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Polyhydroxyalkanoates (PHAs) are a family of biopolymers with good biodegradability. Poly(3-
hydroxybutyrate) [P(3HB)], poly(3-hydroxybutyrate-co-25 mol % 4-hydroxybutyrate) [P(3HB-
co-25 mol % 4HB)] and poly(3-hydroxybutyrate-co-75 mol % 4-hydroxybutyrate) [P(3HB-co-75 mol %
4HB)] were fabricated using the electrospinning technique to obtain fibers. Electrospun P(3HB)
showed formation of fibers when 30 kV voltage was applied to 4 % P(3HB) extruded at 60 uL/min
with prior heating for 15 min at 60 °C. Fabricated P(3HB-co-4HB) showed a continuous polymer mat
with embedded beads formation. P(3HB) fabricated at different time of electrospinning (5, 10, 15 and
20 min) and concentrations (1 %, 2 %, 3 % and 4 %) subjected to in vitro enzymatic degradation by
PHA depolymerase showed decrease in polymer weight. The highest rate of degradation was exhibited
by 2 % P(3HB) electrospun for 15 min. Films of 1 % P(3HB-co-25 mol % 4HB) and 1 % P(3HB-
co-75 mol % 4HB) subjected to in vitro lipase degradation also exhibited decrease in polymer weight.
P(3HB-co-75 mol % 4HB) films showed significant decrease in weight compared to P(3HB-co-25
mol % 4HB). Degraded P(3HB) had fibril-like structures whereas P(3HB-co-4HB) surface structure
became more porous. Environmental degradation of these polymers was successful with P(3HB-co-
4HB) being better degraded.
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THonueuoporxcuankanoamul (III'A) npedcmasasaiom coboi cemeticmeo OUONOIUMEPOS C Xopoulell
ouopasiazaemocmoio. C UCNOIb30BAHUEM INEKMPOCMAMULECKO20 POPMOBANUS ObIAU NOIYUEHbl
NAeHKU U3 B0A0KOH noau-3-euopokcudymupama [II(3IB)], noau-3-eudpoxcubymupama-co-4-
euopokcubymupama c cooepacanuem 25 moasapuvix % 4I'B [11(3['B-co-25 mon. % 4I'B)] u noau-3-
2uopoxcudbymupama-co-4-euopoxcubymupama c cooepxcanuem 75 mon. % 4-euopoxcubymupama
[TI(3I'b-co-75 mon. % 4I'B)]. Dnexmpocmamuueckoe popmosanue I1(31'b) nocae npedsapumenvrozo
Haepesa ¢ meuenue 15 munym npu memnepamype 60 °C npodemoncmpupogano opmuposanue
6010KOH npu 8o30eticmeuu nanpsicenus 30 kB na 4%-nwvuii pacmeop I1(3I'b) npu ckopocmu nooauu
pacmeopa 60 mra/mun. [onyuennwiti [1(31'b-co-41'B) npedcmasnsiii co00il HenpepvieHblil HOAUMEPHBLI
mam ¢ ekpanienHvimu epanyiamu. 1I(3'E), cnpadenHblil npu pasiuynol NpoOOIANCUMETbHOCTIU
anekmpocmamuuecko2o gopmosanus (5, 10, 15 u 20 mun) u npu paznoi KOHYESHMPAYUuU pacmeopos
(1, 2, 3 u 4 %), noosepenymoiil pepmenmamugnol decpadayuu in vitro ¢ ucnorvzosanuem I11'A-
denoaumepassl, NOKA3A YyMeHbUleHUue Maccel noaumepa. Haubonvuwasa ckopocms deepaoayuu 6vina
docmuenyma npu snekmpogopmosanuu 2 % I1(3I'b) 6 meuenue 15 munym. Y naenox uz 1 % I1(3'b-
co-25 mon. % 4I'B) u 1 % II(3I'b-co-75 mon. % 4I'B), noosepenymuix oeepadayuu 1una3ou in vitro,
makoice 6bII0 ommeyeHo ymeHvulenue maccol noaumepa. Inenku us I(3I'b-co-75 mon. % 4I'b)
NPOOeMOHCMPUPOBATU 3HAYUMENbHOE COKpaljene Maccol no cpasnenuto ¢ nieukamu us I1(3I'b-
co-25 mon. % 4I'B). /leepaouposannas nonumepnas naenka uz I1(3I'B) umena ¢uobpurrapuyio
cmpykmypy, 8 mo epems kax cmpykmypa nogepxuocmu I1(3I'b-co-4I'b) cmana 6onee nopucmoii.
Jlannvle nonumepsl ycnewHo decpaouposanu 8 okpycaroweti cpede, npuvem oas I1(3I'B-co-4I'b)

ommeuanacs 6onee bvicmpasn 0ecpadayusl.

