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ABSTRACT: This study was designed to determine
whether the surface modifications of the various poly(3-
hydroxybutyrate-co-4-hydroxybutyrate) [P(3HB-co-4HB)]
copolymer scaffolds fabricated would enhance mouse
fibroblast cells (L929) attachment and proliferation. The
P(3HB-co-4HB) copolymer with a wide range of 4HB
monomer composition (16–91 mol %) was synthesized by
a local isolate Cupriavidus sp. USMAA1020 by employing
the modified two-stage cultivation and by varying the con-
centrations of 4HB precursors, namely c-butyrolactone and
1,4-butanediol. Five different processing techniques were
used in fabricating the P(3HB-co-4HB) copolymer scaffolds
such as solvent casting, salt-leaching, enzyme degradation,
combining salt-leaching with enzyme degradation, and
electrospinning. The increase in 4HB composition lowered

melting temperatures (Tm) but increased elongation to
break. P(3HB-co-91 mol % 4HB) exhibited a melting point
of 46�C and elongation to break of 380%. The atomic force
analysis showed an increase in the average surface rough-
ness as the 4HB monomer composition increased. The
mouse fibroblasts (L929) cell attachment was found to
increase with high 4HB monomer composition in copoly-
mer scaffolds. These results illustrate the importance of a
detailed characterization of surface architecture of scaf-
folds to provoke specific cellular responses. VC 2011 Wiley
Periodicals, Inc. J Appl Polym Sci 124: 2777–2788, 2012
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INTRODUCTION

Scaffolds used in tissue engineering applications
should ideally mimic the structural and functional
profile of the materials found in the native extracel-
lular matrix. The architecture of the scaffolds plays a
crucial role on its efficiency and should be chosen or
tailored in accordance to the requirements in the re-
spective anatomical locations.1 To date, different fab-
rication techniques had resulted in scaffolds with
distinctive architecture. Various types of polymers,
both synthetic and natural have been used to fabri-
cate scaffolds for selected medical applications and
they have shown good biocompatibility. Over the
past decade, research on scaffolds made from biode-
gradable polymers has resulted in significant find-
ings addressing its physical and mechanical proper-
ties, architecture, and efficacy of cell–biomaterial
interactions.2 These polymers can be tailored accord-
ing to its specificity for various tissue engineering
applications.3 Nevertheless, no single existing poly-

meric scaffold can suffice for all the medical
applications.
Polyhydroxyalkanoate (PHA), a well known class

of biodegradable polymer has gained much attention
as a promising biomaterial. Poly(3-hydroxybutyrate-
co-4-hydroxybutyrate) [P(3HB-co-4HB)] copolymer,
in particular, exhibits good biocompatibility, resorb-
ability, and elastomeric properties.4 Hydrolysis of
P(3HB-co-4HB) yields 4-hydroxybutyrate (4HB),
which is a natural human metabolite present in the
brain, heart, lung, liver, kidney, and muscle.5 P(3HB-
co-4HB) is easily processable, sterilizable, and capa-
ble of controlled stability or degradation in response
to biological conditions.6 It is one of the most sought
after PHA-based biomaterial for medical applica-
tions.7 A wide variety of P(3HB-co-4HB) copolymer
with interesting physical properties which favors
specific medical applications can be achieved by
varying the 4HB content.8,9 By fusing suitable pro-
cessing techniques with P(3HB-co-4HB) copolymer of
desired characteristics, scaffolds with good physical
property and surface architecture can be fabricated.
In this study, efforts were taken to achieve the

above. By using a locally isolated Cupriavidus sp.
USMAA1020, P(3HB-co-4HB) copolymer with pre-
cisely regulated 4HB molar fraction were produced
using a modified two-stage cultivation technique.
These copolymers were then used to fabricate
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scaffolds by employing different techniques to attain
scaffolds with various characteristics and surface
morphology. The biocompatibility of P(3HB-co-4HB)
copolymer scaffolds were evaluated by L929 cell
interaction and proliferation parallel to their archi-
tectural parameters. The results obtained showed
that P(3HB-co-4HB) copolymer with high fractions of
4HB could be produced using the modified cultiva-
tion method. The fabrication technique detailed
herein allows for development of scaffolds with
porous architecture which has high potentials of
being developed as medical implants. In addition,
the scaffold fabrication techniques adopted in this
study are versatile and has general applicability to
other polymers.

