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Bio-composite scaffolds were prepared by freeze-drying using poly(3-hydroxubutyrate-co-4-
hydroxubutyrate) (P(3HB-co-4HB)) and bacterial cellulose (BC) as raw materials and trifluoroacetic acid
(TFA) as co-solvent. The characteristics of the composite scaffold were investigated by field emission scan-
ning electron microscopy (FESEM), Fourier transform infrared spectra (FT-IR), X-ray diffraction (XRD),
water contact angle measurement and tensile testing. Preliminary biodegradation test was performed for
P(3HB-c0-4HB) and P(3HB-co-4HB)/BC composite scaffold in buffer solution and enzyme solution. The

Keywords: biocompatibility of the composite scaffold was preliminarily evaluated by cell adhesion studies using
Poly(3-hydroxubutyrate-co-4- . . : :
hydroxubutyrate) Chinese Hamster Lung (CHL) fibroblast cells. The cells incubated with composite scaffold for 48 h were

capable of forming cell adhesion and proliferation, which showed better biocompatibility than pure
P(3HB-co-4HB) scaffold. Thus, the prepared P(3HB-co-4HB)/BC composite scaffold was bioactive and
may be suitable for cell adhesion/attachment suggesting that these scaffolds can be used for wound
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dressing or tissue-engineering scaffolds.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Natural poly(3-hydroxybutyrate) (PHB) is a saturated aliphatic
polyester synthesized and accumulated by a variety of bacte-
ria as a reserve energy source (Gloria, Reyes, & So, 1997; Zahra
et al., 2009). PHB has many remarkable characteristics such as
biodegradability, biocompatibility, optical activity and blood clot-
ting (Savenkova et al., 2000; Zhao, Deng, Chen, & Chen, 2003).
It is a truly biodegradable material suitable for two promising
applications: one is as a viable candidate for relieving environ-
mental concerns caused by disposal of non-degradable plastic;
the other is to provide a new-type biomedical materials. PHB has
also been evaluated for a variety of medical applications, which
include controlled release systems (Colin & Saghir, 1996), surgi-
cal sutures (Baspist & Ziegler, 1982), wound dressing (Hu, Jou, &
Yang, 2003), orthopedic uses (Wang, Wu, & Chen, 2004) and as
a pericardial substitute. In recent years, PHB has been studied as
biopolymer porous substrates in tissue engineering applications
(Boeree, Dove, Cooper, Knowles, & Hastings, 1993; Doyle, Tanner,
& Bonfield, 1991), especially for tissue engineering scaffold with
high mechanical properties (Korakot, Neeracha, Prasit, & Pitt, 2007;
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Liudmila, Jonas, Maria, Mikael, & Lev, 2008; Zhou et al., 2010). The
PHB biopolymer provides a means to target a wide range of tissues
with potential product applications for the cardiovascular system,
cornea, pancreas, gastrointestinal system, kidney and genitouri-
nary system, musculoskeletal system, nervous system, teeth and
oral cavity, skin and so forth (Ji, Li, & Chen, 2008; Qu, Wu, Liang,
Zou, & Chen, 2006; Thomson et al., 1996). However, its utilization
has been limited due to its inherent physical and chemical prop-
erties such as brittleness and hydrophobicity (Koning & Lemstra,
1993). In order to improve these properties, various methods,
especially blending with another kind of polymer, has been investi-
gated. PHB has been reported to be miscible with a few chemically
synthesized polymers, such as poly(ethylene oxide) (Chee, Ismail,
Kummerléwe, & Kammer, 2002), poly(vinylidene fluoride) (Akira,
2006) and highly saponified poly(vinyl alcohol) (Tetsuya, Naoko,
& Yoshio, 1999; Yuki et al., 2007). Biosynthesis of co-polyester
containing 3-hydroxyalkanoates (3HA) units, such as poly(3-
hydroxubutyrate-co-3-hydroxyvalerate) (Andrij, Nadine, Cathrin,
& Adler, 2006) has also been extensively studied. Preliminary stud-
ies which used PHB chain segments obtained by the degradation
of natural-origin PHB for the synthesis of PHB-containing block
copolymers have been reported (Gamal & Hartmut, 2004; Li et al.,
2006). Yalpani, Marchessault, Moin, & Monaseterios (1991) have
demonstrated the use of degraded natural-origin PHB for the syn-
thesis of PHB-polysaccharide conjugates.