Kniouesvle cnosa: nonuzudpoxcuaﬂKaHoambl, 6u0n0ﬂuM€pbl, ajlekmpocmamuvieckoe qbopzvtoeanue,

in vitro, deepadayus.
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Introduction

Polyhydroxyalkanoates (PHAs) act as
intracellular storage compounds which provide
energy and carbon sources to enhance survival of
various environmental bacteria and archaea under
environmental stress. /n vivo, they are amorphous
polymers which are synthesized in the presence
of excess carbon with limiting concentration of
at least one growth essential nutrient such as
nitrogen, phosphorus, sulfur or oxygen. PHAs
are accumulated intracellularly in the form of
granules. In laboratory settings, different carbon
sources can be fed to wild type or recombinant
strain microorganisms to produce different types
of PHA. PHA can be degraded by microorganisms
such as bacteria and fungi in various environment
such as soil, aquatic (sea water and lake water),
landfills and activated sludge. Bacteria degrade
PHA in the environment by secreting several
enzymes, such as PHA depolymerase, lipase and
esterase. In general, PHA accumulating bacteria
have intracellular depolymerase whereas some
non-PHA accumulating bacteria can produce
extracellular depolymerase to degrade PHA
derived from dead or lysed cells that accumulate
PHA (Jendrossek & Handrick, 2002). The
PHA

depolymerase to degrade environmental PHA and

microorganisms excrete extracellular
utilize the decomposed compounds as nutrient.
Due to this biodegradable property, PHAs are
attractive as substitute for some non-degradable
petroleum based plastics.
Poly(3-hydroxybutyrate) [P(3HB)]
discovered by Maurice Lemoigne in the 1920s
(Lemoigne, 1926). P(3HB) is stiff, crystalline and
brittle. This polymer consists of only one type
of monomer, 3-hydroxybutyrate (3HB). P(3HB)

can undergo three different kinds of degradation

was

which mainly are enzymatic degradation,
hydrolytic degradation and thermal degradation
(Zhao & Cheng, 2006). Degradation of P(3HB)

homopolymer by PHA depolymerase is a kind of

enzymatic degradation which can be intracellular

or extracellular (Mergaert et al., 2000).
The incorporation of

4-hydroxybutyrate (4HB) into P(3HB) could

decrease the crystallinity and melting point of the

monomer

homopolymer. Thus, it improves the brittleness
and crystallinity of P(3HB). 4HB can be found
in the brain, heart, liver, lung, kidney and muscle
of mammalian body and degradable by lipases
in vivo by surface erosion process (Nelson et al.,
1981). P(3HB-co-4HB) copolymer can be degrade
by lipase produced from mammalian body and
is more suitable in tissue engineering (Griffith,
2002).

Electrospinning technique can be used to
fabricate polymer fibers in the average diameter
range of 100 nmto 5 pm. These fabricated mats are
excellent scaffold that mimic the characteristics
of extracellular matrix as they provide large
surface area to volume ratios, flexibility in
surface functionalities and high porosity (Ren et
al., 2008). Polymer fibers are produced when the
electrical forces at the surface of polymer solution
in the spinneret overcome the surface tension and
cause an electrically charged jet to be ejected on
the surface of the electrically conductive collector
(Frenot & Chronakis, 2003).
technique had been
employed in this study in which the different

Electrospinning

processing parameters and conditions were used
to produce PHA films. The electrospun films of
P(3HB), P(3HB-c0-25 mol % 4HB) and P(3HB-
co-75 mol % 4HB) were characterized based on
their surface morphology via Scanning Electron
Microscopy (SEM) and degradation rate of
these films were investigated under laboratory

conditions and in the environment.

Materials and methods
Materials

Poly(3-hydroxybutyrate) [P(3HB)], poly(3-
hydroxybutyrate-co-25 mol %4-hydroxybutyrate)
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[PBHB-co-25 mol % 4HB)] and poly(3-
hydroxybutyrate-co-75 mol % 4-hydroxybutyrate)
[P(BHB-co-75 mol % 4HB)] were used in this
study. Chloroform was purchased from Fischer
Scientific, Malaysia. PHA depolymerase purified
from Ralstonia pickettii T1 (Kasuya et al., 1996)
was used and porcine lipase was purchased from

Sigma, Malaysia.

Preparation of polymer solution

and phosphate buffer solution

P(3HB), [P(3HB-co-25 mol % 4HB] and
[P(3HB-co-75 mol % 4HB] were dissolved in
chloroform at room temperature and were stirred
for two days before filtering with Sartorius
PTFE membrane filter (0.2 pum pore size).
Precursor solution of P(3HB) was first prepared
at concentration of 1 %, 2 %, 3 % and 4 %
without prior heating before electrospinning to
investigate the optimum concentration. P(3HB)
polymer solution (4 %) and P(3HB-co-4HB)
polymer solution (1 %) were heated for 5, 10,
15 and 20 min at 60 °C and for 15 and 20 min
at 50 °C respectively before fabrication by
electrospinning. Disodium hydrogen phosphate
(Na,HPO,) was added into 100 mL of distilled
water to achieve the target molarity of 0.1 M. The
pH of 0.1 M Na,HPO, was adjusted to 7.4 using
0.1 M HCI solution.