EXPERIMENTAL

Biosynthesis of P(3HB-co-4HB) copolymer using
modified two-stage cultivation

Biosynthesis of P(3HB-co-4HB) was carried out using
two-stage cultivation technique as described by
Amirul et al. with some modification.10 In this modi-
fied two-stage cultivation, a total of 8 L of culture
medium was used in a 10-L (B.Braun-Biostat D, Ger-
many) fermenter. Initially, 4 L of nutrient rich (NR)
medium was inoculated with Cupriavidus sp.
USMAA1020 seed culture (10% v/v) and grown in
the fermenter for 8–10 h (1.0 g/L). Later, 4 L of min-
eral medium (MM) was added into the fermenter,
making the total working volume 8 L. Carbon
source, trace elements (1.0 mL), and 0.1M
MgSO4.7H2O (10 mL) were added at this time. The
culture was later agitated at 350 rpm for 48 h at
room temperature. Type and concentrations of car-
bon source used were varied to obtain copolymers
with desired 4HB content. Sampling was done at
intervals of every 12 h. On the other hand, copoly-
mer with 91 mol % 4HB was produced by degrading
P(3HB-co-70%4HB) [obtained from the Institute of
Pharmaceutical and Nutraceutical Malaysia] with
depolymerase enzyme from Acidovorax sp. (DP5).

Solvent cast scaffolds

PHA was extracted by stirring freeze-dried cells in
chloroform (1 : 200 w/v) for 24 h at room tempera-
ture. The concentrated solution was then precipi-
tated with chilled methanol and recovered by filtra-
tion using a 0.45 lm polytetrafluoroethylene (PTFE)
membrane before leaving to air dry in a fume cup-
board under room temperature. Solvent cast PHA
films were obtained by dissolving 0.75 g of extracted
polymer in 20 mL of chloroform and transferred into
a glass Petri dish (diameter of 90 mm) which served
as a casting surface. The petri dish was left over-

night for evaporation of chloroform under room
temperature. Complete evaporation resulted in the
formation of PHA films which were used as solvent
cast scaffolds. The films were aged for 1 week prior
to analysis to reach equilibrium crystallinity.

Particle-leached scaffolds

Particle-leached scaffolds were prepared as described
previously.11 Extracted PHA was dissolved in chloro-
form 3.75% (w/v). Then pre-sieved NaCl particles
(100–200 lm) were added into the polymer solution.
Salt to polymer ratio was maintained at 95 : 5. The
vortexed dispersion was cast into a glass Petri dish.
After air drying in a fume cupboard for 48 h at room
temperature, the resulting polymer/salt composite
was immersed in distilled water to leach out the salt
which then resulted in sponge-like scaffolds. The scaf-
folds were then air dried for 24 h and later vacuum
dried for another 48 h in a fume cupboard at room
temperature to remove remaining solvent.

Enzyme eroded scaffolds

Enzyme eroded scaffolds were prepared as
described previously.12 Solution cast PHA film was
first cut into pieces of 10 mm � 10 mm in size.
These pieces of films were then immersed in 40 mL
glycine-NaOH buffer solution containing 0.05 unit of
depolymerase enzyme from Acidovorax sp. (DP5) in
a 250-mL conical flask. The reaction mixture was
incubated at 37�C in an incubator shaker at 180 rpm.
After 10–12 h (above this time, the polymer gradu-
ally disappears) of incubation, the films were
removed and rinsed with water and dried to con-
stant weight.

Particle-leached and enzyme eroded scaffolds

The particle leached scaffolds were prepared as
described above. Subsequently, the pieces of scaf-
folds (10 mm � 10 mm in size) were eroded using
depolymerase enzyme as described above but only
incubated for a period of 2 h.

Electrospun scaffolds

Electrospinning of PHA was performed using
Esprayer ES-2000 (Fuence, Co. Ltd., Japan) instru-
ment as described by Ying et al. but with some mod-
ification.13 Polymer solution of 3% w/v was pre-
pared by dissolving 0.3 g of PHA in 10 mL mixed
solvent of dimethylformamide (DMF) and chloro-
form (v/v) prepared at a ratio of 1 : 4. The polymer
solution was placed in a 1 mL glass syringe which
was set vertically. The solution was extruded at a
constant rate of 40 lL/min. A positive voltage of
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20 kV was applied. Electrospinning was carried out
at room temperature with a chamber humidity of
32–35%. The electrospun fibers were collected on a
circular collecting area which was created using a
nonconductive plastic layered with a sheet of alumi-
num foil and placed on the copper plate.

