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Abstract
Nanocomposites from a polyester-type water-borne polyurethane (PU) containing diﬀerent amounts (17.4–174 ppm) of gold (Au)
nanoparticles (5 nm) were prepared. A previous study has shown that the Au nanoparticles could induce surface morphological transformations in the PU (e.g. the mesophase transition from hard lamellae to soft micelles), which modify the physicochemical properties of
the PU as well as the ﬁbroblast response to the PU. The current study focused on the biostability and biocompatibility of the nanocomposites. The nanocomposites were characterized by transmission electron microscopy and X-ray photoelectron spectroscopy, and their
oxidative stability and free radical scavenging ability were tested. The inﬂammatory response was evaluated by monocyte activation in
vitro and rat subcutaneous implantation in vivo. It was found that the nanocomposites containing 43.5–65 ppm of Au had the least
monocyte activation and tissue reactions. PU and the nanocomposites were rather resistant to oxidative degradation in vitro and biodegradation in vivo. The nanocomposites exhibited greater free radical scavenging abilities than the original PU. Based on the above
results, the signiﬁcantly enhanced biocompatibility of the PU–Au nanocomposites with 43.5–65 ppm of gold over the original PU
appeared to be a result of the extensively modiﬁed surface morphology and greater free radical scavenging ability, instead of due to
the diﬀerence in biostability.
Ó 2008 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction
Polyurethane (PU) elastomers have been widely used in
biomedical applications due to their good biocompatibility
and mechanical properties [1,2]. The development of waterborne PU formulations has signiﬁcantly increased because
of environmental demands and cost considerations. The
water-borne PU materials present many features similar
to those of conventional organic solvent-borne PUs, with
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the advantage of low viscosity at high molecular weight,
non-toxicity and good applicability [3].
The durability of water-borne PU elastomers is not
ideal. The addition of 15% intercalated silicate layers in a
polytetramethylene oxide (PTMO)-based water-borne PU
has been shown to improve the thermal and mechanical
properties [4]. Gold (Au) is a noble metal with high biocompatibility. Gold deposited on poly(lactide-co-glycolide)
nanoparticles has been used to encapsulate drugs for
photothermally controlled drug delivery [5]. Electrodeposited thin ﬁlms of the conducting poly(3,4-ethylenedioxythiophene) matrix incorporating Au nanoparticles have
been explored for dopamine sensing [6]. In our earlier
work, the thermal and mechanical properties, biostability
and cellular response of a PTMO-based water-borne
PU were dramatically improved upon the addition of an
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appropriate amount of Au nanoparticles (43.5 ppm) [7,8].
The size of the hard domains on the surface of the PU
was reduced from 93 to 22 nm in the presence of Au.
The lower tissue reaction in the subcutaneous porcine
model was accurately reﬂected by the higher biostability
(or less surface degradation) of the PU–Au nanocomposites [9]. The biostability/biocompatibility feedback theory
successfully predicted the performance of PU in this earlier
model system.
Since PTMO-based poly(ether urethane) was seen to
be highly susceptible to attack by the free radicals generated during inﬂammation, it was not clear if the
reduced tissue reaction of the previous poly(ether urethane)–Au nanocomposites was determined entirely by
the oxidative stability of the materials or at least partially by the superior initial biocompatibility of the materials in the presence of Au. Therefore, another PU–Au
nanocomposite model system based on Au nanoparticles
and a more stable water-borne poly(ester urethane)
matrix was developed [10]. Poly(ester urethane) could
be susceptible to hydrolytic and enzymatic degradation.
The soft segment was the likely site of oxidative attack.
It has been reported that the hydrolytic stability of polyurethanes based on polyester or polycarbonate was better than those based on polycaprolactone polyol or
polyethylene glycol [11]. It was demonstrated that the
surface morphology of the PU underwent morphological
transformations upon addition of Au nanoparticles,
which modiﬁed the thermal and mechanical properties
and the ﬁbroblast response. The pyrolytic temperatures
shifted to higher values, reaching a maximum at
43.5 ppm of Au. Beyond 43.5 ppm, the pyrolytic temperatures decreased with increasing Au concentrations (65–
174 ppm). At 43.5 ppm of gold, the degree of phase separation was the greatest and the mechanical modulus
was the highest. In the current study, the microstructure
of the nanocomposites was observed by transmission
electron microscopy (TEM). The surface chemistry was
analyzed by X-ray photoelectron spectroscopy (XPS).