Electrospinning

Electrospinning was performed using
Esprayer™ ES-2000 (Fuence, Co. Ltd., Japan).
The polymer solution was loaded into a 1 mL
stainless steel glass syringe with an inner
needle diameter of 0.5 mm. The syringe was
set vertically at a distance of 20 cm from the
collecting plate. P(3HB) polymer solution of
different concentrations were fabricated at 15
kV and extrusion rate of 40 pL/min. Different
voltages and solution extrusion rates were applied

for other sample sets. The electrospun fibers were

collected on the fiber collection area at different

time intervals of 5, 10, 15 and 20 min.

In vitro degradation of electrospun films

by PHA depolymerase and lipase

From the stock solution of 1.3 mg/mL,
6 uL of PHA depolymerase was added to 2
mL of phosphate buffer for the preparation of
depolymerase enzyme solution. An amount of
0.167 g of porcine lipase enzyme powder (30 U/
mg) was dissolved in 100 mL of distilled water
for preparation of 50 U/mL of stock solution.
Approximately 2 mL of this solution was used
for degradation of the electrospun film samples.
Each film was cut (1 cm % 1 c¢m), weighed and
incubated in depolymerase enzyme solution for
P(3HB) samples while P(3HB-co-25 mol % 4HB)
and P(3HB-co-75 mol % 4HB) were incubated in
lipase enzyme solution. The samples were placed
in an incubator at 37 °C for 30, 60, 90 and 120
min. The films were removed from the enzyme
solution and washed gently with distilled water
before air-drying for one day. The weight of
films was recorded and plotted in a line graph
as a function of incubation time (min). Polymer

weight loss was calculated as:

Initial weight (mg) —
Weight of film after incubation (mg)

The rate of degradation was calculated as

follow:

[Initial weight of film —
Weight of film after incubation] (mg)

Incubation time (min)

Degradation of films

in aquatic environment

Electrospun polymer films were inserted into

four twin pouches of a nylon mesh jacket with each
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pouch measuring 2.5 cm x 2.5 cm and with pore
diameter of 2.54 mm. The mesh jacket was tied to
holes drilled on a polyvinylchloride (PVC) core
measuring 60 cm in length and 15 cm in diameter
and dipped into a freshwater lake in Universiti
Sains Malaysia. Small holes were drilled into the
PVC core to facilitate water exchange during the
one week of study. The samples were retrieved
after one week, washed gently and allow to air-
dry before examination under Scanning Electron
Microscopy (SEM).

Scanning electron microscopy (SEM)

The morphologies of the electrospun films
were examined by SEM (Leo Supra SOVP Field
emission, magnification of 1,000 to 50,000 times)
before and after the films were subjected to
various degradation. The samples were mounted
on an aluminium stub and sputter-coated with
a layer of gold. Three voltages of 5 kV, 10 kV
and 15 kV were applied to obtain the images of

desired films.

Results

Fabrication

P(3HB), P(3HB-co-25 mol % 4HB) and
P(3HB-co-75 mol % 4HB) polymers were
fabricated using electrospinning method and the

surface morphologies were observed under SEM.

L

et et
e

Voltage of 30 kV with extrusion rate of 60 pL/
min was applied to 4 % P(3HB) and it showed
interconnected short fibers that may be further
investigated to obtain fibrous structures (Fig. 1a).
The solution was also heated at 60 °C for 5, 10, 15
and 20 min and electrospun with the same voltage
and extrusion rate. P(3HB) polymer solution
heated for 15 min before fabrication produced
fibers

whereas the morphologies of other heating time

interconnected with bead structures
showed porous homogenous flat structures
(Fig. 2). P(BHB) with different concentrations
were also fabricated with 15 kV and 40 pL/min.
The surface morphologies were similar but with
increasing complicacy amongsttheinterconnected
fibers and beads as the concentration increased
from 1 % to 3 %. However, 4 % P(3HB) appeared
to be homogenous beaded structures which were
clumped together (Fig. 1b).

