT of
the PU filmwas 35.6� 0.31 (s), whichwas similar to other’s study of
PU films [41]. After PU filmwas modified by CS, the results showed
hey were plated on polystyrene control, PU, PU-c-CS2 and CS films.



Table 5
The anticoagulant ability of PU and PU-c-CS films.

Sample The recalcification test Anticoagulation time

RT (s) tsample/tblack tsample/tSO APTT (s) PT (s)

Black 32.7� 2.49 0.64 40.2� 0.37 11.6� 0.05
Silicon oil (SO) 51.3� 7.01 1.57
PU 45.1� 4.86 1.38 0.88 35.6� 0.31 11.4� 0.07
PU-c-CS1 46.4� 5.57 1.42 0.90 91.6� 0.59 11.7� 0.12
PU-c-CS2 67.4� 11.5 2.06 1.31 126.9� 0.87 11.9� 0.11
PU-c-CS3 78.1� 13.9 2.39 1.52 147.2� 1.31 12.3� 0.19
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that the APTT of PU-c-CS film increased with the content of CS and
the APTT of PU-c-CS3 film was prolonged more than 4 times than
that of PU film, suggesting that the good anticoagulation activity of
PU-c-CS films could be achieved. The reason of this changewas that
CS showed little hemostatic effect, and exhibited the anti-
coagulation property of thewhole blood [42]. In our work, the APTT
of CS, natural heparin-like glycosaminoglycan, wasmore than 320 s
(upper limit of the automated blood coagulation analyzer). On the
other hand, blood compatibility was evaluated by the recalcifica-
tion time. The blank tubes and the tubes coated with silicon oil
were as control. The recalcification time of the blank tubes was
32.7�2.49 s and that of tubes coated with silicon oil was
51.3�7.01 s. The recalcification time ratios of the tube coated with
the samples to the blank tube and to the tube coatedwith silicon oil
were shown in Table 5. It could be seen that the blood compatibility
also increased in the order of PU< PU-c-CS1< PU-c-CS2< PU-c-
CS3, which was consistent with the result of the APTT. Through the
immobilization of CS onto the surface of PU film, the heparin-like
structure was formed, which could have the structure of anti-
thrombin-binding region and suppress platelet adhesion onto
films, and improved hemocompatibility of PU films [43].
4. Conclusions

The coreeshell structure of PU-c-CS was formed in aqueous
emulsion through electrostatic interaction of oppositely charged
polyelectrolytes, and CSwas subsequently immobilized onto the PU
surface. The PU-c-CS aqueous emulsions exhibited satisfactory
stability and were green to environment, which could widely be
used due to its good processability and very mild formation
conditions. The structures were confirmed by IR, XPS, DLS, TEM and
AFM. The remarkable advantage of this structure was to combine
the biological and mechanical properties of CS and PU. The CS-
immobilized PU films favored for cells adhesion and growth,
reduced plasma protein adsorption, and improved hemocompati-
bility, whilst goodmechanical properties were reserved. Hence, PU-
c-CS materials could provide a new candidate for implantable
materials.
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