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ABSTRACT

Two types of polyurethane/liquid crystal (PU/LC) composite membranes with different LC contents,
namely polyurethane/octyl hydroxypropyl cellulose ester (PU/OPC) and polyurethane/propyl hydrox-
ypropyl cellulose ester (PU/PPC), were prepared and studied. The effects of surface properties on cell
compatibility of the membranes were elucidated. PPC tended to assemble to independent phases in the
composite membranes, while OPC formed uniformly distributed LC domains. As the introduction of LC,
phase separation occurred, and the crystallization of PU was disrupted. The surface of PU/LC composite
membranes showed fingerprint texture and two-phase morphology. Hydrophilicity of the two types of
composite membranes exhibited a reversal tendency with the increase of LC contents. Cells seeded on
the composite membranes presented favorable growth when the content of LC was over 30%, especially
on PU/OPC complex. The surface morphology, phase separation between LC and PU as well as the type of
LC showed significant effects on the cell behaviors.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

The biocompatibility of material is determined by the infor-
mation transfer among the material, interfacial protein, cell and
biological system (De Oca et al., 2010; Fong, Hanley, & Boyd, 2009;
Lutolf, Gilbert, & Blau, 2009), in which, the surface of biomate-
rial plays a key role in controlling cellular behaviors (Ranella,
Barberoglou, Bakogianni, Fotakis, & Stratakis, 2010). Cell behav-
iors can be regulated by the surface roughness and hydrophilicity
of materials, as well as the specific interaction between cells and
material surfaces. Much research has revealed that the interactions
between cells and matrix were meditated by the ‘bio-recognition
processes’ (Kasemo, 2002), such that novel bio-functionalized
surfaces are required to possess biorecognition ability to biolog-
ical systems (Ma, Mao, & Gao, 2007). Some strategies in surface
engineering of biomaterials by biomimetic process have been
developed. Specifically, those combinations of topographic, chem-
ical composition and viscoelastic patterns on surfaces to affect
the cellular responses and produce ‘contact guidance’ (Bruckmann,
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Walboomers, Matsuzaka, & Jansen, 2005; Singhvi, Stephanopoulos,
& Wang, 1994) were highly appreciated. Among all kinds of engi-
neered materials, biomimetic materials have attracted the most
concerns for their abilities of creating an excellent artificial extra-
cellular matrix (ECM) to induce specific physiological response of
cells.

Liquid crystals (LC) have been widely used in dynamically func-
tional materials, including electro-optical displays and sensors
(Hwang et al., 2002), owing to their changeable molecular arrange-
ments in different external environments, such as magnetic field,
electric field and temperature (Ignés-mullol & Schwartz, 2001;
Kaneko, Yamaoka, Osada, & Gong, 2004; Matsusaki, Thi, Kaneko,
& Akashi, 2005). Recently, LC science has been attracted more
interest in a new field - bioscience that mimics the biological
environment and system (Stewart, 2003, 2004). Actually, liquid
crystalline morphology can been found in many biological systems
(Aouada, De Moura, Fernandes, Rubira, & Muniz, 2005; Woltman,
Jay, & Crawford, 2007). For example, cell membranes, proteins,
phospholipids, cholesterols and DNA are also known to exist as
LC phase (Bouligand & Norris, 2001; Caffrey, 2003; Smeller, 2002)
that is an active substrate for cell-matrix interaction. In addition,
liquid crystalline polymers with ordered arrangement, showing
a soft elasticity (Rey, 2005) and self-organized structure through
non-covalent specific interactions with living system, would be
useful in bio-related fields (Bruckmann et al., 2005; Hwang et al.,
2002; Kaneko et al., 2004; Lockwood et al., 2006; Ma et al., 2007;
Singhvi et al., 1994). Nagahama, Ueda, Ouchi, and Ohya (2007) have
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prepared biodegradable liquid crystalline materials with choles-
terol side-functionalized poly(depsipeptide-co-DL-lactide) that
served as physical cross-linking points to form non-covalent net-
work in the polymer matrix. This kind of liquid crystalline material
may be a new candidate of implantable biomaterials for dynamic
organs like heart and blood vessels. Hwang et al. (2002) have also
found cholesteryl-(L-lactic acid) scaffold with consistent spatial
orientation could promote initial cell adhesion and sustained deliv-
ery of vital biological molecules. In our previous work, we have
prepared a series of composite membranes of polymer/cholesteryl
tetraethylene glycol carbonate (CTgC) forimproving the blood com-
patibility of composite materials and found that CTgC phase would
be separated from the polymer substrate and mainly distributed
on the membrane surfaces, which was mimicking the structure of
LC state of vascular intima and therefore showed excellent hemo-
compatibility (Li, Tu, Mou, & Zhou, 2001; Zhou & Yi, 1999). The size
and distribution of LC domains, phase separation between polymer
and LC regions, as well as the LC content could influence the surface
properties of the composite membranes so as to affect the protein
adsorption on the membrane surface and the biocompatibility.
However, the low molecular weight CTgC was likely to escape
from the composite membranes because of its weakly interaction
with the polymer matrix (Xie, 2007). For that, LC compounds of
hydroxypropyl cellulose derivatives with a high molecular weight
have been attempted for polymer/LC composite materials.