P(3HB-co-25 mol % 4HB) and P(3HB-co-
75 mol % 4HB) fabricated after heating at 50 °C
did not show network structure. Instead, P(3HB-
c0-25 mol % 4HB) fabricated surface appeared to
be rough and uneven with hollow depression after
heating for 15 and 20 min (Fig. 3a & b). P3HB-
co-75 mol % 4HB) surface showed smooth and
bead structures when heating was increased to 20
min (Fig. 3¢ & d). Both surface morphology of
1 % P(3HB-co-25 mol % 4HB) and 1 % P(3HB-

Fig. 1: SEM image of 4 % P(3HB) electrospun at (a)30 kV with extrusion rate 60 pL/min and (b) 15 kV with 40

puL/min of extrusion rate
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Fig. 2: SEM image of 4 % P(3HB) electrospun at 30 kV, 60 uL/min with prior heating of polymer solution at 60
°C before fabrication for (a) 5 min; (b) 10 min; (¢) 15 min; (d) 20 min

Fig. 3: SEM image (x1000) of 1 % P(3HB-co-25 mol % 4HB) fabricated by electrospinning at 30 kV, 60 uL/min
with prior heating of polymer solution at 50 °C for (a) 15 min; (b) 20 min. 1 % P(3HB-co-75 mol % 4HB) heated

at 50 °C for (c) 15 min; (d) 20 min

co-75 mol % 4HB) were dissimilar. Surface of
P(3HB-co-75 mol % 4HB) was more rounded and
smooth compared to P3BHB-co-25 mol % 4HB)
which appeared to be rough and uneven with tiny

hollow depressions spread all over the surface
(Fig. 4).

Environmental degradation
Exposure of P(3HB), P(3HB-co-25 mol %
4HB) and P(3HB-co-75 mol % 4HB) films

electrospun for 15 min were subjected to

environmental degradation for a period of one

week. P(3HB) with solution concentration 3 % and
4% showed difference in morphology after a week
of immersion in the freshwater lake. Morphology
of 3 % P(3HB) changed from being intertwined
mesh fibers and beads (Fig. 5a) to scattered
remains of polymer and diatoms (Fig. 5b). On the
other hand, the homogeneous hollow beads of 4 %
P(3HB) (Fig. 5¢) turned into a big clump of rough
polymer with diatoms intertwined after a week
of aquatic environment exposure (Fig. 5d). The
degradation of 3 % P(3HB) was relatively better
than 4 % P(3HB). The 1 % P(3HB-co-25 mol %
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Fig. 4: SEM image of P(3HB-co-4HB) fabricated by electrospinning at 30 kV and extrusion rate of 60 pL/min.
(@) 1 % P(B3HB-co-75 mol % 4HB) (x500); (b) 1 % P(3HB-co-25 mol % 4HB) (x500); (c) 1 % P(3HB-co-75 mol %
4HB) (x5,000); (d) 1 % P(3HB-co-25 mol % 4HB) (x5,000)

Fig. 5: SEM image of P(3HB) subjected to environmental degradation for a period of 1 week. (a) 3 % P(3HB)
before degradation; (b) 3 % P(3HB) after degradation; (c) 4 % P(3HB) before degradation; (d) 4 % P(3HB) after

degradation

4HB) and P(3HB-co0-75 mol % 4HB) electrospun
films also showed signs of degradation after one
week exposure in freshwater lake with P(3HB-
co-75 mol % 4HB) showing better degradation as
the film appeared relatively clear (Fig. 6).

In vitro degradation
of electrospun P(3HB) films

in depolymerase enzyme solution

Effects of in vitro biodegradation by PHA

depolymerase on different film thicknesses and

concentrations of electrospun P(3HB) films were
assessed through percentage weight loss. The 4 %
P(3HB) electrospun films of different thickness
(determined throughdurationofelectrospinning of
5, 10, 15 and 20 min) expressed significant weight
loss throughout the 2 h incubation period. Films
spun for 5 and 10 min showed a gradual weight
loss as compared to electrospun films of 15 and
20 min which exhibited a rather sharp decrease in
their weight (Fig. 7). Electrospun films fabricated
for 15 min showed the highest degradation
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Fig. 6: SEM image of P(3HB-co-4HB) subjected to environmental degradation for a period of 1 week. (a) P(3HB-
co-25 mol % 4HB) before degradation; (b) P(3HB-co-25 mol % 4HB) after degradation; (c) P(3HB-co-75 mol %
4HB) before degradation; (d) P(3HB-co-75 mol % 4HB) after degradation
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Fig. 7: Weight loss of electrospun P(3HB) films fabricated at different time durations (5, 10, 15 and 20 min) after

incubation in depolymerase enzyme at 37 °C

rate (Fig. 8). The degradation rate remained
almost constant as the electrospinning time was
increased to 20 min. Thus, 15 min fabrication time
was fixed in subsequent experiments. P(3HB)
polymers with concentrations of 1 %, 2 %, 3 %
and 4 % which were electrospun for 15 min were
all degraded by PHA depolymerase. Electrospun
3 %, 4 % P(3HB) films were degraded in a rather
parallel fashion showing a gradual but steady
decrease in polymer weight. The 2 % P(3HB) film
was degraded faster compared to the 1 % P(3HB)

which exhibited slow decrease in polymer weight

(Fig. 9). There was a sharp increase in degradation
rate when electrospun P(3HB) film concentration
shifted from 1 % (0.03 mg/min) to 2 % (0.14
mg/min). The 2 % PBHB) films showed the
highest degradation rate amongst the other films
electrospun at different concentrations. After the
peak at 2 %, further increase in polymer solution
concentrationresulted inadecrease of degradation
rate whereby the rate was approximately 0.1 mg/
min. Degradation rate of 3 % and 4 % P(3HB)
electrospun films by PHA depolymerase at 37 °C

remained constant throughout the experiment.
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Fig. 8: Degradation rate of electrospun P(3HB) films fabricated at different time durations after incubation in

