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The primary goal of this study is to develop a facile and inexpensive synthesis method for a new
biodegradable and biocompatible poly(ester urethane) (PEU)/polyhedral oligomeric silesquioxanes
(POSS) nanocomposite via in situ homogeneous solution polymerization reaction into prescribed
macromolecular structure and properties including improved biocompatibility, thermal and hydrolytic
stability, and stiffness and strength. Cell culture studies, nuclear magnetic resonance spectroscopy, X-ray
diffraction, differential scanning calorimetry, thermogravimetry, and dynamic mechanical analysis
measurements were used to confirm the structure and property improvements. The results show that
the targeted PEU/POSS nanocomposites (which are remarkably different from conventional polymers,
polymer nanocomposites and microcomposites) have significant improvements in mechanical properties
and degradation resistance at small POSS concentrations (�6 wt%). The nanocomposites exhibited
excellent support for cell growth without any toxicity. POSS concentration did not affect cell adhesion or
cell growth, but it significantly changed the surface structure of the PEU into a 3-dimensional matrix
with regular pores that may allow cells to better access the growth factors/nutrients, waste exchange,
and tissue remodeling. The PEU/POSS nanocomposites were resistant to degradation over a period of six
months when exposed to a buffer solution. These desirable characteristics suggest that the nano-
composites may hold great promise for future high-end uses such as in biomedical devices, especially at
cardiovascular interfaces.

Published by Elsevier Ltd.
1. Introduction

One motivation for the present study is from the work on
nanostructured polymer blends previously reported by Otaigbe and
co-workers [1–3]. In that work, the feasibility of making nano-
structured polymer blends directly from in situ simultaneous
polymerization and compatibilization of reactive cyclic monomers
in the presence of a compatible molten polymer was demonstrated
[1–3]. In this nanostructured polymer blend the scale of dispersion
of the one polymer phase in the other was <100 nm. Another
motivating factor for the work described in the present article is the
reported quantal properties of silica nanocomposites containing
reactive polyhedral oligomeric silsesquioxanes (POSS) as a result of
their unique physical characteristics [4–6] previously not possible
because of classical physical laws [7]. POSS, as a nanoscale hollow
cage structure of Si, with the bioactivity and other physical prop-
erties of porous Si [8,9], should have similar biocompatibility and
gbe).

Ltd.
bioactivity. Therefore, there is currently a significant research
interest in introducing POSS into biodegradable polyurethanes
[10,11] to yield biocompatible and relatively inexpensive biomate-
rials for possible uses in tissue engineering [12–16]. It is worthy to
note that rational synthesis and processing of these materials plays
a crucial role in determining the final polurethane/POSS nano-
composite product performance in a number of biomedical appli-
cations areas.

Recently, Seifalian and co-workers [6] reported new evidence
that these silica nanocomposites may also extend into the world of
biology and medicine such as in cardiovascular interventional
devices, making the materials science concept potentially widely
applicable. For example, it is well known that blood vessel devel-
opment is a complex process that requires endothelial cell prolif-
eration, differentiation, and assembly into the tube-like structures.
This process critically depends on the interaction between endo-
thelial cells and extracellular matrix (ECM) that supports the cell
growth. Although much work in the field uses natural biopolymers
for basic research, the unavailability and complexity of the natural
ECM materials significantly limit their potential for biomedical
application. Consequently, there is an increasing need to develop
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Table 1
The feed ratio of the samples and their molecular weights.