In this study, two types of PU/LC composite membranes with
different LC contents by blending hydroxypropyl cellulose deriva-
tive LC with polyurethane (PU) were fabricated via a film forming
technique. The phase separation behavior, surface morphology,
crystallization and wettability of membranes were characterized
by polarized optical microcopy (POM), scanning electron micro-
copy (SEM), X-ray diffraction (XRD) and static contact angle
respectively. Additionally, cell compatibility tests were performed
to investigate the interaction between cells and PU/LC composite
membrane surfaces.

2. Materials and methods
2.1. Materials

PU [My=2.7 x 10°, containing 35wt% hard segment 4,4@-
methylene diphenylene diisocyanate and 65wt% soft segment
polyether], medical grade, was purchased from Yin Tesheng
Co. of Guangzhou, China. All other reagents and solvents
used were analytical grade. Octyl hydroxypropyl cellulose
ester (OPC, My, =9.37 x 10%) and propyl hydroxypropyl cellu-
lose ester (PPC, My =9.31x 10%) with the thermal transition
temperature of Tg(OPC) =16.5°C, TNI(OPC) =132.5°C; Tg(PPC) =34.9°C,
Tnippey =155.6°C were esterified from hydroxypropyl cellulose
(Mw =10W, Sigma, USA) in our lab (Gong, 2011). The chemical
structure of LC compound was shown in Fig. 1.

2.2. Preparation of PU/LC composite membranes

A series of built-up PU/LC composite membranes were prepared
via a solution-casting method. After dissolving the PU and LC into
tetrahydrofuran at room temperature, clear and homogeneous
mixture was obtained with the weight ratio of the PU:LCat 9:1, 7:3
and 5:5, defined as PU/LC-10, PU/LC-30 and PU/LC-50 respectively,
where the LC referred to OPC or PPC. The solution was cast onto
clean glass plate and then the solvent was evaporated for 72h
at room temperature, membranes were further dried in vacuum
at 25°C for 10h to eliminate the residual solvent. The thickness
of the composite membranes and aggregation state of LC in the
composite membranes could be controlled by altering the solvent,

2
C(CH2),CH;
o}
\
[CHCH;
_ RL& _
o
o}
*_| O’/
L (@] dn
H C’O H c':
%] 27 CHCH,
_CHCH, (I)
| ~C(CH.),CH,
,S(CH,CH; cf)i

0)

Fig. 1. Chemical structure of LC compound, n=1 for PPC and n=6 for OPC.

the concentration of solution or the evaporation speed of solvent.
Series of membranes including pure PU, PU/LC-10, PU/LC-30,
PU/LC-50, and pure LC were prepared for characterization.

2.3. Surface texture

2.3.1. Polarized optical microscopy (POM)

POM (Olympus BX51, Germany) was utilized to view the texture
of optical anisotropic PU/LC composites. The microscope used in
this work was equipped with a polarizer at the base and an analyzer
at 90° above the objective lens. The samples were attached to grass
slip between the two polarizers, and images were recorded by using
Linksys 2.43 Software at 25°C.

2.3.2. Scanning electron microscopy (SEM)

Scanning electron microscopy (PHILIPSXL-30ESEM) was used to
observe the surface topography of tested membranes. All speci-
mens were spattered a gold layer in a sputter coater (BAL-TEC,
SCD005), and then surface morphological observation was per-
formed.