Gas chromatography analysis

To determine the monomer composition and intra-
cellular PHA content, gas chromatography (GC)
analysis was carried out. Approximately 10–15 mg
of the freeze-dried cells or extracted polymer were
subjected to methanolysis in the presence of metha-
nol and sulfuric acid [85% : 15% (v/v)] at 100�C for
3 h to convert monomer units to their corresponding
methyl esters. The resulting methyl esters were ana-
lyzed by GC (GC 2014, Shimadzu, Japan).14

Gas permeation chromatography analysis

The molecular weight of PHA was analyzed using a
Waters 600E gas permeation chromatography (GPC)
system and Waters 410 refractive index detector
with a PLgel Mixed C column (Polymer Laborato-
ries, Ltd., UK). Chloroform was used as the eluent at
a flow rate of 0.8 mL/min. The sample concentra-
tions and injection volumes were 0.1% (w/v) and 20
lL, respectively. Polystyrene standards with a low
polydispersity were used to construct a calibration
curve.10,15,16

Thermal properties

Thermal characterization was carried out using a
differential scanning calorimeter (DSC) [Pyris 1 DSC,
Perkin–Elmer]. PHA samples (8–10 mg) were encap-
sulated in aluminum pans and heated at a rate of
10 �C/min from �50 to 200�C (first heating run).
After the first heating run, the sample was cooled to
�50�C at a rate of 20 �C/min. Then, the sample was
heated again at a rate of 10 �C/min to 200�C (second
heating run). The melting temperature (Tm) was
determined from the DSC endotherms. The glass
transition temperature (Tg) was taken as the mid-
point of the heating capacity change.10,16

Tensile property

Tensile test was carried out using tensile testing
machine (GoTech A1-3000, Taiwan) at a cross-head
speed of 10 mm/min under room temperature. The
films were aged for 1 week prior to analysis to reach
equilibrium crystallinity. Tensile test pieces were cut
into dumbbell shapes using steel ASTM regulation
punches (4 mm width, 75 mm gauge length) from
solvent cast PHA films. The thickness of each test

piece was measured before testing. Tensile data
were calculated from the stress–strain curves of an
average of three specimens.

Atomic force microscopy

The surface roughness of the solvent cast scaffolds
were analyzed using atomic force microscopy (AFM)
[S110, Japan]. The resonance frequency was set at
300 kHz. Meanwhile, the sampling areas were stand-
ardized at 5 lm � 5 lm. Five different spots per
film were analyzed.17,18

Water uptake ability

The PHA films and scaffolds were dried in an oven
until there were no changes in weight loss. The
specimens were then immersed in distilled water
containing 0.05% (w/v) sodium azide at 37�C for a
period of 8 weeks. The dry weight before immersion
(mo) and wet weight (mf) after immersion were
recorded. Water uptake was calculated using the for-
mula below19:

Water uptake ¼ mf �mo

� �
=mo � 100%

Pore size and porosity calculation

Porosity of the scaffolds was calculated using Image
Analyzer Software. Values of 100 different spots
were analyzed and averaged.20

Scanning electron microscopy

The surface morphology of PHA films and scaffolds
were also observed using Scanning electron micro-
scopy (SEM) (Leo Supra 50 VP Field Mission SEM,
Carl-Ziess SMT, Germany). Samples were mounted
on aluminum stumps coated with gold in a sputter-
ing device before viewing under the SEM.

In vitro cytotoxicity evaluation

The L929 cell line was cultured in MEM (Modified
Eagle Medium) supplemented with 2 mM L-gluta-
mine, 10% fetal calf serum, and 1% penicillin-strep-
tomycin solution. Culture was grown in polystyrene
flasks and incubated in a 5% CO2 incubator at 37�C.
Culture medium was changed at 2 days intervals.
P(3HB) and P(3HB-co-4HB) scaffolds as well as the

positive control poly(L-lactic acid) (PLLA) film (6
mm in diameter) were then seeded with L929 cells
(1.0 � 104 cells/mL) for 96 h. The scaffolds and
PLLA film were previously sterilized under UV
crosslinker (Spectrolinker, XL-1000 UV Crosslinker,
New York) at 1200 lJ/cm2 for 30 min.
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The cell viability and proliferation was assayed with
MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy-
phenyl)-2-(4-sulfophenyl)-2H-tetrazolium] and PMS
[phenazine methosulfate] (CellTiter 96V