Sample PCL diol (g) POSS diol (g) MDI (g) BDO (g) Mw� 104

g/mol
Mn� 104

g/mol

PEU 10 0 4.33 1 3.51 1.67
PEU/1.5%POSS 9.75 0.25 4.37 1 4.02 1.74
PEU/3%POSS 9.5 0.5 4.41 1 3.38 1.77
PEU/4.5%POSS 9.25 0.75 4.45 1 3.68 1.80
PEU/6%POSS 9 1 4.49 1 4.27 1.84
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biocompatible synthetic polymers as substitutes for the natural
ECM materials. A prerequisite for any biomedical application of
synthetic polymers is their biocompatibility with the targeted
tissues and organs, in addition to their basic chemical and
mechanical properties. In a previous paper [17], we showed that
pure PEU does not have apparent toxicity on three cell types tested,
endothelial cells, epithelial cells and stem cells, indicating its broad
compatibility with different cells. In the current paper, we inves-
tigated the effects of POSS content on the structure and biocom-
patibility of PEU/POSS nanocomposite as a critical prerequisite for
the potential application of the PEU/POSS nanocomposite in
manufacturing biomedical devices, such as materials for stents and
artificial vessels in cardiovascular tissue engineering.

In the past, incorporation of silicon into polymers has been in
the form of siloxane, which in itself is noncompliant as a result of
elasticity mismatch of the composite constituents [18,19]. The
philosophy of the present study is to explore the feasibility of an
alternative approach of incorporating very small amounts of silicon
in the form of special nanoscale reactive POSS molecules as an
integral part of polyurethane chain segments which would
preserve the favorable properties (e.g. improved stiffness, strength,
thermal stability and biocompatibility) of the hybrid polyurethane/
POSS nanodispersions and compliance of the resulting solid-state
hybrid polyurethane/POSS nanocomposite while significantly
lowering its surface tension properties [20,21]. The resulting
polyurethane/POSS nanocomposite materials are expected to
possess improved properties such as lower surface tension [20] and
lower bacterial adhesion than that of current synthetic biomaterials
(e.g., PTFE) used in biomedical devices [22]. POSS is made directly
from silicones, silanes and a limited number can even be prepared
from silica. As structurally well-defined silicon-based molecules,
they can be reactively compounded and/or nonreactively blended
into a wide variety of functionalities suitable for polymerization,
grafting, surface bonding, and other transformations [23–26]. POSS
silicon–oxygen framework (SiO1.5) is intermediate between that of
a silicone (SiO) and silica (SiO2). This imparts excellent oxidative
stability and thermal resistance. The carbon ‘‘R’’ groups (organic)
located on the silicon atoms aid in the solubilization and compa-
tibilization of the POSS cage with organic resins, biological systems,
and surfaces. The overall three-dimensional nature of POSS nano-
structures is nearly equivalent in size, 0.7–3 nm (ave.¼1.5 nm) to
most polymer dimensions. Thus, when incorporated into a polymer
at a molecular level, POSS can effectively control chain motion,
glass transition and other physical properties. Structural control at
this length-scale has not previously been possible, yet it is at the
nanoscopic length scale that a wide number of physical properties
originate [27]. Therefore the high surface area of POSS allows it to
readily interact with a large number of polymer chains at relatively
low loadings (from 1 to 10 wt%) [20,27–30].

The current work described in this article is part of a long-range
research program that envisions that the behavior of these inter-
esting biodegradable and biocompatible PEU/POSS nanocomposite
materials is governed by the method of nano-reinforcement, the
nano-interface, the synthetic process utilized, its microstructural
effects, and the interaction between the PEU and POSS components.
The present study focuses on preparing and characterizing biode-
gradable and biocompatible poly(ester-urethane)/POSS (PEU/POSS)
nanocomposites through homogeneous solution polymerization.
The PEU/POSS nanocomposite films will be obtained from melt
processing of the as-synthesized PEU/POSS nanocomposites
without using processing aids or modifiers (lubricants) that can
negatively impact surface properties such as biological activity and
antibacterial surface action of the resulting nanocomposite mate-
rials. A special reactive diol-POSS was used to obtain new PEU/POSS
nanocomposites by using a highly efficient catalyst, resulting in
improved biocompatibility, biodegradation rate, and thermo-
mechanical properties. This study may stimulate a better under-
standing of the proposed rational synthesis of biodegradable and
biocompatible polyurethane materials with improved properties
and biological function not now possible, making them widely
applicable. Our data also provide a quantitative experimental basis
for future detailed structure/property studies of the relatively new
hybrid PEU/POSS nanocomposite films aimed at the prediction of
their properties and biological function, increasing our level of
understanding of the behavior of these systems and other similar
polymers. Therefore, it is likely that increased attention by other
researchers will be focused on these materials in the future.

