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Abstract
In the paper, novel composites of biodegradable poly(ether-ester-urethane) (PEEU) and water-soluble chitosan oligosaccharide
(CHO) were prepared using a simple physical mixing method and their potential application as biomaterials was assessed. The
PEEU and CHO were dissolved in N,N-dimethylformamide to get a homogenous solution, then the composite films were
obtained by the solvent evaporation method. The composites were characterized by FT-IR, and the influence of CHO content
on the physicochemical properties of the composite films, including thermal properties, surface morphologies, mechanical
properties, surface and bulk hydrophilicity, and in vitro biodegradability, were researched. The thermal stability studies indicated
that the composite films had lower initial decomposition temperature and higher maximum decomposition temperature than
PEEU film. Only one broad endothermic peak found in DSC curves demonstrated the high compatibility of CHO with PEEU.
The ultimate stress and elongation at break of composite films decreased with the increment of CHO content, and the CHO
content in the composites should be controlled no more than 25 wt% in order to maintain the mechanical properties (ultimate
stress: 18.5 MPa; elongation at break: 890%) to meet the requirement of implant materials. The surface morphologies of
composite films were observed by cold field emission scanning electron microscope (FE-SEM), and the results indicated that
the homogeneous-dispersed composites could be obtained with CHO content being less than 20wt%. The results of water contact
angle and water absorption showed that the surface and bulk hydrophilicity were closely related with the water-solubility of CHO
component. In vitro degradation studies showed that the degradation rate increased with the increasing content of CHO in
composites, indicating that the degradation rate of composite films could be controlled by adjusting CHO content. The surface
blood compatibility of the composite films was examined by bovine serum albumin adsorption and platelet adhesion tests. It was
found that composite films had improved resistance to protein adsorption and possessed excellent resistance to platelet adhesion.

Keywords Poly(ether-ester-urethane) . Chitosan oligosaccharide . Composites . Physicochemical properties . Biocompatibility

Introduction

Polyurethane (PU) is a synthetic material consisting of repeat-
ed blocks of hard and soft segments that provide microphase-
separated structure and give the polymer the required elasticity
and mechanical strength. Due to the excellent physic-

mechanical properties and good biocompatibility, PU has
been used in many biomedical engineering areas, including
blood vessel, cardioids, artificial skins, cartilage, joint and
catheter [1–5]. Although PU shows a relatively good biocom-
patibility compared with other synthetic polymers, blood co-
agulation is also observed when the PU is used as long-term
implanted materials [6]. To further improve their blood com-
patibility, much attention has been paid to produce a nonspe-
cific protein repelling surface by surface modification
methods and creating highly effective non-thrombogenic de-
vices. A preferred strategy is to graft hydrophilic polymers [7,
8] or biomimic materials [9–11] on the surface, thus introduc-
ing a high activation barrier to repel proteins.

In recent decades, synthetic/natural polymer blends
have received much attention because it is easy and
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effective to obtain new materials from the mixing two dif-
ferent polymers. Several studies have prepared and inves-
tigated the blends of polyurethane and bioactive nature
polymer, and this provides a novel way for modification
and exploitation of PU in biomedical application [12–14].
Among the bioactive natural polymer, polysaccharides,
which are readily avail-able, inexpensive and biodegrad-
able, appear to be good candidates for use as an additive
to improve the blood compatibility of polyurethane matrix.