PHA depolymerase at 37 °C
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Fig. 9: Weight loss of P(3HB) films electrospun for 15 min using different P(3HB) concentrations after incubation

in PHA depolymerase at 37 °C

In vitro degradation
of electrospun P(3HB-co-4HB) films

in lipase enzyme solution

P(3HB-c0-25 mol % 4HB) was electrospun
for 5, 10, 15 and 20 min to test the effect of layer
thickness on in vitro biodegradation using lipase
enzyme solution. The weight loss of P(3HB-co-
25 mol % 4HB) electrospun films fabricated at
different time durations after incubation in lipase
enzyme (Fig. 10) showed that 5 min electrospun
film started to degrade after 60 min whereas both
15 and 20 min electrospun film started at 30 min

but with a difference in the decline pattern. The

15 min electrospun film exhibited a big decline
in polymer weight after 60 min of incubation and
gradual decline after 90 and 120 min of incubation.
The 20 min electrospun film was degraded after
30 min but the weight remained constant for a
period of one hour before another plunge in the
graph indicating weight loss at 120 min. The
weight decline after 30 min of incubation for the
polymer electrospun for 10 min was negligible
as the weight loss was not significant and did not
show any further decrease in weight for another
90 min thereafter (Fig. 10). PBHB-co-4HB) films

electrospun for different period of time showed
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Fig. 10: Weight loss of P(3HB-co-25 mol % 4HB) electrospun films fabricated at different time durations after

incubation in lipase enzyme at 37 °C
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Fig. 11: Degradation rate of P(3HB-co-25 mol % 4HB) electrospun film fabricated at different time durations after

incubation in lipase enzyme at 37 °C

similar trend as P(3HB). Films electrospun for 15
min showed the highest value of degradation rate
(0.013 mg/min) and it dropped to 0.007 mg/min
for films fabricated for 20 min (Fig. 11).

The semitransparent P(3HB-co-75 mol %
4HB) fabricated at different time durations
showed weight loss after incubation in lipase
enzyme at 37 °C (Fig. 12). Graphs of electrospun
films fabricated at 5, 10 and 20 min showed a
rather similar pattern in polymer weight decline
throughout the 2 h of incubation. Similarly, the 15
min electrospun films also exhibited a decrease
in its polymer weight but unlike the other films,

this film showed a sharp decline after 30 min

of incubation and polymer weight continued to
decrease drastically until it reached its lowest
point at 120 min. The degradation rates of P(3HB-
co-75 mol % 4HB) at 5, 10, 15 and 20 min (Fig. 13)
were similar to the degradation rate of P(3HB-co-
25 mol % 4HB) (Fig. 11) with 15 min electrospun
film exhibiting the highest degradation rate at
0.035 mg/min followed by a decrease at 20 min
electrospun films (0.025 mg/min).

Discussion

Fabrication

Electrospun fibers have high surface area-

to-volume ratio, porous and enhanced specific
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Fig. 12: Weight loss of P(3HB-co-75 mol % 4HB) electrospun films fabricated at different time durations after

incubation in lipase enzyme at 37 °C
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Fig. 13: Degradation rate of P(3HB-co-75 mol % 4HB) electrospun films fabricated at different time durations

after incubation in lipase enzyme at 37 °C

mechanical performance for various applications
such as filtration media, tissue engineering,
electronic applications, nanosensors and many
more (Cheng et al., 2008). Viscosity of polymer
solution is one of the key parameter that affects
fiber

influences fiber diameter, initiating droplet shape

morphology. Solution viscosity also
and the jet stream. Viscous polymer solution is
important in the fiber forming process because
the initial jet does not break up in droplets but
instead the solvent (chloroform) will evaporate
as the jet proceeds to the target leaving behind
the polymer fiber. Uniform fibers will form as

the bead shape changes from spherical to thread-

like with the increase in viscosity. The presence
of repulsive Coulomb interactions in fluid jet
charged elements could lead to development of
beaded structure along with the fibers (Agarwal
et al., 2013). Polymer solution of 4 % P(3HB) was
heated up for 5, 10, 15 and 20 min respectively
before fabrication to increase polymer viscosity
and homogeneous mixing which could promote
fiber formation (Fig. 2). The increase in polymer
concentration within the optimal concentration
range could promote formation of fiber with larger
diameter (Wang et al., 2013). The 4 % P(3HB)
heated up to 15 min at 60 °C before fabrication