2. Materials and methods

2.1. Materials

Poly(3-caprolactone) diol (TONE� Polyol 5249) was purchased
from Dow Chemical Company and the methylenediphenyl diiso-
cyanate (MDI), toluene, dibutyltin dilaurate and 1,4-butanediol
were obtained from Sigma–Aldrich. 1,2-Propanediolisobutyl POSS
(AL0130) was donated by Hybrid Plastics, Hattiesburg, MS. Phos-
phate Buffer Solution (1 M, pH¼ 7.4) was purchased from Sigma–
Aldrich Company. The polyol and MDI were dried in a vacuum oven
at 40 �C for 24 h prior to use.

2.2. Synthesis of poly(ester urethane)/POSS nanocomposites

A 100 ml round-bottomed three-necked flask equipped with
a magnetic stirrer was used as a reaction vessel for the polymeri-
zation reaction whose temperature was controlled by using
a constant temperature oil bath. Desired amounts of poly(3-capro-
lactone) diol, POSS diol, toluene, and methylenediphenyl diisocya-
nate were added to the flask (see Table 1). The flask was then
immersed in the oil bath maintained at 60 �C and its contents
stirred under a nitrogen atmosphere. After the solid contents dis-
solved completely, dibutyltin dilaurate (1 wt% of the total weight)
was added to the reaction system. A relatively high concentration of
dibutyltin dilaurate was necessary due to the low reactivity of the
POSS diol used. After 3 h, 1,4-butanediol was added to the flask as
chain extender. The overall molar ratio of hydroxyl to isocyanate
functional groups is 1:1.05. The reaction was allowed to continue
for another 5 h while maintaining the temperature at 60 �C. The
reaction product was precipitated into ethanol and dried in
a vacuum oven at 40 �C for 48 h. Subsequently, the dried products
were compression molded at 143 �C into test specimens with
desired shapes for the following measurements except the cell
culture culture and cytotoxicity analysis. Note that thin films that
were prepared via solution casting were used for the cell culture
and cytotoxicity analysis.

2.3. NMR spectroscopy

Liquid phase 1H NMR measurements were performed at room
temperature on the PEU/POSS nanocomposite using a Mercury 300



W. Wang et al. / Polymer 50 (2009) 5749–5757 5751
spectrometer operating at 300 MHz with (methyl sulfoxide)-d6 as
solvent, following standard procedures.

2.4. X-ray diffraction

The crystallinity of the PEU/POSS nanocomposite was evaluated
using X-ray diffraction (XRD) analysis. A Rigaku Ultima� III powder
diffractometer was used, employing Cu Ka radiation (at 40 kV and
44 mA). Data were collected over the range of 2q ¼ 3–35� at a rate
of 1�/min.

2.5. DSC and TGA measurements

Differential scanning calorimetry (DSC) was carried out on the
samples over a temperature range of �80 �C to 250 �C using a TA
Instruments (TA Q100) operating under a nitrogen atmosphere. The
DSC heating or cooling rate was 10 �C/min. The midpoint of the
transition zone was taken as the glass transition temperature (Tg) of
the sample. Thermogravimetric analysis (TGA) tests were con-
ducted on the samples using a Perkin–Elmer (Pyris 1 TGA) equip-
ment operating from 50 �C to 800 �C at a heating rate of 10 �C/min
and under a nitrogen atmosphere. Thermal decomposition
temperature was defined as the temperature corresponding to the
maximum rate of weight loss.

2.6. Static and dynamic mechanical measurements

Static mechanical tensile stress–strain measurements were
performed on the samples using a Material Testing System Alliance
RT/10 and a MTS Testworks 4 computer software package for
automatic control of test sequences and data acquisition and
analysis. Dumbbell-shaped test specimens (with an effective cross-
section of 4� 0.7 mm2) were cut from the compression molded
PEU/POSS sheets and tested at room temperature using a crosshead
speed of 20 mm/min according to the ASTM D882-88 standard
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Scheme 1. The synthesis route of poly(es
method. The tests were performed in triplicate to give mean values
reported in this paper.