R

Aqueous Non-
Radioactive Cell Proliferation Assay, Promega) as
described previously (Chee et al., 2008; Vigneswari
et al., 2009). Briefly, a total of 20 lL of the combined
MTS/PMS solution was pipetted into each well con-
taining the cells seeded onto the scaffolds and was
incubated for another 1–4 h in the 5% CO2 incubator at
37�C incubator. The absorbance of formazon produced
was measured using a Microplate Reader (Bio-Rad 680,
UK) at 490 nm. A standard curve of absorbency values
plotted against cell count was established as previously
described.16,21 Viable number of cells on polymer scaf-
folds was then determined from this standard curve
based on their MTS absorbency. Experiments were car-
ried out in replicates of four.21

RESULTS

Biosynthesis and characterization of
P(3HB-co-4HB) copolymer

Cupriavidus sp. USMAA1020 was able to produce
P(3HB-co-4HB) copolymer with different 4HB mono-

mer composition when precursor carbon and its con-
centration was varied (Table I). P(3HB-co-16 mol %
4HB) and P(3HB-co-29 mol % 4HB) were produced
by single feeding of c-butyrolactone, whereas, copol-
ymer with 63 mol % 4HB was obtained by sequen-
tial feeding. On the other hand, copolymer with a
high 4HB molar fraction of 45 mol % was produced
by feeding a combination of 1,4-butanediol and c-
butyrolactone. Nevertheless, for the production of
P(3HB), oleic acid was fed as sole carbon source.
The molecular weights, thermal, and mechanical

properties of the various P(3HB-co-4HB) copolymers are
listed in Table II. The Mn of copolymers decreased from
216 6 10 to 68 6 4 kDa with increasing 4HB molar frac-
tion (16–91 mol %). Meanwhile, polydispersity ranged
from 1.5 6 0.3 to 2.1 6 0.2. On the other hand, the Tm
was also found to decrease with higher 4HB monomer
fraction. P(3HB) exhibited a high Tm of (167 6 1)�C,
whereas, the value decreased to as low as (46 6 3)�C
when 91 mol % of 4HB was present. A drastic decrease
in Tm value of about 90�C was observed between
copolymers containing 63 mol % and 91 mol % of 4HB.
The tensile strength and elongation to break of P(3HB-
co-4HB) copolymers ranged from 5 6 1 to 9 6 2 MPa
and 806 11 to 3806 53%, respectively.

TABLE I
Synthesis of P(3HB-co-4HB) Copolymer by Cupriavidus sp. USMAA1020 Using Modified

Two-Stage Cultivation Processa

Carbon content (wt %)
Dry cell
weight
(g/L)

PHA
content
(wt %)

PHA composition
(mol %)

PHA
concentration

(g/L)b1,4-Butanediol c-Butyrolactone 3HB 4HB

– – 10.34 6 0.16 33.9 6 1.3 100 0 3.50 6 0.22
– 0.56 7.82 6 0.11 32.3 6 1.6 85 16 2.52 6 0.25
– 0.85 8.55 6 0.06 23.4 6 1.1 71 29 2.00 6 0.21

0.75 0.20 7.40 6 0.05 16.4 6 1.4 55 45 1.57 6 0.08
– 0.56c 9.51 6 0.06 12.3 6 0.9 37 63 1.17 6 0.09

a The cells were harvested after 48 h of incubation in a 10-L bioreactor at 350 rpm, 1 vvm at 28�C with an initial pH of 7.0.
b PHA concentration ¼ PHA content � dry cell weight.
c c-butyrolactone of 0.28 (carbon wt %) was sequentially fed at intervals of 12 h (12 h-0.28 þ 24 h-0.28).
Cells were cultured in nutrient richmedium containing 0.56% carbon (wt%) oleic acid in the first stage of production (growth phase).

TABLE II
The Molecular Weights, Thermal, and Mechanical Properties of P(3HB-co-4HB)

Copolymer Synthesized Using Modified Two-Stage

Polymer Mn
a � 103 (Da) Mw/Mn

a

Glass
transition

temperatureb

(�C) (Tg)

Melting
temperatureb

(�C) (Tm)