produced more fibrous network but still the
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morphology of ‘bead on a string” was inevitable.
It was found that electrospinning from solutions
heated for more than 15 min only produced porous
interconnected mesh as homogeneous fiber
formation was prohibited by high viscosity. The
highly viscous polymer solution proved difficult
to force through the syringe and thus making the
extrusion rate from the tip unstable and render
formation of fibers difficult (Fig. 2d). P(3HB-co-
25 mol % 4HB) and P(3HB-co-75 mol % 4HB)
electrospun films did not produce fibrous network
although the polymer solutions were heated for 15
and 20 min before fabrication. This may be due to
low viscosity of P(3HB-co-4HB) that prohibited
fiber formation. Beaded structures were more
prone to form in polymer solutions fabricated at
low viscosity because droplets will be formed at
the nozzle of the syringe (Fig. 3).

Increase in polymer concentration has two
major effects on the electrospinning process
which are an increase in the evaporation rate
and fiber pulling force. According to Deitzel et
al. (2001), fiber diameter increases as the solution
concentration increases. Polymer concentration is
also correlated with the viscosity factor. Research
has proven that at higher concentrations of
polymer solution, fibers are prone to form. This
is due to the entanglement of viscous polymer
molecule that prevents the breakup of jet directed
towards the collector (Cheng, 2008). However
in this study, 3 % P(3HB) solution showed more
signs of possible fiber formation compared to 4 %
P(3HB).

P(3HB) is a stiff, crystalline and brittle
polyester. Due to these limitations, incorporation
of a second monomer, 4HB into P(3HB) polymer
backbone improves its physical characteristics.
P(3HB-co-4HB) shows properties from being
crystalline to elastic and is suitable for a wide
range of applications. One of the significant
application is to mimic the real microenvironment
of extracellular matrix (ECM) (Li et al., 2008)

by which electrospinning could obtain three-
fibrous

morphology. Fibrous network changed into

dimensional  continuous network
porous mats with well distributed beads in
P(3HB-co-75 mol % 4HB) as the ratio of 4HB
increased (Fig. 4a & b). Thus, it is suggested that
the mixing ratio of 4HB into P(3HB) polymer
backbone to be maintained in an equilibrium of
percentage of 4HB above 25 % but below 75 % to
allow formation of a continuous fibrous network.
Further study is needed to establish the optimal
copolymer percentage which can produce the
desired fibrous matrix. Matrices of P(3HB-co-
75 mol % 4HB) showed decreased porosities
accompanied with blurred fibrous structures and
beaded defects. Chloroform is the only organic
solvent used in this study to dissolve polymers
as it allows full extension of the polymer and
evaporates completely after fiber formation
without leaving any residue on the formed fibers.
Therefore, the effect of solvent in producing fibers

is not applicable here.

In vitro degradation
of electrospun P(3HB) film

in depolymerase enzyme solution

PHA depolymerases are carboxyesterases
that hydrolyse water insoluble PHA into water-
soluble oligomers and monomers sequentially.
The monomers are then metabolized into water
and carbon dioxide or methane by other enzymes
(Amara, 2008). The enzymatic degradation of
the polymers by PHA depolymerase involves
two distinct domains. The initial stage whereby
the initial adsorption of PHA depolymerase
molecules onto the surface of P(3HB) through
enzyme substrate-binding domain (C-terminal
substrate binding domain) exhibited relatively
slow rate of weight loss as shown in Figure 7.
Adsorption is then subsequently followed by
the hydrolysis of polymer backbone through the

activity of enzyme catalytic domain (N-terminal
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catalytic domain). Second step is essential as it is
the stage whereby the degradation of polymer by
PHA depolymerase shows rapid weight loss. The
rate of enzyme excision increases and continuous
weight loss is derived from the fragmentation of
sample and diffusion of oligomers from the bulk
polymer samples (Sudesh et al., 2000; Wang et al.,
2008). Depolymerase enzyme used in this study
was extracted from Ralstonia pickettii. Previous
studies have shown that PHA depolymerase
isolated from this bacterial species attaches first
to the amorphous region as it is easily accessible
to enzyme compared to the crystalline structure.
The degradation rate of the polymer depends on
monomer composition and degree of crystallinity
(Lietal., 2007). Films fabricated for 5, 10, 15 and
20 min showed slow degradation initially when
incubated in the buffer solution containing PHA
depolymerase but degradation became quicker as
incubation time increased. The weight of polymer
filmsincreasedsignificantly as the electrospinning
time increased. The film electrospun for 15 min
showed the highest degradation rate (0.1 mg/min)
(Fig. 8) and this could be because the sprayed
sample achieved the highest surface area on the
limited 1 cm x 1 cm collecting area. This enabled
more depolymerase enzymes to attach efficiently.
The rate of degradation increased proportionally
with the surface area as more binding domains for
attachment of enzymes are available. Enzymatic
degradation of PHA films was performed under
incubation at 37 °C and pH 7.4. The electrospun
films with fabrication time of 20 min did not show
significant increase in rate of degradation (Fig. 8).
This indicated that the prolonged electrospinning
time did not significantly increase surface area of
the film.
Afterdeterminingtheoptimalelectrospinning
time at 15 min, the study was preceded by
investigating the effect of P(3HB) solution
concentration on the rate of polymer degradation.