Chitosan (CH), the linear cationic (1,4)-2-amino-2-
deoxy-β-D-glucan produced from chitin by partial
deacetylation, is the second most abundant polysaccharide in
nature and has been utilized in the biomedical field due to its
excellent biocompatibility, antimicrobial activity, and absence
of toxicity [15–17]. Nevertheless, its high molecular weight
and low solubility in water and organic solvent seriously lim-
ited its practical application. Thus, many studies only focus on
the blends of PU with superfine CH powder or composites of
waterborne PU with CH [18, 19]. As the degradation and
deacetylation product of chitin, chitosan oligosaccharide
(CHO) consisting of 2–10 glucosamine units bounded via β-
1,4-glycoside linkages has attracted more and more attentions
recently, because the latter is not only easily soluble in water
and in some organic solvent (dimethylsulfoxide and N,N-
dimethylformamide) due to the shorter chain lengths and free
amino groups in D-glucosamine units, but also readily
absorbed through the intestine, quickly getting into the blood
flow [20, 21]. In addition, CHO, like CH, has positive charges
which allow it to bind strongly to negatively charges and
possesses distinctive biological activities including antifungal
and antibacterial activity, immuno-enhancing effects, antitu-
mor effects and free radical scavenging activity [22–24].
Incorporation of CHO may be very useful in enhancing the
biological properties of PU, while few studies about the com-
posites based on PU and CHO were reported.

The purpose of this study was to prepare PU/CHO com-
posites via simple physical mixing for further application
in medical field. The biodegradable poly(ether-ester-ure-
thane) (PEEU) with uniform-size hard segments was ob-
tained in our lab [25] and adopted as model PU. The PEEU
film exhibited satisfactory mechanical properties and slow
in vitro degradation rate, which could meet the require-
ments of long-term implant materials and made it a good
candidate to substitute PU based on aromatic diisocyanate.
PEEU and water-soluble CHO were dissolved in N,N-
dimethylformamide (DMF) to get a homogenous solution,
and then the corresponding composite films were obtained
by the solvent evaporation method. The influence of CHO
content in composites on the physicochemical properties
of the films, including thermal properties, surface mor-
phologies, mechanical properties, surface and bulk hydro-
philicity, and in vitro biodegradability, were researched.
Furthermore, surface blood compatibility of the composite

films was examined by protein adsorption and platelet ad-
hesion tests.

Experimental

Materials

Chitosan oligosaccharide (number-average molecular weight
of 3000 g/mol, about 90% deacetylated) was purchased from
Zhejiang Golden-Shell Biochemical Co., Ltd. (Zhejiang,
China). L-lactide (L-LA) was obtained from J&K Scientific
Co., Ltd. and recrystallized three times from dry ethyl acetate.
ε-Caprolactone (ε-CL), stannous octoate and hexamethylene
diisocyanate (HDI) were purchased from Sigma-Aldrich, and
used without further purification except for ε-CL, which was
distilled from CaH2 under reduced pressure. Poly(ethylene
glycol) (PEG, Mn = 600, Beijing Chemical Reagent Co.,
Ltd., China) was dried for 4 h at 110 °C under vacuum prior
to use. 1,4-Butanediol (BDO, Aladdin Reagent Co. China)
was dried over 3-Å molecular sieves and redistilled before
use. DMF (AR grade, Aladdin Reagent Co., China) was dried
with P2O5 and distilled under reduced pressure before use.
Phosphate buffer saline (PBS, pH = 7.4) was supplied by
Beijing Chemical Reagent Co., Ltd. (China) and used as re-
ceived. Other reagents were AR grade and purified by stan-
dard methods.

Preparation of poly(ether-ester-urethane) (PEEU)

PEEU was prepared according to our previous paper [25].
Briefly, L-LA (0.15 mol) was mixed with ε-CL (0.19 mol)
in a vacuum flask under nitrogen atmosphere, PEG600
(0.05 mol) and stannous octoate (70 mg) were added as
initiator and catalyst, respectively. The mixture was poly-
merized under reduced pressure at 140 °C for 24 h to give
the triblock prepolymer of poly(ε-CL-co-L-LA)-PEG-
poly(ε-CL-co-L-LA) (PCLA-PEG-PCLA). Then, the
prepolymer was chain-extended with an isocyanate-
terminated urethane (HDI-BDO-HDI) (molar ratio of
NCO/OH was 1.05) to obtain the PEEU. The chemical
structure of PEEU was shown in Fig. 1, and the molecular
weight was measured by gel permeation chromatography
(GPC) (Mw = 149,000, Mn = 109,200, Mw/Mn = 1.36).