The temperature dependencies of the storage moduli E0 and
mechanical damping (tan d) of the compression molded rectan-
gular test specimens (20� 5�1 mm3) were determined using
a PYRIS Diamond� Dynamic Mechanical Analyzer (DMA) operating
at temperatures ranging from �80 �C to 150 �C at a heating rate of
3 �C/min, a frequency of 1 Hz, and a linear strain amplitude of 10%.
2.7. Degradation in buffer solution

Degradation tests on the molded samples were conducted in
a buffer solution of pH¼ 7.4 at a degradation temperature of 37 �C
following our previously reported procedures [17].
2.8. Cell culture and cytotoxicity analysis

Three types of cells were used in this study; human umbilical
vein endothelial cells (HUVECs), mouse embryonic stem cells
(mESCs) and human KB cells (an epithelial cell line derived from
a human carcinoma of the nasopharynx). The cell culture condi-
tions have been described previously [17]. Similar results were
obtained from the three types of cells tested. The data presented in
this study were obtained from experiments using KB cells. Micro-
scopic coverglasses were coated with PEU or PEU/POSS thin films,
which served as cell growth matrices. For cell proliferation assay,
KB cells were grown on the coverglasses in 24-well cell culture
dishes at a density of 5�103/ml. The cells were cultured in RPMI
medium that contained 10% fetal bovine serum. After incubation for
48 h at 37 �C in a humidified incubator (5% CO2, 95% air), the cells
were fixed and stained with 1% toluidine blue as previously
described [17]. Cells were washed extensively with water and
examined under an Olympus microscope with a phase contrast lens
and photographed with a Cannon digital camera. To quantitatively
determine cell number, toluidine blue was extracted with 2%
OH
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Fig. 1. NMR spectra of PEU, POSS and PEU/POSS nanocomposites.
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sodium dodecyl sulfate. The absorbance at 630 nm, which corre-
lates with cell number, was measured with a microtiter plate
reader. For cell adhesion analysis, 1�104 KB cells were seeded on
different matrices in 24-well cell culture dishes. The cells were
incubated for 2 h and then fixed. The number of attached cells was
determined by the same method as described for cell proliferation
assay.

2.9. Microscopic analysis of PEU/POSS matrix structure and cell–
matrix interaction

To further analyze the cell morphology and their interaction
with PEU or PEU/POSS matrices, cells were double stained with 1%
toluidine blue and 10 mM 40,6-diamidino-2-phenylindole (DAPI,
a DNA binding dye). The nuclei stained with DAPI emit bright blue
color under a fluorescent microscope. The cells were examined
under an Olympus fluorescence microscope (BX60, UplanFl 100�/
1.30 oil lens) with filters set for the examination of DAPI staining.
The images were photographed with a micropublisher digital
camera (Qimaging). To visualize the auto-fluorescence of the
polymer films, the samples were examined under a Nikon fluo-
rescence microscope (Eclipse 80i, Plan Fluor 10X/0.75 DIC M/N2
lens) with filters set for the examination of fluorescein iso-
thiocyanate (FITC). The images were processed using Image-Pro
Plus software.

3. Results and discussion

3.1. The synthesis of PEU/POSS nanocomposites

Five samples of PEU/POSS nanocomposites with different POSS
content were synthesized as already described above. Elementary
steps of the synthetic reaction route are shown in reaction Scheme 1.
The molecular weights of the samples were measured by gel
permeation chromatography (GPC) using THF as solvent and
polystyrene as standard. The weight-average (Mw) and number-
average (Mn) molecular weights obtained are listed in Table 1. The
table shows that the molecular weights of samples were little
affected by the presence of the POSS, showing an approximate
polydispersity ratio (Mw/Mn) of about 2.14.