There was no clear correlation between initial

weight and the degradation rate of the polymer
because all films were significantly degraded
with 1 % P(3HB) being the least degraded and
2 % being the most degraded as shown in Figure
13. Slow degradation was observed initially and
thereafter degradation became faster. The highest
rate of degradation showed in 2 % P(3HB) may
be due to its higher surface area which favors the
adsorption and hydrolysis process of the PHA
depolymerase. The increase in concentration
of the electrospun films to 3 % and 4 % did not
increase the rate further as the surface of the
polymer was probably totally saturated with
enzyme. There is no extra surface area for the
attachment of the enzymes. Another explanation
would be that there is no more available enzyme
to degrade the electrospun films. Control in this
study showed no weight loss when immersed in
phosphate buffer without enzyme thus indicating
no significant polymer hydrolysis occurred during

incubation in buffer solution.

In vitro degradation
of electrospun P(3HB-co-4HB) film

in lipase enzyme solution

The
enzyme on P(3HB-co-4HB) copolymer was

degradation mechanism of lipase

similar to the degradation of depolymerase
enzyme on P(3HB) homopolymer in which the
amorphous region of the copolymer was favorable
for enzyme attachment and activity (Hsieh et al.,
2006; Mitomo et al., 2001). SEM studies on both
polymers showed that the porosity of polymer
increased after degradation and indicated
successful lipase degradation on polymer surface
(Fig. 10). Earlier researches have shown that the
monomer composition and degree of crystallinity
of copolymer influences the rate of degradation by
lipase enzyme (Hsieh et al., 2006). Therefore, an
increase in the incorporation of 4HB monomers
into 3HB backbone will increase the rate of

degradation due to lower crystallinity. Lipase
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cleave the ester bonds of aliphatic polyesters at
the monomer sequence of (4HB)-(4HB) but not
(4HB)-(3HB). In P(3HB-co-4HB), the erosion rate
by lipase was higher with higher content of 4HB
in the copolymer (Tan, 2003). Another reason that
supports the theory that the lipase enzyme may
share a similar mechanism in substrate hydrolysis
with PHA depolymerase is that lipase also have a
common amino acid sequence around the active
side, Gly-X;-Ser-X,-Gly, which is also observed
in PHA depolymerase. The only difference is
that the X, residue in PHA depolymerase is
substituted with histidine in lipase (Tokiwa &
Calabia, 2004). In this study, lipase from Sigma-
Aldrich, extracted from porcine pancreas was
used in the form of lyophilized powder with an
activity of >20,000 units/mg protein.

Comparisons the
degradation of P(3HB-co-25 mol % 4HB) and
P(3HB-co-75 mol % 4HB) electrospun for 5, 10,
15 and 20 min respectively was done to elucidate

between in-vitro

optimal electrospinning time for maximum
degradation and also to investigate the effects of
4HB ratio on the degradation rate (Fig. 10 & 13).
The two polymers exhibited increase in initial
polymer weight as the electrospinning time
increased. The highest rate of degradation was
observedin 15 minelectrospinning time of P(3HB-
c0-25 mol % 4HB) and P(3HB-co-75 mol %
4HB). The increase of surface area in which the
collection area was 1 cm x 1 cm was proportional
to the increase of degradation rate as there
were more surface for enzyme attachment. The
increase in electrospinning time to 20 min did not
give any significant increase in degradation rate.
This prolonged fabrication time did not exactly
increased the surface area for enzyme attachment
but only increase the polymer weight in general.
Spherulitic textures emerging from the bulk
polymer after degradation with lipase were likely
caused by the removal of amorphous component

during degradation. The amorphous region of

polymer samples is degraded preferentially (Wang
et al., 2008). However, there are some drawbacks
in this study as agitation was not introduced for
fear of mechanical erosion of P(3HB-co-4HB)
films. Therefore, the homogeneity of enzyme
distribution was probably compromised because
the lipase solution was only resuspended using a
pipette at the start point of the experiment.
Generally, P(3HB-co-75 mol % 4HB)
degradation was three times better than P(3HB-
c0-25 mol % 4HB). This indicated that the rate of
degradation due to incorporation of higher content
of 4HB decreased the crystallinity. In P(3HB-
co-75 mol % 4HB), there was higher occurrence
of (4HB)-(4HB) monomer chains in the P(3HB)
backbone. As a result, the chances of lipase
enzymes degrading the P(3HB-co-75 mol % 4HB)
will be higher compared to P(3HB-co0-25 mol %
4HB). Control in this study showed no weight
loss when immersed in phosphate buffer without
enzyme addition thus indicating no significant

hydrolysis by buffer occurred during incubation.