Bacterial cellulose (BC) is another kind of natural polymer pro-
duced by strains of the bacterium Acetobacter xylinum, which is a
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Gram-negative, rod shaped and strictly aerobic bacterium. It has
very high purity and contains no lignin, hemicelluloses, pectin,
and waxes as plant cellulose does. BC differs from plant cel-
lulose with respect to its high crystallinity, ultra-fine network
structure, high hydrophilicity, high mechanical properties and bio-
compatibility (Eichhorn et al., 2001; Klemm, Schumann, Udhardt,
& Marsch, 2001). BC has long been used in a variety of appli-
cations such as diaphragms in speakers and headphones (Iguchi,
Yamanaka, & Budhiono, 2000), paper making (Hioki et al., 1995),
separation membranes (Takai, 1994), and electro-conductive car-
bon film (Yoshino et al., 1991). Owing to its biocompatibility, BC
has also recently attracted a great deal of attention for biomed-
ical applications. For instance, BC has been successfully used as
artificial skin for burn or wound healing material (Alvarez, Patel,
Booker, & Markowitz, 2004; Czaja, Krystynowicz, Bielecki, & Brown,
2006; Legeza et al., 2004), artificial blood vessels for microsurgery
(Klemm et al., 2001). The potential of BC scaffold for in vitro
and in vivo tissue regeneration also continues to be explored
and shows great promise (Backdahl et al., 2006; Helenius et al.,
2006).

For tissue engineering, fundamental knowledge of cell-
substrate interactions is very important. Topographical cues,
independent of biochemistry, generated by an extracellular matrix
(ECM) may have significant effects on cellular behavior (Flemming,
Murphy, Abrams, Goodman, & Nealey, 1999; Wojciak-Stothard,
Curtis, Monaghan, Macdonald, & Wilkision, 1996). In general, the
tissue development is controlled in three matrix size scales. The
gross shape and size of tissue is decided by the macroscopic shape
(cm to mm scale) of matrix; cell invasion and growth is controlled
by the size and structure of the matrix pore (pwm). The adhesion
and gene expression of cells are adjusted by the surface chemistry
of the matrices (nm scale).

In our previous work (Cai, Yang, & Kim, 2011), we use wet
pellicle BC to prepare PHB/BC nanocomposite. In this study,
we use poly(3-hydroxubutyrate-co-4-hydroxubutyrate) (P(3HB-
co-4HB)) as raw material. We are interested in the preparation
and characterization of P(3HB-co-4HB)/BC bio-composite porous
scaffold by freeze-drying method using trifluoroacetic acid (TFA)
as co-solvent. Bio-composite scaffold were characterized by field
emission scanning electron microscopy (FESEM), Fourier trans-
form infrared spectra (FT-IR) and X-ray diffraction (XRD). The
mechanical properties, biodegradability and biocompatibility of
the P(3HB-co-4HB)/BC bio-composite scaffold were also evaluated.

2. Materials and methods
2.1. Materials

The poly(3-hydroxubutyrate-co-4-hydroxubutyrate), a white
powder sample was kindly provided by Tianjin GuoYun Biomaterial
Co.Ltd. (Tianjin, China), Mn =3.7 x 10° (obtained by G.P.C. in chloro-
format 30 °C). Chloroform and other chemicals of the highest purity
available were used and were purchased from Sigma-Aldrich. Tri-
fluoroacetic acid (>99%) was purchased from Daejung Chemical &
Metals Co. Ltd.

2.2. Preparation of bacterial cellulose pellicles

The bacterium, Gluconacetobacter xylinum JC-6, was cultured on
Hestrin and Schramm (HS) medium, which was composed of 2%
(w/v) glucose, 0.5% (w/v) yeast extract, 0.5% (w/v) bacto-peptone,
0.27% (w/v) disodium phosphate, and 0.115% (w/v) citric acid. All
the cells were pre-cultured in a test tube. After a small cellulose
pellicle formation on the surface of the medium, it was removed
and inoculated into a 500 mL Erlenmeyer flask containing 100 mL

of the HS medium. The flasks were incubated statically at 30°C
for 14 days. The cellulose pellicles were dipped into 0.25M NaOH
for 48 h at room temperature in order to eliminate the cells and
components of the culture liquid. The pH was then lowered to 7.0
by repeated washing with distilled water. The purified cellulose
pellicles were freeze-dried

2.3. Preparation of PHB/BC composite porous scaffolds

Dried bacterial cellulose pellicles were cut into small pieces.
Then bacterial cellulose was mixed with P(3HB-co-4HB) powder
at weight ratio 50:50 and dissolved in trifluoroacetic acid at room
condition to make a 2wt% solution. The transparent P(3HB-co-
4HB)/bacterial cellulose blend solution was kept in sealed glass
bottle. P(3HB-co-4HB)/BC composite porous scaffold was prepared
by drying the solution using freeze-dryer (IP3 Jouan, France) at
—40°C for 6 days to remove the TFA completely.