2.4. X-ray diffraction (XRD)

The crystallization of the membranes was measured with a
Dmax-1200 diffractometer (Japan) using Cu Ka radiation gener-
ated with 30kV and 20 mA. The solution-casting specimens were
placed vertically (flow direction in the vertical) and perpendicularly
to the incident X-ray beam. The experimental set-up allowed for the
simultaneous acquisition of wide-angle bidimensional scattering
patterns. Five films were stacked in aluminum holders and scanned
at room temperature over the 26 range 5-40° with scanning rate
of 8°/min. Data were recorded at the interval of 0.02°.

2.5. Mechanical properties

The tensile properties of the PU/LC composite membranes
with various LC contents (1cm in width, 10cm in length, and
200 pm in height) were measured on a universal material testing
machine (BT1-FBOO5TN.D14, Zwick, Germany) at a crosshead speed
of 20 mm/min. The initial linear modulus on the stress—strain curve
was defined as the elastic modulus of the membrane. The reported
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values were calculated as averages over five specimens for each
composition.

2.6. The static contact angles

The measurement of the static water contact angle was
performed for evaluation of surface wettability of composite mem-
brane. Drop Shape Analysis System DSA100 (Kriiss, Germany) was
used to measure the static contact angles of the air side of all sam-
ples against water at room temperature. The average value was
calculated based on measurements at 10 different positions in each
sample eliminating the maximum and minimum.

2.7. Cell compatibility study

2.7.1. Fibroblast cell culture

Mouse embryonic fibroblasts 3T3 (provided by Laboratory of
Biomedical Engineering, Jinan University) were used for the cell
experiments. Cells were cultured in L-DMEM medium supple-
mented with 10% fetal bovine serum (FBS, Gibco, BRL) and 1%
penicillin/streptomycin (Gibco, BRL) at 37°C in a 5% CO, supplied
incubator. Culture medium was refreshed every two days.

2.7.2. Cell viability test

All tested membranes were transferred to 24-well plates after
2h UV radiation for each side. Cells were harvested at the con-
fluent of 75% in a 0.025% trypsin/EDTA and seeded at a density
of 107 cells/cm?. The activity of cultured cells was measured with
MTT colorimetric assays (Vihola, Laukkanen, Valtola, Tenhu, &
Hirvonen, 2005). At the designed period of 1, 3, 5 and 7 days,
cells were incubated for a further 4h at 37°C after adding 20 pL
5 mg/mL MTT solution. The MTT was reduced to an insoluble for-
mazan precipitate by mitochondrial succinic dehydrogenase of
viable cells. The solution was removed and 1mL of lysis solu-
tion was added to each well to stop the reaction. After another
4h incubation with complete dissolution of the dark-blue crys-
tal of MTT formazan, 200 p.L of the clear solution was transferred
to a 96-well culture plate, and the absorbance of the content
of each well was measured at a wavelength of 490 nm with a
microplate reader on a spectrophotometer against a blank of lysis
solution.

2.7.3. Initial cell adhesion and morphology observation

Cell initial adhesion and morphology observation was per-
formed by SEM. To co-culture of fibroblasts with sterilized
membranes, the same procedures were performed as that of cell
viability test. At the cultivation periods of 2 h and 3 days, the sam-
ples were rinsed gently with phosphate buffer solution (PBS) for
3x 10 min and fixed with 2.5% glutaraldehyde in PBS for 30 min at
4°C. After dehydration in graded alcohols, samples were mounted
on copper stubs, coated with gold and examined by SEM with an
acceleration voltage of 20 kV.