Preparation of PEEU/CHO composite films

A typical procedure: A predetermined amount of PEEU and
CHO were dissolved in DMF at room temperature under mag-
netic stirring to get homogeneous solution. Then the solution
(4.0 g/100 mL) was poured on to a polytetrafluoroethylene
mold. The solvent was removed by natural volatilizing at room
temperature for ~6 days and subsequently transferred to
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vacuum drying oven for one day so as to remove the last traces
of solvent under reduced pressure. The PEEU/CHO composite
films (PUC) were obtained with 0.30 ± 0.02 mm thickness, and
the chemical composition of PUC films is listed in Table 1.

Instruments and characterization

Characterization

Fourier transform infrared (FT-IR) spectra were recorded on
an Alpha infrared spectrometer (Bruker, Germany) equipped
with a Bruker platinum ATR accessory at room temperature
using film (composites) or powder (CHO) as samples. Each
sample was scanned from 4000 to 400 cm−1 with resolution of
4 cm−1. The number/weight-average molecular weight (Mn,
Mw) and polydispersity index (Mw/Mn) of PEEU were obtain-
ed using a TriSEC302 (Viscotec, USA) gel permeation chro-
matography (GPC) at 25 °C. The eluting solvent was tetrahy-
drofuran (THF) at a flow rate of 1.0 mL/min. The retention
times were calibrated against five known narrow polydisper-
sity polystyrene standards.

Thermal properties

The thermal transition behavior was determined by differen-
tial scanning calorimeter (DSC) (DSC2910, Universal, USA).
The samples were sealed in aluminum pans and scanned from
−70 °C to 150 °C with a heating rate of 10 °C/min under a
continuous nitrogen purge (30 mL/min). Thermogravimetric
analysis (TGA) was performed using a TGA 2050 analyzer
(Universal, USA), and the samples were performed from 50 to
600 °C at a heating rate of 20 °C/min−1 under nitrogen atmo-
sphere with a gas flow rate of 50 mL/min−1.

Mechanical properties

Stress-strain properties of the composite films were deter-
mined on a single-column tensile test machine (Model

HY939C, Dongguan Hengyu Instruments, Ltd., China).
Dumbbell-shaped specimens were prepared from the films
with a punching die of 12 mm width and 75 mm length, the
neck width and length were 4.0 and 30 mm, respectively. The
test procedure was carried out at a cross-head speed of 50mm/
min at room temperature. Five tensile specimens were tested,
and the results were averaged.

Water contact angle

The surface hydrophilicity of the films was measured by con-
tact angle measurement. The sessile static water contact angle
was performed by a drop shape analysis system (CAM 200,
KSV Instruments, Finland) using a sessile drop technique with
ultrapure water as test fluid at room temperature. A minimum
of six measurements on at least three different surfaces were
measured for each composite film.

Water absorption

The bulk hydrophilicity (swelling property) of the films was
quantified bymeasuring the water absorption content [26, 27].
The dried and weighed film discs (md) with ~10.0 mm diam-
eter were incubated in deionized water at 37 ± 0.1 °C for 24 h
to reach the water absorption equilibrium. And then, the swol-
len samples were removed and gently blotted with filter pa-
pers to remove adsorbed water and weighed immediately
(mw). The water absorption was calculated according to the
equation:Water absorption (%) = (mw –md)/md × 100. At least
five samples were tested for each film.

In vitro degradation

In vitro degradation of films was assessed through the weight
loss in PBS (pH = 7.4). Each film discs (~10.0 mm diameter)
were placed into an individual sealed bottle containing 10 mL
PBS, and incubated in a biochemical incubator at 37 ± 0.1 °C.
At selected time intervals, the samples were taken out, washed

Fig. 1 The chemical structure of PEEU

Table 1 The chemical composition of PUC films

Films Components PUC-0 PUC-5 PUC-10 PUC-15 PUC-20 PUC-25 PUC-30 PUC-35

PEEU /g 4.0 3.8 3.6 3.4 3.2 3.0 2.8 2.6

CHO /g 0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

CHO content /wt% 0 5 10 15 20 25 30 35
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with distilled water, and vacuum dried at room temperature
until constant weight. The weight loss could be calculated by
comparing the rest weight (Wr) of the discs after degradation
for a predetermined time with the original weight (Wo):
Weight loss (%) = (Wo –Wr)/Wo × 100. The measurements
were performed for 60 days or until the loss of integrity of
the films, and the results were the average of three tests.