Tensile
strength
(MPa)c

Elongation
to break (%)c

P(3HB) 250 6 7 1.3 6 0.40 1 6 0 167 6 1 4 6 2 6 6 1
P(3HB-co-16%4HB) 216 6 10 1.5 6 0.30 �11 6 1 164 6 2 7 6 1 234 6 14
P(3HB-co-29%4HB) 152 6 11 1.7 6 0.30 �12 6 1 161 6 2 5 6 3 80 6 11
P(3HB-co-45%4HB) 130 6 8 2.1 6 0.20 �15 6 1 160 6 1 5 6 1 190 6 17
P(3HB-co-63%4HB) 114 6 9 1.9 6 0.10 �11 6 0 137 6 2 6 6 1 220 6 10
P(3HB-co-91%4HB) 68 6 4 1.8 6 0.20 �22 6 2 46 6 3 9 6 2 380 6 53

a Calculated from GPC analysis; Mn: number-average molecular weight; Mw/Mn : polydispersity index.
b Calculated from DSC analysis.
c Determined using GoTech A1-3000 Tensile Machine.
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Surface morphology of different types of P(3HB
co-4HB) scaffolds

The P(3HB-co-4HB) scaffolds were observed under
SEM to determine their surface morphology. The
surface morphology of scaffolds varied according to
different processing techniques. In general, solvent
cast scaffolds with higher 4HB monomer composi-
tion exhibited a rougher surface (Fig. 1). A more po-
rous surface was observed with salt-leached and
enzyme degraded scaffolds. Salt-leached scaffolds
exhibited macroporous cavity formed by the leached
NaCl particles within the polymer matrix (Fig. 2).
Meanwhile, enzyme degraded scaffolds had a rough
appearance and possessed numerous pits of varying
size (Fig. 3). The surface of scaffolds fabricated using

both salt-leaching and enzyme degradation tech-
nique possessed deep cavities and large pores
(Fig. 4). On the other hand, electrospun P(3HB-co-4HB)
copolymer scaffolds displayed a surface with layers of
overlapping nanofibers (Fig. 5). It was observed that
the fibers were more evenly distributed in copolymers
with higher 4HB monomer composition.

Surface topography and roughness of
P(3HB-co-4HB) cast films

AFM was used to analyze surface roughness of
P(3HB-co-4HB) copolymer cast films. The AFM
images showed that P(3HB-co-91%4HB) film had a
rougher surface containing more uniform and larger

Figure 1 SEM micrographs of various P(3HB-co-4HB) solvent cast scaffolds. (A) P(3HB); (B) P(3HB-co-16%4HB); (C)
P(3HB-co-29%4HB); (D) P(3HB-co-45%4HB); (E) P(3HB-co-63%4HB); (F) P(3HB-co-91%4HB); and (G) PLLA.
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protuberances as compared to the other films. On the
other hand, P(3HB-co-45%4HB) and P(3HB-co-
63%4HB) films could also be decorated with a rela-
tively high porosity. Pores could be observed in each
5 � 5 lm2 area examined. In contrast, P(3HB),
P(3HB-co-16%4HB), and P(3HB-co-29%4HB) films had
a smoother surface, containing only a few smaller
protuberances (Fig. 6). The average surface roughness
among solvent cast scaffolds revealed an increase
with higher 4HB monomer composition (Table III).

Pore size analysis

Based on the results obtained (Table IV), porosity of
salt-leached scaffolds was found to increase (112.8 6

5.8 to 218.0 6 6.7 lm) with increasing 4HB monomer
composition. Meanwhile, scaffolds prepared from
the combination of salt-leaching and enzyme degra-
dation technique exhibited smaller pore sizes in the
range of 30.1 6 2.1 to 59.1 6 3.8 lm except for the
scaffold with 91 mol % 4HB which recorded average
pore sizes of 209.8 6 9.7 lm. The pore size of salt
leached scaffold with 91 mol % 4HB was the largest
at 209.8 lm. Electrospun scaffolds of P(3HB-co-4HB)
copolymers exhibited much smaller pore sizes in the
range of 1.4 6 0.2 to 2.3 6 0.3 lm, which were
almost similar to the pore sizes of P(3HB) electro-
spun scaffold. This could be due to the multiple
overlays of nanofibers which restricts the pore size.
On the other hand, the enzyme degraded scaffolds

Figure 2 SEM micrographs of various P(3HB-co-4HB) copolymer scaffolds fabricated by salt-leaching technique. (A)
P(3HB); (B) P(3HB-co-16%4HB); (C) P(3HB-co-29%4HB); (D) P(3HB-co-45%4HB); (E) P(3HB-co-63%4HB); and (F) P(3HB-co-
91%4HB).
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exhibited smallest pore sizes ranging from 0.34 6
0.03 to 0.60 6 0.07 lm.