3. Results and discussion
3.1. Optical texture and surface morphology

Fig. 2 shows the optical texture images of all membranes.
The pure PU film presented smooth surface and dark view under
cross polarization (Fig. 2a). After blending with LC compounds,
well-dispersed birefringence occurred at all PU/LC composite
membranes (Fig. 2b-g), exhibiting bright spots for the formation of
LC domains. The size and number of LC domains increased with the
LC content. The LC domains distributed uniformly over the PU/OPC
composite membranes with dots shape (Fig. 2b-d), while those
among the PU/PPC formed stripe-like veins at a low LC content

of less than 30% (Fig. 2e and f), but aggregated into disk texture
when increasing the LC content to over 30% (Fig. 2g). These results
indicated that after incorporating LC into PU substrate, phase sepa-
ration took place in the composite membranes due to the partially
immiscibility of these two components. As shown in Fig. 1, the
chemical structure of LC consists of cyclic rings and flexible side-
chains. However, PPC possessed shorter soft side-chains so that
exhibited stiffer macromolecular backbone due to the stronger
interaction among main chains. Hence, PPC tended to aggregate
to form independent phases in the composite membranes, which
resulted in the formation of larger LC domains as observed in the
field of POM (Fig. 2e and f). By contrast, OPC presented semi-rigid
chain structure for its longer flexible side-chains; meanwhile those
longer side-chains could entangle with the soft segments of PU
chains, which was in favor of the uniform distribution of LC domains
in composites (Fig. 2b-d).

The surface morphologies of all membranes were observed by
SEM (Fig. 3). The pure PU film considerably exhibited a flat sur-
face without any textures (Fig. 3a), while both pure LC films and
all PU/LC composite membranes displayed coarse and a two-phase
morphology. The interlaced network texture appeared on the sur-
face of these two pure LC films is highly similar to the characteristic
oily streaks of cholesteric liquid crystal (Lin, Huang, & Chen, 2011).
With regard to the PU/LC composite membranes, the LC domains
showed scattered fingerprint texture dispersing on the membrane
surface at a low LC content (Fig. 3b and f), representing a small
number of LC organized to ordered phases. With the increase of
LC content, the ‘fingerprint’ configuration grew bigger and denser
gradually (Fig. 3¢, d, g, h), and connected with each other as well.
These two types of PU/LC composite membranes showed little dif-
ference in the surface morphology.

3.2. XRD analysis of PU/LC composite membranes

XRD patterns of all kinds of membranes were presented in Fig. 4.
For PU films, because of the ordered arrangement of soft segments
(Kovacevic et al., 1990, 1993), the diffraction peaks at 260 of 10°
and 20° were the characteristic peaks of semi-crystallization of PU.
Meanwhile, two broad and flat diffraction peaks also emerged at
nearly the same positions for the two types of pure LC membranes,
which might be attributed to the short range or quasi-long-range
positional order of the LC macro-molecular chains (Bettini, Romani,
Morganti, & Borghetti, 2008). For PU/LC composite membranes,
the corresponding peaks became broader with lower intensities
by increasing the LC content. It suggested that the introduction
of LC into PU substrate might change its initial crystalline behav-
ior. Interestingly, the diffraction peak at the 26 of 20° almost
disappeared for PU/OPC composite membrane with a LC content
of 50%. It was possible that in the complex system of PU and
LC, the hydrogen bonds between hard and soft segments and
among hard ones within PU were partially broken at the pres-
ence of LC compounds, and therefore affected the crystallization
of PU. In contrast, PPC possessed higher potential to aggregate
into isolate phase during the films formation, which had no sig-
nificant influence on the crystalline behavior of PU. So the two
diffraction peaks of PU/PPC composite membranes just broaden
gradually with the decrease of PU content. Nevertheless, the flex-
ible OPC chains might entangle with the soft segments of PU
through their longer soft side-chains, which more interrupted
the crystallization of PU. Especially when the OPC approached to
50%, it assembled dramatically and formed continuous LC phases
throughout the substrate. Such that, the crystalline structure of PU
was destroyed heavily and the diffraction peak at the 26 of 20°
disappeared.
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Fig. 2. POM images of two types of PU/LC composite membranes (500x). (a) Pure PU film; (b-d) PU/OPC composite membranes with OPC content of 10%, 30% and 50%
respectively; (e-g) PU/PPC composite membranes with PPC content of 10%, 30% and 50% respectively.
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Fig. 3. SEM micrographs of PU/LC composite membranes. (a) Pure PU film; (b-e) PU/OPC composite membranes with OPC content of 10%, 30%, 50% and 100% respectively;
(f-i) PU/PPC composite membranes with PPC content of 10%, 30%, 50% and 100% respectively.
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3.3. Elastic modulus

The elastic moduli of various membranes were shown in
Fig. 5a. The initial tensile modulus of pure PU membrane was
13.3+ 0.8 MPa, and decreased with the increase of LC content.
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Fig. 5. Elastic moduli of the various PU/LC composite membranes.
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Fig. 6. Static water contact angles of PU/LC composite membranes with different LC
contents.