3.2. Structure of PEU/POSS nanocomposites

NMR and XRD were used to characterize the molecular struc-
tures of the PEU and the PEU/POSS nanocomposites. Fig. 1 shows
the NMR spectra of POSS, PEU and PEU/POSS nanocomposites. The
observed NMR peaks are assigned as follows: 0 ppm (tetrame-
thylsilane), 3.3 ppm (H2O), 2.5 ppm (dimethyl sulfoxide), 0.9 ppm
(methyl in the POSS), 0.61 ppm (–Si–CH2–CH–), 7.1 ppm and
7.3 ppm (benzene ring of MDI), 9.5 ppm (hydrogen in urethane
group), 3.8 ppm (methylene in MDI and BDO), 1.5 ppm (methylene
in BDO and poly(3-caprolactone) (PCL)). The remaining peaks are
assigned to the incorporated PCL segment in the PEU/POSS nano-
composite. The NMR data are consistent with our expectation of
direct incorporation of the POSS moieties in the backbone macro-
molecular chain structure of the PEU.

Fig. 2 shows the XRD data of the PEU and PEU/POSS nano-
composites at the POSS concentrations indicated. Two relatively
sharp crystalline peaks at 2q¼ 6.7� and 2q¼ 21.0�, corresponding to
the PCL crystal, were observed for the pure PEU. Clearly the figure
shows that incorporation of POSS in the PEU strongly affects the
crystal peaks just mentioned. No sharp crystalline peaks around
2q¼ 21� were observed for the PEU/POSS nanocomposites with
POSS content of 1.5 wt% and 3 wt% (only broad peaks are evident)
while the peaks at 2q¼ 6.7� were observed to shift to 2q¼ 7.0� and
2q¼ 7.1�, respectively. When the POSS content was increased to
6 wt%, three peaks at 2q¼ 7.1�, 19.7� and 21.3� were observed. These
results indicate that low POSS concentrations (�3 wt%) decrease
the crystallinity of the PEU soft segment and consequently improve
the compatibility between the soft and hard segments of the PEU.
In addition, the results are consistent with the formation of POSS
nanocrystals in the PEU hard segment (especially at high POSS
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concentration) as previously reported by Fu et al. [31]. This
improved compatibility facilitates the physicochemical interaction
between soft and hard segments as confirmed by the increase of
glass transition temperature discussed in the next section.
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Fig. 4. TGA weight loss as a function of temperature of PEU and PEU/POSS
nanocomposites.
3.3. Thermal analysis

DSC was used to measure the thermal properties of the PEU/
POSS nanocomposites. The glass transition temperatures of the
nanocomposites were found to increase with increasing POSS
content from a Tg¼�22 �C (pure PEU) to a Tg¼�15 �C (PEU/POSS
with 6 wt% POSS) as shown in Fig. 3. This finding is thought to be
due to the relatively rigid POSS (which is chemically inserted into
the PEU macromolecular chain structure) restricting the molecular
chain motion thereby decreasing the free volume. Another plau-
sible explanation of the POSS effect on Tg is ascribed to the POSS
restricting the motion of the crystalline PCL moieties in the POSS-
modified PEU structure and may consequently frustrate its phase
separation thereby significantly enhancing the interaction between
hard and soft segments of the PEU. The free volume decrease and
frustration of phase separation effects are well known factors that
lead to increasing glass transition temperatures of synthetic poly-
mers and blends [32,33].

The thermal stability of the molded PEU/POSS nanocomposites
was tested by TGA. Fig. 4 shows that the thermal decomposition
temperature is 314 �C for the pure PEU, increasing with POSS
content (up to 328 �C for the 6 wt% POSS content). This observation
is consistent with the reported tendency of POSS to increase the
thermal stability of polymers [34,35]. In the present work the
thermal stability enhancement exhibited by the nanocomposites is
believed to be due to the restriction of the thermal motions of the
tethered PEU/POSS macromolecular chain structure, reducing the
organic decomposition pathways accessible to the tether. In addi-
tion, the inorganic POSS component provides additional heat
capacity thereby stabilizing the materials against thermal decom-
position [36,37].
3.4. Mechanical properties