Water uptake ability

The water uptake ability of the various P(3HB-co-
4HB) copolymer scaffolds is shown in Figure 7. It is
observed that the percentage of water uptake of all
copolymer scaffolds except electrospun scaffold
increased in tandem with increasing 4HB monomer
composition. Scaffolds prepared using P(3HB)
showed values of less than 0.6%. Salt-leached scaf-
folds and scaffold prepared by the combined tech-
nique of salt-leaching and enzyme degradation
exhibited higher water uptake ability compared to
the others. Electrospun P(3HB-co-4HB) scaffolds

were found to possess the least ability to retain
water with values of less than 0.2%. Scaffold pre-
pared from combination of salt-leaching and enzyme
degradation using P(3HB-co-91%4HB) recorded the
highest water uptake ability of 0.96% (w/w) after
being saturated in aqueous solution.

Biocompatibility of P(3HB-co-4HB) scaffolds

Figure 8 shows the comparison of L929 cell growth
on various P(3HB) and P(3HB-co-4HB) scaffolds.
PLLA scaffold was used as a control and it exhibited
cell viability of 2.9 � 105 cells/mL, the lowest num-
ber observed in this experiment. Based on the
results, cell viability increased when scaffolds with
higher 4HB monomer composition were used.

Figure 3 SEM micrographs of various P(3HB-co-4HB) copolymer scaffolds fabricated by enzyme degradation technique.
(A) P(3HB); (B) P(3HB-co-16%4HB); (C) P(3HB-co-29%4HB); (D) P(3HB-co-45%4HB); (E) P(3HB-co-63%4HB); and (F)
P(3HB-co-91%4HB).
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Scaffolds made using P(3HB-co-91%4HB) copolymer
showed the highest cell viability which were approx-
imately threefold (8.9 � 105 cells/mL) more than
that of made using P(3HB). Generally, higher cell vi-
ability was recorded with the scaffold prepared by
the combination of salt-leaching and enzyme degra-
dation technique. The P(3HB-co-91%4HB) scaffold
fabricated by this technique showed sevenfolds
higher absorbance as compared to solvent cast film.
On the other hand, similar type of scaffolds with 29,
45, and 63 mol % of 4HB showed significantly high
cell viability as compared to other types of scaffold
in their respective group. Proliferation of L929 cells
on all P(3HB-co-4HB) scaffolds confirms that this co-

polymer does not exhibit cytotoxicity towards the
cell.

DISCUSSION

Results obtained in previous studies have shown
that one-stage cultivation does not seem to favor
production of P(3HB-co-4HB) with high 4HB mono-
mer composition as compared to two-stage cultiva-
tion when Cupriavidus sp. strains were used.10,22

Amirul et al. observed 4HB accumulation of up to
51 mol % when two-stage cultivation was carried
out in shake flask cultures using Cupriavidus sp.
USMAA1020.10 In this study, by employing a

Figure 4 SEM micrographs of various P(3HB-co-4HB) copolymer scaffolds fabricated by combining salt-leaching and
enzyme degradation technique. (A) P(3HB); (B) P(3HB-co-16%4HB); (C) P(3HB-co-29%4HB); (D) P(3HB-co-45%4HB); (E)
P(3HB-co-63%4HB); and (F) P(3HB-co-91%4HB).
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modified two-stage cultivation method, P(3HB-co-
4HB) copolymer with higher 4HB monomer compo-
sition (63 6 2 mol %) was produced in fermenter
scale experiment using the same strain. Addition of
MM into NR containing Cupriavidus sp. USMAA1020
cells at their mid-exponential growth phase was
found to promote increased cell biomass and copoly-
mer accumulation (Table I). Feeding of a mixture of
two carbon precursors (c-butyrolactone and 1,4-buta-
nediol) might have accelerated 4HB synthesis. Previ-
ously, similar finding reported a 4HB molar fraction
of 84 mol % using similar combination of carbon
sources via two-stage cultivation in shake flask
cultures.23

Sequential feeding strategy is also known to result
in improved production of copolymer and higher ac-

cumulation of secondary monomer.24 By employing
this modified two-stage cultivation for P(3HB-co-
4HB) biosynthesis, the regular time consuming pro-
cess of enrichment followed by aseptic transfer of
bacterial cells into nitrogen-free MM containing car-
bon source could be resolved. A separation between
the growth and production phase in the modified
two-stage cultivation makes it possible to synthesize
P(3HB-co-4HB) copolymer with tailored 4HB molar
fractions. This form of separation cultivation strategy
is convenient especially when employing two sub-
strates for the synthesis of a copolymer.25