Compared to PU/PPC, the PU/OPC composite membrane at the
same LC content presented a lower elastic modulus, which may
be attributed to the longer flexible side-chain of the OPC that led to
the softer LC phase in the composite. Though the introduction of LC
would decreased the modulus of the matrix, the PU/LC composite
still remained a relatively high mechanical property.
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Fig. 7. MTT assays of 3T3 fibroblasts on different surfaces during the observation
periods. (a) PU/OPC composite membranes and (b) PU/PPC composite membranes.
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3.4. Water contact angles of PU/LC composite membranes

Static water contact angles were measured to evaluate the wet-
tability of all membranes (Fig. 6). The tendency of water contact
angles changing with the LC contents was totally different for the
two types of PU/LC composite membranes. With the increase of LC
from 0% to 50%, the water contact angles of PU/OPC decreased from
87° to 76°, while that of PU/PPC displayed inversely from 87° to 98°.
Both of the two LC compounds consisted of stiff backbones and
flexible side-chains, the stiff backbones tended to orderly orientate
while the soft side chains tended to randomly arrange. For PU/PPC
system, the side chains of PPC were shorter and consequently less
entangled with the soft segments of PU. Therefore, in the formation
of PU/PPC membrane, when the stiff backbones began to arrange in
order, the soft side-chains kept moving until the solvent was com-
pletely evaporated, such that the hydrophobic aliphatic side-chains
tended to distribute on the surface of the composite membranes
that made the PU/PPC exhibited gradually hydrophobic with the
enhancement of PPC content. Conversely, for PU/OPC complexes,
the flexible side-chains of OPC were longer and entangled with the
soft segments of PU with a relative higher degree, which resulted
in a greater influence on the arrangement of the stiff backbones.
The OPC backbones with more hydrophilic groups were unable
to preferentially assemble in order during the formation of mem-
branes, but mainly aggregated on the membrane surface so that
the hydrophilicity of composite membranes increased with the
increase of LC content.

These resultsindicated that LC alignment behaviors were closely
related to the alkyl side-chain length, and consequently played a
distinct influential role on surface morphology and properties of
composite membranes.

3.5. Cell compatibility of PU/LC composite membranes

3.5.1. Cell viability test

The viability of 3T3 fibroblast cultured on the two PU/LC com-
posite membranes with various LC ratios was evaluated over
different periods (1, 3, 5 and 7 days) by MTT assay, as shown in
Fig. 7. Although the cells growth was similar for both membranes
after 1 day culture, the proliferation rate of cells got different grad-
ually from each other with the culture time. At the same culture
period, cells presented higher viability on PU/LC composite mem-
brane with the increase of LC content. For the PU/PPC composite,
only at a PPC proportion of over 50%, cells showed comparable
viability as that on controlled pure PU films. Nevertheless, all the
PU/OPC composite membranes showed a better viability than the
pure PU matrix. It seemed that the LC type have an effect on the
cell viability of the PU/LC composite. It was possible that the longer
flexible side chains of OPC weakened the rigidity of the backbone
and made the molecular much softer (Rey, 2005), thus the rich-OPC
domains on the composite surface presented better fluidity that
might be potentially beneficial for cells proliferation (Lockwood
et al.,, 2006).

3.5.2. Cellinitial adhesion and morphology

The cell behaviors, such as cell adhesion, spreading, prolifera-
tion and differentiation on material surfaces are the key factors for
the evaluation of cytocompatibility of a novel biomaterial (Bettini
et al., 2008). The cell initial adhesion after 2 h of incubation was
shown in Fig. 8a—e. Fibroblasts adhered on the surface of pure PU
film (Fig. 8a) by means of thin cytoplasmic digitations, and began
to change their morphology from round to elongated shape. On
the PU/OPC composite membranes (Fig. 8b-e), fibroblasts gradu-
ally presented better attachment with the increase of OPC content.
When the proportion of OPC was less than 50% (Fig. 8b and c),
cells remained oval shape and exhibited rare digitation or filament,

indicating that the cell-surface contact was not enough stable and
the cells were still probing for appropriate adhesion sites (Schulte
etal., 2010). When the OPC content reached over 50% (Fig. 8d and e)
cells displayed favorable attachment and generated filopodia-like
extension. Comparing with PU/OPC composite film, PU/PPC com-
plex presented lower affinity with cells, and the fibroblast initially
adhered on the membranes in a spherical shape (data not shown). It
indicated that the PU/OPC composite membrane was more in favor
of the initial adhesion of cells at the same LC content.