Surface morphologies

The samples of composite films and PUC-15 after degradation
for fixed time were collected to observe the surface morphol-
ogies. The dried samples were mounted on aluminum stubs
with conductive graphite-filled tapes and sputter-coated with a
gold layer under vacuum. Film surface morphologies were
observed by a cold field emission scanning electron micro-
scope (FE-SEM, Hitachi SU8010, Japan).

Protein adsorption

The amounts of albumin adsorbed onto the surface were quan-
tified using a Bradford protein assay with bovine serum albu-
min (BSA) as the model protein [28, 29]. After being equili-
brated with PBS (pH = 7.4) for 12 h to achieve complete hy-
dration, the film discs were immersed in 1.0 mL BSA solution
(45 μg/mL, the same as the concentration of normal plasma)
and incubated for 180 min at 37 ± 0.5 °C. The discs were
removed from the solution and then rinsed with fresh PBS
three times to remove the unbound BSA. The adsorbed pro-
tein on the surface was detached by sonication in 1 wt% of
sodium dodecylsulfonate aqueous solutions for 30 min. The
concentrations of the adsorbed BSAwere determined using a
micro-Bradford protein assay kit (Sangon Biotech Co., Ltd.,
Shanghai) with a multiwell microplate reader (Multiskan
Mk3-Thermolabsystems, Thermo Fisher Scientific, Inc.,
USA) at 595 nm. The amount of the adsorbed protein was
calculated from the standard curve of optical density against
BSA concentration. Independent measurements were per-
formed in triplicate samples and values relative to the control
(PBS solution) were reported.

Platelet adhesion

The interactions between the blood and films were assayed by
platelet adhesion experiment. The fresh rabbit blood contain-
ing sodium citrate as an anticoagulant (Shandong Success
Pharmaceutical Technology Co., Ltd., China) was centrifuged
at 2000 rpm for 20 min at 4 °C to obtain platelet-rich plasma
(PRP). After being equilibrated with PBS for 2 h, the film
discs were taken out and incubated with 1.0 mL PRP at
37 °C for 60 min. The discs were rinsed with fresh PBS for
three times by mild shaking to remove non-adherent platelets.
Adhered platelets were fixed with 2.5% glutaraldehyde for

30 min at room temperature. And then, the films were
dehydrated by systemic immersion in a series of
ethanol-water solutions [50, 60, 70, 80, 90, 100% (v/v)]
for 20 min in each step and dried under vacuum. Finally,
the platelet-attached surfaces were examined by FE-SEM
after coating with gold.

Results and discussion

FT-IR

The composite materials were characterized by FT-IR, and the
spectra of CHO powder and composite films with different
CHO content are shown in Fig. 2. In the spectrum of CHO
(Fig. 2a), the absorption bands at 3400 cm−1, 2872 cm−1 and
1023 cm−1 were attributed to the characteristic stretching fre-
quencies of -OH, -CH2- and cyclic ether C-O-C, respectively;
the weak absorption bands observed at 1658 and 1574 cm−1

belonged to the characteristic absorption peaks of amide I and
amide II, which was attributed to the residual amide linkage in
CHO. In the spectrum of pure polyurethane (PUC-0, Fig. 2b),
the absorption bands at 3321, 1731, 1683, 1529 cm−1 were
attributed to the characteristic stretching frequencies of N-H,
ester C=O, amide I and amide II, respectively; the broad in-
tense bands at 1089 and 1037 cm−1 belonged to ester bonds C-
O-C and ether bonds C-O-C stretching vibration, respectively.