2.4. Porosity measurements

The porosity of scaffold was estimated using Archimedes’ prin-
ciple based on fluid displacement measurement techniques (Lee
et al., 2003). Briefly, the initial and final volume of water in a
graduated cylinder before and after scaffold (disc-shaped: 10 mm
diameter, 5 mm thickness) immersion was recorded. After 1 h, scaf-
folds were removed from the cylinders and the volume of the
remaining water was also recorded. The degree of porosity was
then determined by calculating the volume of free space within
the material with respect to the total volume of the scaffold (n=5).
Since scaffold porosity was measured in an aqueous solution, it was
important to correct for the effect of polymer swelling on porosity.
Thus, the degree of swelling for pure bacterial cellulose and PHB
scaffolds (equivalent volume to porous scaffolds) following 1h of
immersion in water at room temperature were determined.

2.5. Characterization

For characterization, the samples of P(3HB-co-4HB), BC and
P(3HB-co-4HB)/BC composite scaffold were prepared by freeze-
drying under the same conditions. For field emission scanning
electron microscopy observations, samples of P(3HB-co-4HB), BC
and P(3HB-co-4HB)/BC composite scaffold were sputter coated
with gold. The morphology of surface and cross-section was
observed with a Hitachi S-4300 scanning electron microscopy at
an accelerating voltage of 15 kV. Fourier transform infrared spectra
were obtained using a Perkin-Elmer System 2000 FT-IR spectropho-
tometer. X-ray diffraction patterns were recorded on an X-ray
diffractometer (D/MAX-2500, Rigaku), by using Cu K( radiation at
40KkV and 30 mA. The diffraction angle ranged from 5° to 40°. Ten-
sile test specimens were prepared by cutting the membranes to
10 mm wide and 65 mm long strips using a precision cutter. Young’s
modulus of samples were found from the tensile test results con-
ducted according to ASTM D-882-97 as a standard test method for
tensile elastic properties of thin plastic sheeting. Tensile test was
done on auniversal testing machine in ambient condition. Two ends
of the specimens were placed between the upper and lower jaws of
the instrument, leaving a length of 50 mm of the film in between the
two jaws. Extension speed of the instrument was 2 mm/min. Water
contact angle measurement was performed at 25 °C in the range of
0.5-20 min by pendant drop method, employing a contact-angle
measurement apparatus (type DSA-10, made in KURSS Company,
Germany). For each sample, the mean of five separate points was
obtained based on the same contact time.
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2.6. Evaluation of biodegradability

The biodegradation studies of the P(3HB-co-4HB) and P(3HB-
co-4HB)/BC composite scaffold were conducted at 37 °C in buffer
solutions (pH 7.0) and in 0.1 M phosphate buffer(PBS, Oxoid pH:
7.2-7.4) containing lysozyme (Sigma, 0.2% solution in PBS). The
dried scaffolds were cut into squares and incubated in the reac-
tion solution with shaking, and at various time points the samples
were removed, washed in distilled water and allowed to dry in air
to constant weight. For each test, three samples were used and the
degradation rate (§%) was determined by the ratio of the weight
loss to the initial weight of samples as shown below.

Wo — W;
Wo
where S is the degradation rate, Wi and Wy are the weight of sam-

ples after dried and the initial weight respectively.

S = x 100% (1)

2.7. Evaluation of cell biocompatibility

2.7.1. Preparation of samples

The P(3HB-co-4HB) and P(3HB-co-4HB)/BC composite cylinder
scaffolds (20 mm diameter x 4 mm height) were prepared and ster-
ilized by gamma irradiation. Chinese Hamster Lung cells (CHL) were
used in the study and were cultured in Dulbecco’s Modified Eagles
Medium (DEME/F-12), supplemented with gentamicin (50 j.g/mL),
10% fetal calf serum (FCS) and 5.6% sodium bicarbonate adjusted to
pH 7.0-7.4.