Fig. 5 shows typical stress–strain curves and the dependencies
of the tensile strength, modulus and elongation at break on POSS
content for the PEU/POSS nanocomposites studied. The figure
shows an approximately linear increase of tensile strength with
increasing POSS content of the nanocomposites. The maximum
6 wt% POSS content studied showed about 71% increase in the
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Fig. 3. DSC heating curves of PEU and PEU/POSS nanocomposites.
tensile strength of the pure PEU. A relatively moderate increase in
the modulus and a relatively insignificant effect on elongation at
break of the nanocomposites with increasing POSS content is
clearly evident in Fig. 5. DMA was used to study the temperature
dependencies of the moduli of the PEU and PEU/POSS nano-
composites and the results obtained are shown in Fig. 6. Clearly,
this figure shows that the PEU/POSS nanocomposites have higher
modulus than that of the pure PEU over the temperature range
investigated. The improvement of mechanical properties of the
PEU/POSS nanocomposites is ascribed to the nanoscale reinforce-
ment of the molecular POSS cage in the PEU matrix [38]. Fig. 6b
illustrates the temperature dependencies of tan d for the pure PEU
and PEU/POSS nanocomposites. The temperature corresponding to
the maxima of the tan d peaks (i.e., Tg of the PEU soft segment)
appears to be relatively unaffected by the presence of POSS. But the
intensities of the tan d peaks were significantly increased by the
incorporation of 3 and 6 wt% POSS, suggesting contributions of
additional molecular relaxation processes. The discrepancy
between the Tgs obtained from the DMA and DSC data is due to the
fact that the mechanisms responsible for the glass transition
process observed in DSC are different from the molecular relaxation
processes probed by DMA. Despite this discrepancy, the data at
hand confirm that the POSS is preferentially chemically reacted
with the PEU hard segment as previously reported [21]. Extensive
correlation of the structure dynamics and their molecular origins
with the biological function of the POSS-modified PEU is needed to
allow tuning the materials to specific macromolecular structure
and function. This is a matter for future investigation.

3.5. Degradation of PEU/POSS in buffer solution

The effect of POSS on the degradation behavior of the PEU/POSS
nanocomposites was studied via degradation tests in buffer solu-
tion according to previously reported procedures [17]. No
measurable weight loss was observed for both PEU and PEU/POSS
nanocomposites after an elapsed time of six months, indicating
very slow degradation in the buffer solution and absence of very
small molecular weight species (e.g., unreacted monomers, oligo-
mers) leaching out of the sample in the experimental time period
investigated. After six months the samples showed some evidence
of cracking, therefore, we decided to measure their molecular
weights by gel permeation chromatography after exposure to the
buffer solution for specified time periods and the results obtained
are shown in Fig. 7. This figure shows variation of weight-average
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molecular weight with elapsed time for the nanocomposites after
exposure to the buffer solution. For the pure PEU, the weight-
average molecular weight decreased from 3.5�104 to 1.5�104 g/
mol (i.e., about 57% decrease). Incorporation of the 3 and 6 wt%
POSS into the PEU resulted in molecular weight decrease of 50%
(3 wt% POSS) and 44% (6 wt% POSS), respectively, indicating that
incorporation of POSS into the PEU may be used to increase the
water resistance of the latter like Seifalian and co-workers have
reported for other types of polyurethanes [39]. The ability of POSS
to increase water resistance in PEU/POSS nanocomposite is thought
to be due to the silsesquioxane nanocores shielding the soft
segments of the polyurethane responsible for its compliance and
elasticity [39].