Fig. 2 FT-IR spectra of a) CHO powder, b) PUC-0, c) PUC-5, d) PUC-
10, e) PUC-15, f) PUC-20, g) PUC-25, h) PUC-30, and i) PUC-35 films
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All the characteristic absorption of CHO and polyurethane
were observed in FT-IR spectrum of PUC (Fig. 2c).
Moreover, with the increment of CHO content in PUC
(Fig. 2c–i), the absorption intensity of cyclic ether C-O-C
at ~1574 cm−1 increased and ester C=O at ~1731 cm−1

decreased. In addition, the relative intensity of amide I
(~1680 cm−1) increased slightly compared with that of es-
ter C=O, which should be attributed to the residual amide
linkage in CHO (90% deacetylated) [30]. As the paper
reported [31], new hydrogen bonds could be formed be-
tween chitosan and polyurethane. Thus, it can be deduced
that there are existing strong inter-chain interactions be-
tween CHO and PEEU in the composites.

Thermal transition

The thermal transition of the composites with different com-
positions, including glass-transition temperature (Tg), crystal-
lization and melting behaviors, were initially studied by DSC.
The DSC thermograms of the CHO powder and representative
composite films are presented in Fig. 3. In the DSC curve of
CHO (Fig. 3a), no obvious Tg was observed, which should be
due to the low molecular weight (~3000 g/mol). And a broad
melting endothermic peak was appeared at 35~140 °C with
melting enthalpy of 41 J/g, which may due to the vaporization
of the water in CHO (the water was very hard to be removed
even after the CHO was dried in vacuum), indicating its hy-
groscopic nature. The Tg was found at lower temperature of
−36 °C in the DSC curve of pure polyurethane (PUC-0, Fig.
3b), which was attributed to the soft segments in polyure-
thanes. The broad endothermic peak at higher temperature of

29~82 °C melting enthalpy of 12 J/g should be due to the melt
of hard domains, and the small melting enthalpy indicated that
the crystallinity of PUC-0 was low. In the DSC curves of
PUC films with different CHO content (Fig. 3c–e), the Tg
was observed at almost the same temperature as that of
polyurethane (PUC-0). Only one endothermic peak with
broader temperature was found (PUC-10: 28–104 °C;
PUC-20: 29–126 °C; PUC-30: 26–136 °C) with melting
enthalpy from 18 to 37 J/g indicated the high compatibil-
ity of CHO with polyurethane (especially with the hard
segments of PEEU, because the polarity of CHO was
similar with that of hard segments of PEEU).

Thermal stability

The TGA analyses of the CHO powder and composite films
with different CHO content are shown in Fig. 4. Two de-
compositions occurred in curve of CHO, the first decompo-
sition happened in the temperature ranging from room tem-
perature to 100 °C which was attributed to the water loss in
CHO; while the second decomposition began at 200 °C
which resulted from the decomposition of the sample itself,
and the remaining weight was ~38 wt% at 600 °C. The sim-
ilar results were found in TGA curves of quaternized
carboxymethyl CHO [32]. Pure polyurethane film (PUC-
0) exhibited an initial decomposition temperature at about
280 °C with negligible weight loss from about 420 to
600 °C, and the remaining weight was lower than 2 wt%.
From the TGA curves of composite films, it could be seen
that with the CHO content in PUC increasing from 5 to
35 wt%, the initial decomposition temperature decreased
from 220 to 120 °C, while the maximum decomposition
temperature became higher and higher, which was consis-
tent with the higher thermal stable of CHO than that of poly-
urethane at high temperature. Only one-step decomposition

Fig. 3 DSC thermograms of CHO powder and representative composite
films (PUC-0, PUC-10, PUC-20, and PUC-30)

Fig. 4 TGA curves of CHO powder and composite films with different
CHO content
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found in the curves of PUC indicated that the CHO compo-
nent was compatible with polyurethane component.