2.7.2. Cell culture

The prepared samples were placed in the bottom of each well of
a 24-well tissue-culture plate. Single-cell suspensions were added
to the samples at a density of 1.5 x 10% cells/mL. And the samples
were incubated in 1 mL medium for 48 h at 37 °C/5% CO,.

2.7.3. Determination of cell adhesion and growth

For the measurement of cell adhesion, cells were washed twice
with PBS to remove non-adherent cells and the attached cells were
fixed with 2.5% glutaraldehyde buffer solution (pH 7.4) at 4°C for
12 h. Furthermore, the samples were rinsed in distilled water and
dehydrated by immersing them in increasing concentrations of
ethanol (10%, 30%, 50%, 60%, 70%, 80%, 90%, 95% and 100%) for about
20 min at each concentration. For each experimental value, three
independent experiments were conducted. The cells’ morphology
on samples surface was observed by FESEM, and the cells number,
at eight random fields, were counted visually.

3. Results and discussion
3.1. FESEM observation

As seen from Fig. 1a, porous structure can be observed on the
surface of pure P(3HB-co-4HB) scaffold prepared by freeze-drying
method. The mean diameter of these porous is about 50 pm. From
the cross sectional image (Fig. 1b), we also can see porous structure
with about 50 wm in diameter. The porosity of the pure P(3HB-
co-4HB) scaffold is about 92%, which indicates that the scaffold
has good pores interconnection. However, none of nano-scaled
microspores with diameter less than 1 wm can be detected. For BC,
it has quite different structure from that of P(3HB-co-4HB) due to
different synthesis procedure. During cultivation, the bacteria syn-
thesize fine sub-elementary cellulose fibrils, which are extruded
from terminal enzyme complexes into the culture medium. Nascent
cellulose extending from terminal enzyme complexes is initially
amorphous and is gradually crystallized to cellulose 1. The sub-
elementary fibrils are approximately 2-4 nm in diameter and are

assembled into microfibrils. These microfibrils are then bundled
to form ribbon-shaped fibrils of approximately 4 (thickness) x 80
(width) nm. Fig. 1c and d present typical FESEM images of freeze-
dried BC. As seen from Fig. 1c, BC ribbon-shaped fibrils can be
observed on the surface. The mean diameter of these fibrils is about
100 nm. From cross sectional images (Fig. 1d) we can see that these
fibrils assemble together forming porous structure with high aspect
ratio. Evidently, a well-organized three-dimensional (3D) network
structure is observed. The porosity of the pure BC scaffold is about
85%.

For P(3HB-co-4HB)/BC composite scaffold, it is very interesting
to see that the scaffold had multi-pore size distribution. Medium
pores with about 20 wm in diameter are uniformly dispersed on
the surface (Fig. 1e), which has been observed in the porous
polylactic (PLA) system made by freeze-drying (Chen, Ushida,
& Tateishi, 2000). More interestingly we find micro-pores with
about 500 nm in diameter inside (Fig. 1f) the wall. The medium
pores are attributed to the existence of P(3HB-co-4HB), while
the micro-pores structure is formed by nanofibrils assembling
together during the regeneration process. In the results, a P(3HB-
co-4HB)/BC composite scaffold with three-dimensional network
structure composing of multi-distribution of pore size is con-
structed. The porosity of the P(3HB-co-4HB)/BC composite scaffold
is about 91%, which is very close to that of pure P(3HB-co-4HB)
scaffold. This multi-distribution of pore size structure with high
porosity may favor transferring nutrient fluid and waste effectively
so as to benefit cell growth in the scaffold.

3.2. FI-IR spectroscopy

FT-IR spectra obtained from pure P(3HB-co-4HB), BC and P(3HB-
co-4HB)/BC composite scaffold are shown in Fig. 2. For pure
P(3HB-co-4HB) (Fig. 2a), the peak at 3433 cm~! refers to hydroxyl
end groups. Peaks at 2973 cm~1, 2889cm~! and 2741 cm™! refer
to C-H stretching vibration. A sharp and steep band observed at
1726cm! is assigned to C=0 stretching vibration. The peak at
1283 cm! refers to C-0 stretching vibrations. For pure BC (Fig. 2b),
abroad band at 3300 cm~! is attributed to O-H stretching vibration.
Band at 2820cm~! represents the aliphatic C-H stretching vibra-
tion. Absorbance peak at wave number 1730cm™! is attributed to
hydrogen-bonded carbonyl stretching vibration. Absorbance peak
at wave number 1427 cm~! is assigned to CH, symmetric bend-
ing vibration. A sharp and steep band observed at 1080cm™! is
due to the presence of C-O-C stretching vibrations. The peak at
684 cm~! is assigned to OH out-of-phase bending vibrations. Spec-
tra obtained for P(3HB-co-4HB)/BC composite scaffold (Fig. 2c)
display basically the bands observed for the two individual com-
ponents.