Environmental degradation

PHAs have very high molecular weight and
very difficult to be transported into the cells.
Therefore, microorganisms have to excrete
extracellular PHA depolymerase to degrade
the extracellular PHA. The solid PHA can then
be hydrolysed into water soluble oligomers
and monomer which will be subsequently
utilized by the PHA degrading microorganisms
(Reddy et al., 2008). According to Mukai & Doi
(1993), PHA degrading microorganisms can
be isolated from various environments such as
soil (Pseudomonas lemoignei), activated sludge
(Alcaligenes faecalis), 1ab settings (Pseudomonas
pickettii), sea water (Comamonas testosterone)
and lake water (Pseudomonas stutzeri). In this
study, the degradation performance of P(3HB)
and P(3HB-co-4HB) in lake environment (fresh

water) was investigated. Liquid environment was
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chosen because the rich microbial population or
activity of microorganisms is closely connected
to the presence of water. However, non-biotic
effects such as irradiation, thermal degradation or
chemical hydrolysis also contribute to degradation
of PHAS but at a lower rate (Miiller, 2005).
Parameters tested in this study were
concentration of PHA and effect of copolymer
on degradation. The degradation effects on
electrospun films after immersion in lake water
were evaluated through SEM studies. 3 %
and 4 % P(3HB) were electrospun for 15 min
and immersed into the freshwater lake for a
week to compare the degradation rate. SEM
investigation of electrospun film thereafter
revealed that degradation of the electrospun films
of 3 % and 4 % P(3HB) occurred at the surface
by enzymatic hydrolysis. The degradation of
P(3HB-co-4HB) copolymer began with surface
erosion by microorganisms, followed by gradual
deterioration to the innermost (Weng et al.,
2013). Both films showed signs of degradation
as the films were eroded and diatoms were
found to remain attaching on polymer (Fig. 14).
3 % P(3HB) degraded faster compared to 4 %
P(3HB) with the assumption that environmental

conditions are constant (pH, temperature, water

activity, etc.) for both films. Therefore, the effect
of substrate concentration on P(3HB) degradation
exhibited an optimum concentration at 3 %. The
mechanism of degradation of P(3HB) is through
ester hydrolysis at the surface. Degradation rate
of higher concentration of P(3HB) at 4 % did not
improved as the depolymerase enzyme secreted
by the microbial population was probably already
saturated. SEM studies confirmed that 4 %
P(3HB) was degraded much slower compared to
3 % P(3HB).

The second parameter investigated was
P(3HB-co-

4HB) in environmental conditions. Research

the degradation of copolymer

has shown that the rate of surface erosion is
highly dependent on molecular weight, polymer
composition, crystallinity and the dominant
species of bacteria existing in the environment
(Gu, 2003). An assumption was made that
extracellular PHA depolymerases and lipases
secreted by a wide range of microbial population
in the environment can degrade P(3HB-co-
4HB). So, P(3HB-co-4HB) should show better
degradation compared to P(3HB) as P(3HB)
can only be degraded by PHA depolymerase.
Furthermore, microbes prefer to degrade co-

polymers rather than homopolymer because the

Fig. 14: SEM image of P(3HB-co-25 mol % 4HB) subjected to degradation by lipase enzyme solution. (a) and (c):
1 % P(3HB-co-25 mol % 4HB) before degradation. (b) and (d): 1 % P(3HB-co-25 mol % 4HB) after degradation
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highly crystalline structure of homopolymer
makes degradation difficult. The copolymers
exhibited higher degradation rate could also be
due to the steric hindrance presents between
carbonyl oxygen atoms of 4HB monomer
(Salim et al., 2012). From the SEM study, it
was found that the P(3HB-co-75 mol % 4HB)
was rapidly degraded compared to P(3HB-
co-25 mol % 4HB). The presence of high
percentages of 4HB monomers in the P(3HB)
backbone disrupts the crystalline structure of
the homopolymer and increases the amorphous
proportion of the polymer structure. A decrease
in crystallinity aids in the degradation process
as the aquatic environment enzymes secreted
by microorganisms preferentially degrade
the amorphous part of polymers rather than
the crystalline region thereby increasing the
degradation rate (Sridewi et al., 20006).

Conclusion
Fabrication of P(3HB) homopolymer
using electrospinning technique produced

fibers when a voltage of 30 kV was applied to
polymer solution which was extruded at a rate

of 60 puL/min. Preheating of the solution for
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