Mechanical properties

The typical stress-strain behaviors of the composite films with
CHO content from 0 wt% to 35 wt% are presented in Fig. 5,
and the characteristic values derived from these curves are
shown in Table 2. The stress-strain behaviors of composite
films displayed a pronounced yield point and behaved as the
normal elastomers, showing a smooth transition from elastic
to plastic deformation regions [33]. The pure polyurethane
film (PUC-0) with uniform-size hard segments had good me-
chanical properties with ultimate stress of 27.0 MPa, elonga-
tion at break of 1210% and initial modulus of 19.9MPa, while
the film of pure CHOwas too brittle to be obtained because of
the low molecular weight. When the CHO was blended in
PEEU, both ultimate stress and elongation at break decreased,
which was not in agreement with the previous study about the
composite film of water-borne PU (WPU) and CH [19]: the
elongation at break decreased and the ultimate stress increased
with the increment of CH content. Because the molecular
weight of CHO (~3000 g/mol) is much lower than that of
CH (200,000~400,000 g/mol), the CHO exhibits almost no
mechanical properties. When the content of CHO increased
from 5 to 25 wt%, the ultimate stress and elongation at break
decreased gradually to 18.5 MPa and 890%. However, the
ultimate stress and elongation at break decreased relatively
sharply when the amount of CHO content increased to an
amount over 25 wt% (PUC-30 and PUC-35). As a result, the
CHO content in the composites should be controlled no more
than 25 wt% in order to maintain the mechanical properties to
meet the requirement of biomaterials. With the increment of
CHO content, the initial modulus of the composite films first

increased and then decreased, which could be related with the
hydrogen bonds between PEEU and CHO. At an appropriate
content of CHO in PUC (PUC-15), more hydrogen bonds
were formed, resulting in higher initial modulus (Table 2).

Surface and bulk hydrophilicity

The surface and bulk hydrophilicity of biomaterials are impor-
tant parameters in many medical applications. The surface and
bulk hydrophilicity of the composite films with different CHO
content were evaluated by measuring the contact angle formed
between water drops and surface of the films (Fig. 6) and the
amount of water that each film absorbed (Fig. 7), respectively.
As shown in Fig. 6, there was a remarkable difference in con-
tact angle between different CHO content in composite films.
Pure polyurethane film (PUC-0) showed characteristically high
water contact angle of 97o, indicating that the film had a hy-
drophobic surface. When the CHO content increased from 5 to
35wt%, the surface hydrophilicity increased gradually with the

Table 2 Mechanical properties of composite films with different CHO
content

Films Elongation at
break (%)

Ultimate
stress
(MPa)

Yield
stress
(MPa)

Yield
strain (%)

Initial
modulus
(MPa)

PUC-0 1210 ± 17 26.9 ± 2.2 19.2 ± 1.6 96.5 ± 3.5 19.9

PUC-5 1130 ± 15 24.6 ± 1.8 13.4 ± 1.2 73.7 ± 2.6 18.2

PUC-10 1056 ± 15 23.5 ± 1.6 11.9 ± 1.1 53.9 ± 2.1 22.1

PUC-15 996 ± 13 22.3 ± 1.6 15.2 ± 1.4 45.1 ± 1.8 33.7

PUC-20 942 ± 11 20.1 ± 1.5 13.1 ± 1.3 52.8 ± 1.75 24.8

PUC-25 890 ± 11 18.5 ± 1.3 12.9 ± 1.0 50.3 ± 1.55 25.6

PUC-30 789 ± 8 15.1 ± 0.9 10.3 ± 0.7 80.5 ± 2.2 12.7

PUC-35 655 ± 7 12.0 ± 1.0 6.8 ± 0.3 57.8 ± 1.6 11.7

Fig. 6 Data of water contact angle on the surfaces of composite films
with different CHO content

Fig. 5 Typical stress-strain behaviors of composite films with different
CHO content
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water contact angle decreasing from 81 to 57.1o, which was
ascribed to the introduction of hydrophilic amino groups and

hydroxyl groups in CHO. The result was opposite with that of
WPU/CH composites, because CH had high crystallinity and
the rigid chain hindered the polar groups to come to the poly-
mer surface [19]. The water absorption of the composite films
increased gradually from 3.9 to 61.4 wt% with CHO content
increasing from 0 to 35 wt% (Fig. 7), which was also attributed
to the hydrophilicity of CHO. From the results of water contact
angle and water absorption, the ability of surface and bulk
hydrophilicity, which plays an important role in the degradation
rate during hydrolytic degradation, is mainly affected by the
content of hydrophilic CHO in composites. Hence, the degra-
dation rate of the composite films may be controlled by
adjusting the CHO content in composites.