3.6. Cell growth, surface topography of PEU/POSS matrices, and cell-
matrix interaction

The preceding results show that incorporation of POSS into PEU
alters a number of chemical and physical properties of the latter.
Therefore, it is interesting to test how these changes will affect
biocompatibility and cell behavior. We seeded cells on the thin film
matrices formed from PEU, PEU/3 wt% POSS, and PEU/6 wt% POSS.
No apparent toxicity was detected within a 48 h incubation period
in comparison with the cells grown on conventional cell culture
dishes, which was used as a control for comparison. After fixation
and stained with toluidine blue, the cells were easily identified by
their dark purple color (Fig. 8A, photo). Incorporation of POSS into
PEU did not significantly affect cell proliferation and cell viability
since the cell densities were similar in all three films tested. This
was confirmed by the quantitative measurement of toluidine blue
extracted from the stained cells, which correlates with the cell
number (Fig. 8A, graph). The cells could grow to a near confluent
monolayer in a longer incubation period (data not shown). To
analyze the effect of incorporation of POSS into PEU on the initial
cell attachment, we seeded the cells onto PEU and PEU/POSS
(6 wt%) thin films, standard cell culture plate (tissue-culture treated
polystyrene surface) or uncoated coverglass (Glass) for comparison.
The numbers of attached cells were determined after 2 h incuba-
tion. As shown in Fig. 8B, both PEU and PEU/POSS film showed
higher cell adhesion capacity than the surface of cell culture plate
(TCP) with PEU/POSS having slight improvement for cell adhesion
than PEU, while uncoated coverglass (Glass) showed the least
ability to promote cell adhesion. Numerous studies have demon-
strated that PU support cell adhesion and proliferation [12]. It has
been shown for PU that a number of factors, such as the ratio of
hard to total segment concentration and the recrystallization
temperature influence cell adhesion and proliferation [40]. But it is
not clear exactly what chemical groups of the polymers are
responsible for interaction with cells. In the current study, the
reasons for the observed difference in cell adhesion between PEU
and PEU/POSS are presently unknown. Nevertheless, it is clearly
evident from the experimental results already discussed that the
incorporation of POSS into PEU does not compromise the ability of
PEU in promoting cell adhesion and cell proliferation.

To further analyze the detail structure of the cells and their
interaction with the polymer matrices, we examined the samples
under a microscope at high magnification. We double stained the
cells with toluidine blue (TB), which stained whole cell dark purple
under a phase contrast lens, and DAPI, which stains the nuclei with
bright blue color under a fluorescent lens. As shown in Fig. 9, when
cells were grown on the surface of conventional glass cell culture
plates, the cells exhibited flattened morphology (Fig. 9, A, TB) with
crisply defined round nuclei (Fig. 9, a, DAPI). On the other hand, the
polymer thin films formed porous matrices in which cells were



Fig. 8. Cell proliferation and adhesion on PEU and PEU/POSS thin film matrices. KB
cells were grown on the polymer thin firms as indicated. For cell proliferation assay
(A), cells were fixed and stained with 1% toluidine blue (TB) and examined under
a phase contrast microscope (photos) after 48 h culture. To quantitatively measure cell
numbers, TB was extracted from the stained cells. The absorbance, which correlates
with the cell number, was measured at OD 630 nm. The value obtained from cells
grown on PU film (0% POSS) was set as 100%. The values are means of duplicate assays.
For cell adhesion assay (B), cells were fixed and stained with 1% TB after 2 h incubation.
The numbers of attached cells are indirectly measured by the absorbance at 630 nm.
The values are means� SD of triplicate assays.
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PEU and PEU/POSS nanocomposites.
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partly embedded as revealed after TB cell staining (Fig. 9, B, C, D,
TB). The nuclei were detected with different intensities of bright
blue fluorescence and blur images, indicating that they were
located at different planes (Fig. 9, b, c, d, DAPI, indicated by arrows).
Interestingly, the fluorescent microscope also revealed the fine
structure of the polymers by their auto-fluorescence; pure PEU
mainly detected as loosely connected large particles (Fig. 9,b) while
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Fig. 7. Weight-average molecular weight versus exposure time in buffer solution for
the PEU and PEU/POSS nanocomposites as described in the text.
PEU/3 wt% POSS and PEU/6 wt% POSS formed continuous entireties
with ‘‘cavities’’ of different sizes (Fig. 9, c and d, indicated by arrow
heads). The cells, as judged by the position of their nuclei, are
either located on the top of the polymer or in the cavities of the
polymer matrices (Fig. 9, b, c, d). When examined under a fluo-
rescence microscope with filters set for fluorescein isothiocyanate
(FITC), the polymers gave bright green fluorescence that produced
images reflecting the detailed surface topography of polymer
matrices (Fig. 9, b0, c0, d0, Fluo). The fluorescent images clearly
demonstrate that incorporation of POSS into PEU changed the
surface structure of the polymers. The cavities or groves are clearly
revealed in PEU/3 wt% POSS and PEU/6 wt% POSS thin films (Fig. 9,
c0 and d0, indicated by arrow heads). It is noted that PEU/6 wt%
POSS formed a 3-dimensional matrix with nicely patterned pores
and groves (Fig. 9, d0). This is an attractive new feature in the
context of tissue engineering since it is this porous nature that
allows cells to better access the growth factors/nutrients and
communication through secreted signaling molecules among cells
at different locations [41].