3.3. XRD analysis

Yokouchi, Chatani, Tadokoro, Teranishi, & Tani (1973) had
reported that PHB crystallizes in an orthorhombic lattice structure
(P212121:a=0.576 nm,b =1.320 nm and c=0.596 nm (fiber axis), o-
form) with their chains in the left 2/1 helix. For P(3HB-co-4HB)
(Fig. 3a), the characteristic XRD diffractogram is same to PHB only
the scattering intensity decreases, which means the crystallinity
and regularity become less due to the copolymerization. Two strong
scattering intensity peaks are detected at 26 value of 13° and 17°
assigned to be (020) and (110) of the orthorhombic unit cell,
respectively. Regarding the crystalline structure of cellulose fibers,
it is known to be classified into four crystallization types, viz. cel-
lulose I, II, IIl and IV, and their crystalline structure are able to
be transformed form one type to another (Jung, Benerito, Berni, &
Mitcham, 1977). For bacterial cellulose, two main scattering inten-
sity peaks can be identified at 26 value of 14.2° and 22.4° as shown in
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Fig. 1. FESEM images of P(3HB-co-4HB) (a: surface morphology; b: cross-section morphology), BC (c: surface morphology; d: cross-section morphology) and P(3HB-co-

4HB)/BC nanocomposite scaffolds (e: surface morphology; f: cross-section morphology).

Fig. 3¢, which are assigned to the (1 10)and (2 0 0) reflexions planes
of cellulose I (Tokoh, Takabe, Fujita, & Saiki, 1998). For P(3HB-co-
4HB)/BC composite scaffold (Fig. 3b), diffraction patterns show the
P(3HB-c0-4HB) characteristic peaks with a decrease intensity and
cellulose II characteristic peaks due to the regeneration of BC. Orig-
inally, X-ray diffraction peaks of cellulose II appear at 12.1°, 19.8°
and 22° assigned to (110),(110), and (200).

3.4. Tensile test

To investigate the mechanical characteristics of PHB/BC com-
posite scaffold, the tensile tests were performed according to
ASTM D-882-97 standard test method. Table 1 shows mechanical
properties of P(3HB-co-4HB), BC and P(3HB-co-4HB)/BC composite
scaffold calculated from the stress-strain curves. For P(3HB-co-
4HB), it shows roughness properties. Yielding point can be observed
in the stress-strain curve. For BC, it shows brittle properties.
No yielding point can be observed and the elongation at break
is very small. For P(3HB-co-4HB)/BC composite scaffold, we can
see a yielding point although it is very close to the breaking
point. The tensile strength is about 24 MPa, 114 MPa and 46 MPa

for P(3HB-co-4HB), BC and P(3HB-co-4HB)/BC composite scaffold,
respectively. And the elongation at break is about 23.5%, 6.5% and
13.5% for P(3HB-co-4HB), BC and P(3HB-co-4HB)/BC composite
scaffold, respectively. The Young’s modulus found from the slope
of the curve is 0.18 GPa for P(3HB-co-4HB), 2.6 GPa for pure BC and
0.88 GPa for P(3HB-co-4HB)/BC composite scaffold. The P(3HB-co-
4HB)/BC composite scaffold displays 90% of improvement in tensile
strength, 40% of decrease in elongation at break, and 3800% of
increase in Young's modulus compared with pure P(3HB-co-4HB).
This behavior can be due to the combination of PHB with bacterial
cellulose microfibrils with good interfacial adhesion and the forma-
tion of strong interactions between P(3HB-co-4HB) and BC chains.

Table 1
Mechanical properties of P(3HB-co-4HB), BC and P(3HB-co-4HB)/BC composite
scaffold.