Surface morphologies

Surface morphologies can directly reflect the dispersion ho-
mogeneity. The upper surface of the dried composite films
with different CHO content were observed with FE-SEM,
and the representative micrographs are shown in Fig. 8. The

Fig. 7 Data of water absorption of composite films with different CHO
content

Fig. 8 Representative upper surface morphologies of composite films of a) PUC-0, b) PUC-5, c) PUC-10, d) PUC-15, e) PUC-20, f) PUC-25, g) PUC-
30, and h) PUC-35
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pure polyurethane (PUC-0, Fig. 8a) exhibited a slightly rough
surface, which should be due to the immiscibility of soft and
hard segments, that is, microphase separation. When the CHO
content increased from 0 to 15 wt% (Fig. 8a–d), the surface
became much smooth. The CHO had low molecular weight
and could disperse into the interspaces between soft and hard
domains of polyurethane, leading to an unapparent micro-
phase separation and smooth surface. This result was consis-
tent with the study of DSC analysis that there was only one
broad melting endothermic peak in DSC curves of the com-
posites.While there were more and more granules observed in
the surface with the CHO content increasing from 20 to
35 wt% (Fig. 8e–h), which may be attributed to the self-

aggregation of overmuch CHO, resulting in a relatively rough
film surface. Thus, in order to obtain the homogeneous-
dispersed composites, the appropriate proportion of CHO in
PUC was no more than 20 wt%, which was almost the same
with the results for the mechanical property analysis.

In vitro degradation

In vitro degradation was measured via the weight loss, and the
weight loss rate of composite films in PBS solution at 37 °C is
shown in Fig. 9. The pure polyurethane (PUC-0) exhibited a
slow degradation rate with only 28%weight loss after 60 days.
It was obvious that the degradation was mainly caused by
hydrolysis of ester groups. The low surface and bulk hydro-
philicity of PUC-0 hindered water molecules to get close to
the ester groups, resulting in slow hydrolysis rate. As it was
expected, blending of polyurethane with CHO could increase
the degradation rate. With the increasing content of CHO in
composites (PUC-5 ~ PUC-35), the degradation rate increased
gradually. The water-soluble CHO component was eluted
from the composites during the incubation in PBS, which
additionally facilitated the diffusion of water molecules into
spaces of polymer chains that acted as a plasticizer and make
the material more ductile. And then, it was easy for chain
scission to take place through hydrolysis of ester bonds [34].
The results indicated that the degradation time of composite
films could be controlled by adjusting the CHO content in
PUC.Morphological changes in film surface directly reflected
the degradation process. Fig. 10 shows the typical surface
morphologies of PUC-15 after various degradation periods
(predegradation and 20, 30, 45 and 60 days’ postdegradation).

Fig. 9 Weight loss rate of composite films with different CHO content in
PBS (pH: 7.4) during degradation at 37 ± 0.1 °C

Fig. 10 Surface morphologies of PUC-15 film in PBS (pH: 7.4) at 37 ± 0.1 °C after a) 0, b) 20, c) 30, d) 45, and e) 60 days’ degradation
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The non-degraded film (Fig. 10a) was semitransparent and
exhibited a smooth surface. After 20 and 30 days of

degradation (Fig. 10b, c), the film surface became rougher
and rougher, and then turned into some irregular hollows at
40 days (Fig. 10c). Many cracks were observed after 60 days
of degradation (Fig. 10d), implying that the film gradually
loses its mechanical properties.