Previous studies have shown that polyurethanes are biocom-
patible and do not show cytotoxicity to cells in culture. Therefore,



Fig. 9. Microscopic analysis of cell morphology and surface structure of the PEU and PEU/POSS matrices. KB cells grown on cell culture coverglasses (A, a, a0), PEU film (B, b, b0), PU/
3%POSS (C, c, c0) and PU/6%POSS (D, d, d0). A–D, toluidine blue stained cells (TB, scale bars¼ 10 mm). a–d, DAPI stained nuclei (DAPI, scale bars¼ 10 mm). b0 , c0 , and d0 represent the
intrinsic fluorescence of the polymers detected under a fluorescence microscope with a FITC filter set (scale bars¼ 100 mm). The coverglass (a0) did not emit detectable fluorescence.
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they have been used to develop materials for biomedical devices or
other medical applications [42]. However, there are some concerns
regarding its resistance to degradation in vivo. Thus there is a need
to improve the stability of existing PEU. The data presented in this
study demonstrate that the POSS incorporated into PEU does not
interfere with cell adhesion or cause cytotoxicity. In addition to its
improved chemical and physical properties, an important finding is
that PEU/POSS nanocomposites seem to have architectures that
favor cell–polymer interaction. It is conceivable that the porous
polymer scaffolds may facilitate nutrient/waste exchange and cell
morphogenesis and remodeling, allowing tissue regeneration in
vivo. Therefore, the high porosity of PEU/POSS nanocomposite
represents an excellent property for its potential biomedical
applications.

The surface structure features revealed under a fluorescence
microscope were unexpected. These images give detailed surface
topography that, in fact, resembles the 3-dimensional images of
POSS/poly(carbonate-urea) nanocomposites generated from
a scanning electron microscope as described by Kannan et al. [39].
While the exact structures responsible for fluorescence emission
remains to be determined, its fluorescence nature has been
reported [43]. Therefore, fluorescence microscopy can be a useful
tool to visualize the three-dimensional surfaces of PEU/POSS
nanocomposites, making it possible to understand and interpret
the role of critical interfacial phenomena and surface topography in
interaction between cells and extracellular matrix (ECM) that
supports the cell growth.

4. Conclusions

A new type of a polymer nanocomposite system was prepared by
chemically reacting POSS with dihydroxyl functional group with
biodegradable and biocompatible poly(ester urethane) (PEU) via in
situ homogeneous solution polymerization. The structure, properties
and cell compatibility of the PEU/POSS nanocomposite were inves-
tigated. The results show that the glass transition temperatures and
thermal stability of the nanocomposites increase with increasing
POSS content. Compared with the pure PEU, PEU/POSS nano-
composites have higher modulus and tensile strength. The degra-
dation resistance of the nanocomposites is enhanced by
incorporating POSS into the PEU. Cell culture studies revealed that
incorporation of POSS into PEU did not significantly affect cell
attachment and cell viability while the surface structure of the PEU/
POSS nanocomposite system changed significantly by incorporating
POSS, allowing the formation of highly porous matrix that may
potentially enhance biocompatibility. This work points to an impor-
tant and facile strategy for preparing useful synthetic polymers with
prescribed macromolecular structure and biological function for
possible uses in biomedical and tissue engineering applications
where current commercial polyurethanes may not be useable.
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