Tensile Elongation at Young's

strength (MPa) break (%) modulus (GPa)
P(3HB-co-4HB) 24.63 + 3.6 23.56 + 4.4 0.184 + 0.054
BC 114.45 + 10.6 6.56 +£ 1.3 2.64 £ 041
P(3HB-co-4HB)/BC 46 + 4.5 13.56 + 3.2 0.88 £ 0.24
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Fig. 2. FT-IR spectra of P(3HB-co-4HB) (a), BC (b) and P(3HB-co-4HB)/BC composite
scaffold (c).

At the same time, inherently high modulus and strength of BC allow
the mechanical properties of P(3HB-co-4HB)/BC composite scaffold
to improve.

3.5. Hydrophilicity

The surface energy of the solid can be estimated by contact angle
measurement together with a theory of intermolecular forces. In
this experiment, the drop contour analysis was used for determin-
ing the surface tension and the water contact angle. The water
contact angle and surface tension of the P(3HB-co-4HB), P(3HB-co-
4HB)/BC composite scaffold and BC are shown in Fig. 4. For pure BC,
the water contact angle value is very small and close to 0°, which
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Fig. 3. XRD patterns of P(3HB-co-4HB) (a), P(3HB-co-4HB)/BC composite (b), and
BC (c).
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Fig. 4. Water contact angle and surface tension of P(3HB-co-4HB), BC and P(3HB-
c0-4HB)/BC composite scaffold.

means BC has very high hydrophilicity. However, for pure P(3HB-
co-4HB), the water contact angle value is 72.2°. While by blending
BC with P(3HB-co-4HB), the water contact angle value reduces to
33.6°. The surface tension value of pure P(3HB-co-4HB) is about
20.5 mN/m2. With the BC introduction the surface tension value of
composite scaffold is up to 59.2 mN/m2. These results indicate that
the hydrophilic property of P(3HB-co-4HB)/BC composite scaffold
is much better than pure P(3HB-co-4HB). Such a result is proba-
bly accounted for by the high hydrophilicity of BC and the specific
interaction involving the carbonyl group of P(3HB-co-4HB) and the
-OH in BC.It can be expected that the P(3HB-co-4HB)/BC composite
scaffold with high hydrophilicity is more suitable for cell adhesion
and proliferation than pure P(3HB-co-4HB).

3.6. Biodegradation tests

It has been reported that PHB can be degraded by many
enzymes, for example, depolymerase from Alcaligenes faecalis T1
(Tanio et al., 1982), Pseudomonas lemoignei (Scandola et al., 1997)
etc. In vivo, enzymes such as lysozyme may also accelerate the
degradation rate of PHB. In this study, degradation rate of P(3HB-
co-4HB) and P(3HB-co-4HB)/BC composite scaffold was tested by
measuring the weight loss as they were degraded by buffer solu-
tion and PBS/lysozyme buffer solution at 37 °C and the results were
plotted in Fig. 5. Pure P(3HB-co-4HB) is degraded with a rela-
tively low biodegradation rate in the scale of the experiment. After
degradation for 30 days, the weight loss ratio is less than 7% of
original weight, which is much faster than that of buffer solution
without enzyme. Blending with BC, the degradation rate of P(3HB-
co-4HB)/BC composite scaffold was improved. After degradation
for 30 days, the weight loss ratio is about 12% of original weight. This
acceleration of the biodegradation is supposed to arise from the
lowered crystallinity of P(3HB-co-4HB). Another possible reason is
the hydrophilicity of the BC, which makes the enzyme easier to
attack. Therefore, the acceleration of the biodegradation is caused
by a combined effect of lower crystallinity and better hydrophilicity
as well.

The variation of pH in buffer solution was accurately measured
using pH meter. The initial pH value of buffer solution is 7.0. With
degradation time increasing, the pH value of buffer solution tends
to decrease. For example, after 20 days’ degradation the pH value
is 6.4 and after 30 days’ degradation the pH value is 6.1. This result
might be due to the production of hydroxybutyric acid during the
degradation process.

The surface morphology of P(3HB-co-4HB) and P(3HB-co-
4HB)/BC composite scaffold degradation in buffer solution and
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Fig. 5. The degradation rates and surface morphology of P(3HB-co-4HB) (a and b) and P(3HB-co-4HB)/BC (c and d) composite scaffold in buffer solution (a and ¢) and enzyme

solution (b and d).

enzyme solution are shown in Fig. 5. Buffer solutions produce more
diffuse surface degradation, whereas degradation in enzyme solu-
tions appears to be more aggressive, with specific sites of attack
occurring that produce deep points of surface erosion. The enzy-
matic biodegradation proceeds from amorphous regions on the
surface and erosion develops gradually to the inside. After degrada-
tion for 30 days, pore size becomes much bigger and much corrosive
behavior can be seen for enzymatic biodegradation since some of
the porous network structure collapse.