Oxidative stability and free radical scavenging ability
were also analyzed. The response of monocytes in vitro
and the tissue reaction in vivo to the nanocomposites
as well as their dependence on Au concentrations in
the PU were examined. Various levels of tissue reaction
to the PU and nanocomposites were still discernible even
when none of the samples showed apparent biodegradation. This model system allowed us to compare the in
vivo and in vitro biocompatibility of a series of PUs
where the chemical composition, surface wettability,
roughness and biostability were nearly identical. The
results were contrasted with those observed in the earlier
poly(ether urethane)–Au nanocomposites. The complex
relationships between the phase separation, surface morphology, biocompatibility and free radical scavenging
eﬀect of PU in the presence of Au can be simpliﬁed
and discussed with reference to this more biostable
model system.

2. Experimental
2.1. Materials
Polyurethane dispersion and diisocyanate salt were
obtained from Great Eastern Resins Industrial Co., Taiwan. The polyurethane dispersion (50% solid content in
distilled water) was synthesized using hexamethylene diisocyanate (HDI) and the macrodiol poly(butylene adipate)
(average mol. wt. 2000) at a molecular ratio 3:1, and
chain-extended by ethylene diamine sulfonate sodium salt
and ethylene diamine. The diisocyanate salt was a mixture
of isocyanurate trimer of hexamethylene diisocyanate
(HDI trimer) and 6% Bayer hardener (made from HDI trimer and polyethylene glycol). The synthetic procedure has
been illustrated in the previous study [10]. The chemical
composition of the ﬁnal polymer is shown in Fig. 1. The
hard-segment weight fraction was about 34.6%. Pure Au
nanoparticles suspended in distilled water (50 ppm ml1)
were supplied from Global NanoTech, Taiwan. The diameter of the Au nanoparticles was in the range of 47 nm and
the average diameter was about 5 nm [7].
2.2. Preparation of polyurethane–gold nanocomposites
The mentioned PU dispersion was diluted by distilled
water or Au suspension to 10 wt.% solid content. The diisocyanate salt (concentration at 1 wt.%) was added to the
polyurethane dispersion, and the mixture was then stirred
for 30 min. The procedure gave rise to a suspension of
plain PU or suspensions of PU–Au nanocomposites. PU–
Au suspensions contained 17.4–174 ppm of Au in the ﬁnal
nanocomposites after removal of water. Films were prepared by casting the suspensions on Teﬂon molds or round
glass coverslips, dried at 60°C for 48 h and further dried in
a vacuum oven at 60°C for 72 h.
2.3. Characterization of the PU–Au nanocomposites
The microstructure was examined by means of TEM.
Thin sections were prepared by casting suspensions of pure
PU and PU containing Au nanoparticles (17.4–174 ppm)
onto TEM copper grids, dried at 60 °C for 48 h, followed
by further drying in vacuum oven at 60 °C for 72 h [7].
The thin sections were then stained with osmium tetroxide
(OsO4) vapor (from a 4% aqueous solution) for 72 h [12].
The samples were observed with a JEOL JEM-1200 microscope operated at 120 kV. The surface morphology was
conﬁrmed using an atomic force microscope (AFM) (CPII, Veeco, USA), as formerly presented [10].
Surface elements were analyzed using XPS (VG ESCA210, UK). The power of analysis was 216 W. The take-oﬀ
angle was ﬁxed at 45°. Mg was the metal target of X-ray
tube. High survey scans (0–1000 eV) were operated (pass
energy 50 eV, spot size 1 eV) to obtain the atomic distribution on the surface. All measurements were taken under
high vacuum (1  109 Torr). Water contact angles of the
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