After 3 days of incubation, the morphologies of fibroblasts on
the PU/OPC composite membranes were shown in Fig. 8f-j. At a
LC ratio of less than 30%, fibroblasts were individually spread and
some of them still maintained oval morphology on membranes
(Fig. 8g and h), which was similar to those on the controlled pure
PU film (Fig. 8f). However, cells were in high density, largely con-
fluent, formed a cellular unity and exhibited a flat morphology on
membranes with a LC content of more than 50% (Fig. 8i and j). It
suggested that a higher cells density was obtained on the mem-
brane with a larger proportion of LC, which was consistent with the
result of the MTT test. Superior spread and proliferation of cells was
observed on PU/OPC complex in comparison to PU/PPC composite
membrane at the same content of LC (data not shown).

Previous researches have demonstrated that biomembrane is
predominantly lipid bilayer showing liquid crystal phase with the
essential features of fluidity and diffusion (Zeng & Li, 2011). It
was reported that liquid crystalline polymers could be compat-
ible with cells in living systems (Nagahama et al., 2007) for the
self-organizing structures of liquid crystals by noncovalent specific
interactions. In this study, LC domains, embedding into PU matrix,
endowed the membrane surface with the feature of fluidity, which
might be similar to the hyperelastic extracellular matrix (Zeng & Li,
2011). This kind of elastic fluids in liquid crystal state made them
potentially favorable for cells growth and proliferation. In the PU/LC
composite, rich-OPC domains would be more elastic in compari-
son to rich-PPC regions due to the longer flexible branches of OPC
molecules, and consequently facilitated cell adhesion (Ryser, 1967;
Singh, Kasinath, & Lewis, 1992; Woltman et al., 2007).

When LC was at low concentration, the LC formed discrete
small size island-like droplets dispersing throughout the compos-
ite membrane surfaces. With the increment of LC content, more
rich-LC domains were generated and gradually coalesce with each
other (as shown in Fig. 3), such that the fluidity of composite
membrane surface increased. Therefore, the improved molecu-
lar mobility, which was similar to the movable morphology of
the nature biomembrane surface, made these membranes exhibit
favorable cytocompatability (Hwang et al., 2002). Compared with
PU/PPC membrane, PU/OPC membrane showed a better cell com-
patibility maybe attributed to its lower crystallinity and higher
hydrophilicity (Padial-Molina et al., 2011). These results indicated
that the concentration and type of LC could have an influence on
the surface morphology and cytocompatibility of membrane.

4. Summary

Two types of PU/LC composite membranes were studied in this
paper. All PU/LC composite membranes showed the similar coarse
surfaces and two-phase morphology. The introduction of LC into
PU matrix disrupted the crystallization of PU. Due to the differ-
ent length of flexible side-chains, PPC tended to aggregate to form
independent phase which resulted in the formation of larger LC
domains, while the OPC organized uniform distribution among
the composite. The significant different arrangement of OPC and
PPC in the complex led to the reversal tendency of water con-
tact angle of the composite membranes with the increase of LC
content. The cultivation of 3T3 fibroblast on the PU/LC composite
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membranes showed different cells adhesion, spread and prolifera-
tion with different contents and types of LC. Cells presented poor
attachment and proliferation with a LC content of lower than 30%,
and exhibited good growth and filopodia-like extension when LC
content was over 30%. The PU/OPC composite membranes pre-
sented better cytocompatibility than the PU/PPC complex at the
same LC ratio. The results demonstrated that the surface properties
of PU/LC composite membrane, including size, distribution, texture
and arrangement of LC domains, the phase separation as well as the
wettability had significant effects on the cell behaviors. The PU/LC
composite membrane with excellent cytocompatibility may be a
potential candidate for cells growth.
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