3.7. Cell compatibility

Cell cytotoxicity testing is one of important factor that affected
the use of polymers in tissue engineering. In this study, Chinese
Hamster Lung fibroblast was used to evaluate cell compatibility
for pure P(3HB-co-4HB), BC and P(3HB-co-4HB)/BC scaffold via cell

cultivation in vitro. As shown in Table 2, live cells adhered on the
surface of P(3HB-co-4HB)/BC scaffold are much more compared
with pure P(3HB-co-4HB) scaffold. In generally, cells do not grow
on a solid polymer surface. In fact, cells grow on a layer of protein
that interacts with cellular receptors. Blending with BC, P(3HB-co-
4HB)/BC composite scaffold becomes more hydrophilic and easy to
adsorption proteins.

Table 2
The number of live cells adhered on the surface of materials after incubation for 24 h
at37°C.

Materials Number of live cells (108 /m?)?
P(3HB-co-4HB) 14.65 + 1.46
P(3HB-co-4HB)/BC 21.44 + 2.11

2 The number of live cells adhered on the surface of materials was calculated by
geometrical average.
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Fig. 6. CHL fibroblast cells attachments of pure P(3HB-co-4HB) (A) and P(3HB-co-4HB)/BC composite scaffold (B) of 48 h seeding the cells.

Fig. 6 shows the morphology of CHL cultured pure P(3HB-co-
4HB) and P(3HB-co-4HB)/BC composite scaffold at 37 °C for 48 h.
In the case of pure P(3HB-co-4HB), most of the cells are still
round-shaped which indicate that the mono-pore P(3HB-co-4HB)
scaffold has poor cell adhesion (Fig. 6A). However, in the case of
P(3HB-c0-4HB)/BC composite scaffold, cells cultured on the scaf-
fold adhere and completely spread on the surface (Fig. 6B). They
have many pseudopodia and form a layer on the surface. These
results indicate that the cells stretch their morphology and are
proliferating. At the same time, live cell adhesion on the sur-
face of multi-pore size scaffold is much more than that of on
mono-pore size pure P(3HB-co-4HB) scaffold. Cells cultured on
the matrix stretch their morphology maintain their phenotype
and the cellular interaction between the cells and the polymer is
inseparable. This preliminary experiment suggests that P(3HB-co-
4HB)/BC composite scaffold with multi-pore size distribution has
better biocompatibility compared with pure P(3HB-co-4HB) scaf-
fold with mono-pore size in terms of fibroblast cell culture. The
reason might be due to the appearance of nano scale pores in the
multi-pore size scaffold which can adjust the surface chemistry to
improve the adhesion of cells. Moreover, the multi-pore size scaf-
fold can offer the diffusion of molecules important to cell survival
if the porosity if truly interconnected. It would have potentials to
be used as tissue regeneration scaffold in vitro. Further investi-
gation such as cellular proliferation and differentiation assays are
underway.

4. Conclusions

In this paper, a novel bio-composite scaffold consisting of
P(3HB-c0-4HB) and BC, both of which are biocompatible, has been
successfully prepared by freeze-drying using TFA as co-solvent.
FESEM images show that P(3HB-co-4HB)/BC composite scaffold
has three-dimensional network structure composing of multi-
distribution pore size. FT-IR and XRD test results confirm the
existence of P(3HB-co-4HB) and BC in the composite scaffold.
In addition, an great increase in hydrophilicity and mechanical
properties is observed for P(3HB-co-4HB)/BC composite scaf-
fold compared with pure P(3HB-co-4HB) scaffold. Preliminary
biodegradation test shows that biodegradation rate of P(3HB-co-
4HB) can be improved by blending BC. Cell compatibility studies
were carried out using CHL fibroblast cells. The cells incubated
with P(3HB-co-4HB)/BC composite scaffold for 48 h are capable
of forming cell adhesion and proliferation. It shows much bet-
ter biocompatibility compared with pure P(3HB-co-4HB). So, the
prepared P(3HB-co-4HB)/BC composite scaffold is bioactive and
may be suitable for cell adhesion/attachment suggesting that these
scaffolds can be used for wound dressing or tissue-engineering
applications.
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