The Mn of a polymer is important in determining
its strength as well as ability to be shaped and
molded.26 The Mn values of P(3HB-co-4HB) copoly-
mers produced in this study falls in the range of 68–

Figure 5 SEM micrographs of various P(3HB-co-4HB) copolymer scaffolds fabricated by electrospinning technique. (A) P(3HB);
(B) P(3HB-co-16%4HB); (C) P(3HB-co-29%4HB); (D) P(3HB-co-45%4HB); (E) P(3HB-co-63%4HB); and (F) P(3HB-co-91%4HB).
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250 � 103 Da (Table II). The Mn was found to
decrease with increase in 4HB monomer composition.
Similar observation was also reported in previous
studies.10,27,28 It was found that, the type and concen-
tration of carbon sources supplied29 and pH30 of the
culture medium are among the factors that influence
the molecular weight of the PHA produced by a
wide variety of bacteria.8,31 Besides, different combi-
nation of carbon source and feeding strategy had also
been reported to affect polymer Mn.

32–35 The feeding
strategy adapted in this study which involves combi-
nation of carbon sources and sequential feeding at
different intervals of cultivation might have influ-
enced the Mn of the copolymer produced. Polydisper-
sity index of P(3HB-co-4HB) produced in this study
ranged from 1.3 to 2.1 (Table II). According to Riande
et al., a polydispersity index close to 1 which is simi-
lar to that of polysterene is favored.36 High polydis-
persity index means molecular weight distribution is
relatively broad in the polymer.

Surface topography of the solvent cast copolymer
scaffolds analyzed using AFM (Fig. 2) revealed that
copolymer scaffolds with higher 4HB monomer com-
position had a rougher surface. P(3HB-co-91% 4HB)
scaffold exhibited large protuberances. Notably, sur-
face roughness greatly influences the interactions
between cells and materials.37

The distribution of the uniformity and intercon-
nection of the pores is fundamental in the fabrication
of scaffolds as these features facilitate the penetra-
tion of fluids via the material and promote the for-
mation of tissue in an organized network.38 Cells
that adhere to the surface of the scaffold absorb
nutrients and remove metabolite through these
pores.39 This study demonstrated that salt-leached
scaffold have higher porosity which increases with
4HB monomer composition (Table III). The P(3HB-
co-4HB) copolymer was fused to form a continuous
matrix with entrapped salt particles, and as the salt
particles were leached, a macroporous surface was

Figure 6 AFM images of surface topography of tested films. The surface roughness is represented by two-dimensional
image (right) and three-dimensional image (left). (A) P(3HB); (B) P(3HB-co-16%4HB); (C) P(3HB-co-29%4HB) displays
porous structure; (D) P(3HB-co-45%4HB); (E) P(3HB-co-63%4HB); and (F) P(3HB-co-91%4HB) displays dense porosity. Scan
size 5.00 lm, scan rate 1 Hz. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.
com.]

TABLE III
Surface Roughness of Various P(3HB-co-4HB)a

Polymers Rq (nm) Ra (nm)

P(3HB) 1.35 6 0.13 1.20 6 0.33
P(3HB-co-16%4HB) 2.35 6 0.21 1.66 6 0.28
P(3HB-co-29%4HB) 4.93 6 0.23 4.16 6 0.11
P(3HB-co-45%4HB) 6.62 6 0.11 5.34 6 0.13
P(3HB-co-63%4HB) 9.08 6 0.24 8.97 6 0.21
P(3HB-co-91%4HB) 15.34 6 0.45 14.32 6 0.17

a Calculated from AFM based on the standard formula
integrated in the software.
Rq: root mean square roughness; Ra: average roughness.
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produced. The use of salt particles of a controlled
size is important in producing pores larger than 40
lm.40 Degradation of PHA by extracellular depoly-
merase enzyme have been well studied.35,41 Abe
et al. reported that enzymatic degradation acceler-
ates the rate of degradation and further increased
the porosity of P(3HB) films.41 The enzyme de-
graded copolymer scaffolds produced in this study
showed the occurrence of very small pores of less
than 1 lm. This method of fabrication was found to
be not suitable in generating a porous P(3HB-co-
4HB) scaffold.

Therefore, in this study, the porous salt-leached
scaffolds are degraded with depolymerase enzyme
to further enhance its porosity (Fig. 6). However, the
enzymatic degradation of salt leached films did not
further increase its pore size (Table III). In this case,
salt-leached scaffolds that exhibited cavity formed
by leaching of salts collapsed when degraded with
enzyme. This resulted in a rougher and uneven
surface.