Protein adsorption

The protein adsorption on biomaterials’ surfaces is always
considered as the first step to evaluate the biocompatibility
(especially blood compatibility) of biomaterials [35, 36].
Figure 11 exhibits the amount of BSA adsorbed onto the sur-
face of the composite films. As shown in the figure, when the
CHO content in PUC increased from 0 to 35 wt%, the
adsorbed amount of total protein on the surface decreased
gradually from 26.9 to 5.6 μg/cm2. This may be attributed to
the blending CHO resulting in the transition from a hydropho-
bic surface to a hydrophilic surface. As investigated [37–40],
the decrease in protein adsorption was associated with the
increment in water affinity of the surfaces. The hydrophilic

Fig. 11 The amount of BSA adsorbed on the surface of composite films
with different CHO content at 37 ± 0.5 °C

Fig. 12 Representative FE-SEM images of platelet adhesion on the surface of a) PUC-0, b) PUC-5, c) PUC-10, d) PUC-15, e) PUC-20, f) PUC-25, g)
PUC-30, and h) PUC-35 films
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surface could bind a significant amount of water on the surface
and reduce the interaction with protein, leading to a strong
repulsive force to protein. The results clearly demonstrated
that surfaces with high hydrophilicity exhibited reduced pro-
tein absorption. The lower protein adsorption capacity of
PEEU/CHO composite films indicated that they had higher
blood compatibility than pure polyurethane films.

Platelet adhesion

Platelet adhesion on the film surface is another important test
for evaluation of the blood compatibility of the blood-
contacting materials. The platelet adhesion to the surface of
the composite films was examined by FE-SEM, and the rep-
resentative micrographs are exhibited in Fig. 12. For the pure
polyurethane film (PUC-0, Fig. 12a), there were massive
platelets adhering and aggregation to some extent on the sur-
face, presenting the highly activated state. With CHO content
in PUC increasing from 5 to 35 wt% (Fig. 12b–h), the amount
of platelet adhesion on the surface decreased gradually com-
paring with the pure polyurethane, which proved a better anti-
platelet adhesion surface. The result was in agreement with the
trend of protein adsorption. One possible explanation for the
good anti-platelet adhesion is that the low interfacial energy of
plasma proteins on the hydrophilic surface of composite films
suppresses platelet adhesion [8, 41–43]. The purpose of the
work presented here is a preliminary investigation of the ad-
hesive properties of platelets on the film surface, so the PRP
used here is anticoagulated with sodium citrate which has no
effect on the platelet adhesion. In-depth work will be conduct-
ed in the future, such as using human whole blood with re-
duced anticoagulant dose or without anticoagulants to deter-
mine the blood compatibility.

Conclusions

In this work, the novel composites of biodegradable PEEU
and water-soluble CHO were prepared by a simple physical
mixing, and the corresponding films were obtained by the
solvent evaporation method. The influence of CHO content
on the physicochemical properties of the composite films was
researched. The thermal stability studies indicated that the
composite films had lower initial decomposition temperature
and higher maximum decomposition temperature than PEEU
film. Only one broad endothermic peak found in DSC curves
demonstrated the high compatibility of CHO with hard
segments of PEEU. The surface morphologies of composite
films indicated that the homogeneous-dispersed composites
could be obtained with CHO content being less than
20 wt%. The ultimate stress and elongation at break of com-
posite films decreased with the increment of CHO content,
and in order to maintain the mechanical properties, the CHO

content in the composites should be controlled no more than
25 wt%. The results of water contact angle and water absorp-
tion showed that the composite films possessed higher surface
and bulk hydrophilicity which were closely related with
water-solubility of CHO component. In vitro degradation
studies showed that the degradation rate increased with the
increment of CHO content in composites, indicating that the
degradation rate of composite films could be controlled by
adjusting CHO content. In addition, the surface blood com-
patibility of the composite films was examined by protein
adsorption and platelet adhesion tests, and the results demon-
strated that the composite films had improved resistance to
protein adsorption and possessed excellent resistance to plate-
let adhesion, that is, good surface blood compatibility.
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