Figure 7 shows P(3HB-co-4HB) copolymer scaf-
folds fabricated via electrospinning. Although this
technique can produce highly porous scaffolds with
interconnected pores suitable for tissue regeneration,
this method involves the use of toxic solvents such
as hexafluoroisopropanol (HFIP) and DMF which
can reduce the proliferation of cells.42 This explains
the lower proliferation on electrospun scaffolds as

compared to scaffolds fabricated by employing the
combination of salt-leach and enzyme degradation.
On the other hand, the water uptake of these scaf-
folds changed regularly with their compositions and
surface morphology (Fig. 1). The absorption of water
leads to faster degradation and the pores provides
the space necessary for tissue invasion.1,43

Proliferation of cells on the PHA scaffolds
increased in the order of P(3HB) < P(3HB-co-16%
4HB) < P(3HB-co-25% 4HB) < P(3HB-co-45% 4HB) <
P(3HB-co-63% 4HB) < P(3HB-co-91% 4HB). This was
further corroborated by the surface topography ana-
lyzed from AFM (Fig. 2). AFM revealed that P(3HB-
co-91% 4HB) had a rougher surface with larger
nano-sized protuberances. Notably, surface rough-
ness greatly influences the interactions between cells
and materials.17,37 The surface topography and
chemical constituent of a scaffold will determine
whether biological molecules will be absorbed,
thereby influencing the spreading, proliferating, and
cellular differentiating.44 Simply fabricating a highly
porous scaffold and seeding it with the specific
types of cells does not qualify a scaffold as the
desired tissue-engineering material.1 The tissue scaf-
fold must be designed to satisfy several

Figure 8 Proliferation of mouse fibroblasts (L929) cells
cultured on various scaffolds of P(3HB), P(3HB-co-
16%4HB), P(3HB-co-29%4HB), P(3HB-co-45%4HB), P(3HB-
co-63%4HB), and P(3HB-co-91%4HB) after incubation for 4
days. Values are mean of four replicates. Mean data
accompanied by different alphabets indicates significant
difference within the group (Tukey’s HSD test, P < 0.05).

Figure 7 Water uptake ability of various P(3HB-co-4HB)
scaffolds. Values are mean of three replicates.

TABLE IV
Pore Size of Various P(3HB-co-4HB) Scaffoldsa

Polymer
Salt-leached
scaffolds (lm)

Salt-leached
and enzyme degraded

scaffolds (lm)
Electrospun

scaffolds (lm)
Solvent
cast (lm)

Enzyme degraded
scaffolds (lm)

P(3HB) 88.7 6 4.7 78.6 6 3.9 1.1 6 0.1 N.D N.D
P(3HB-co-16%4HB) 112.8 6 5.8 33.0 6 1.3 1.4 6 0.2 N.D 0.34 6 0.03
P(3HB-co-29%4HB) 176.2 6 9.4 48.8 6 3.0 2.1 6 0.1 N.D N.D
P(3HB-co-45%4HB) 185.7 6 8.8 59.1 6 3.8 1.6 6 0.2 N.D 0.60 6 0.07
P(3HB-co-63%4HB) 198.2 6 9.4 30.1 6 2.1 1.7 6 0.1 N.D 0.45 6 0.06
P(3HB-co-91%4HB) 218.0 6 6.7 209.8 6 9.7 2.3 6 0.3 N.D N.D

N.D, not determined as these scaffolds does not produce significant porous structure as observed in SEM micrographs.
a The pore size of scaffold was estimated from SEM images using Image Analyser Software and it is a mean value of

100 readings.
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requirements to mimic the properties of living sys-
tems.2 However, no single technique can encompass
all scales, in control of both architecture and surface
chemistry.1 This work has demonstrated that cells
proliferate according to the surface morphology of
the PHA polymer scaffolds.

CONCLUSIONS

The fabrication technique detailed herein allows the
development of a wide range of architectural scaf-
folds parallel to the cell interaction. The findings of
this study have generated some interesting subject
matters which perhaps can be investigated in future
works. The P(3HB-co-4HB) scaffolds produced in
this study could be investigated as medical patches
for controlled drug release or tissue regeneration in
vivo. Composites of P(3HB-co-4HB) produced and
other biomaterial can perhaps be developed and
investigated for improved surface architecture.
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wari. Authors thank Assoc. Prof. Dr. Sudesh Kumar from
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