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Abstract Copolymer poly(3-hydroxybutyrate-co-3-hydroxyvalerate) [P(3HB-co-3HV)] has
been the center of attention in the bio-industrial fields, as it possesses superior mechanical
properties compared to poly(3-hydroxybutyrate) [P(3HB)]. The usage of oleic acid and 1-
pentanol was exploited as the carbon source for the production of P(3HB-co-3HV) copolymer
by using a locally isolated strain Cupriavidus sp. USMAA2-4. In this study, the productivity of
polyhydroxyalkanoate (PHA) was improved by varying the frequency of feeding in fed-batch
culture. The highest productivity (0.48 g/L/h) that represents 200 % increment was obtained by
feeding the carbon source and nitrogen source three times and also by considering the oxygen
uptake rate (OUR) and oxygen transfer rate (OTR). A significantly higher P(3HB-co-3HV)
concentration of 25.7 g/L and PHA content of 66 wt% were obtained. The 3-hydroxyvalerate
(3HV) monomer composition obtained was 24 mol% with the growth of 13.3 g/L. The
different frequency of feeding carried out has produced a blend copolymer and has broadened
the monomer distribution. In addition, increase in number of granules was also observed as the
frequency of feeding increases. In general, the most glaring increment in productivity offer
advantage for industrial P(3HB-co-3HV) production, and it is crucial in developing cost-
effective processes for commercialization.
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Introduction

Polyhydroxyalkanoates (PHAs) are an example of non-petroleum-based biodegradable
plastic that does not cause toxic effect to the host. It is a simple macromolecule produced
naturally by many species of microorganisms [1, 2]. The building block of PHAs is 3-
hydroxyalkanoic acid (3HA) monomer unit. An example of short-chain-length PHAs
(SCL-PHAs) is poly(3-hydroxybutyrate) [P(3HB)] (also known as PHB) which can be
found accumulated in granular form in many bacteria [3, 4]. PHA is a potential candidate to
replace non-renewable resources, but high production cost always becomes a limiting
factor in furthering the usage of PHA. Another example of SCL-PHAs is known as
poly(3-hydroxybutyrate-co-3-hydroxyvalerate) [P(3HB-co-3HV)] which is less stiff and
brittle compared to P(3HB). This copolymer is produced by the incorporation of 3-
hydroxyvalerate (3HV) monomer into P(3HB).

It was reported that the mechanical properties of P(3HB) is comparable to polypropylene.
However, it has poor elongation at break compared to polypropylene [5]. The melting
temperature of this homopolymer is 170 °C which is slightly lower than its degrading
temperature [6]. This causes the polymer difficult to be processed and directly limits its
applications. Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) [P(3HB-co-3HV)] is the first type
of biopolymer that is commercialized under trademark BIOPOLTM. Copolymer P(3HB-co-
3HV) has been the center of attention in the bio-industrial fields, as it possesses superior
mechanical properties [7]. The properties of the copolymer produced can be tailored by
controlling the 3HV monomer composition. This copolymer has wide application compared
to P(3HB).

Development of an efficient production technology for copolymer production would be of
paramount importance. Industrial fermentation strategies involve producing high cell density
product with high volumetric productivity [8]. However, lower productivity of PHA when it
comes to larger scale makes the overall production even more uneconomical. To overcome
this, it is vital to design and develop proper fermentation strategies in order to improve the
fermentation performance. Khanna and Srivastava [9] reported that future studies should be
carried out to increase the productivity by using alcohol as the carbon precursor for industrial
PHA production. This was most probably because alcohols are less toxic compared to other
carbon precursors.

It is well established that high PHA productivity can be achieved by producing culture with
high cell density and high PHA concentration or by reducing the cultivation time. In addition,
the maximization of the carbon yield of PHA relative to the carbon uptake for cell growth is of
primary concern. It was reported by Lee and Choi [10] that large-scale PHA production by
using bacterial fermentation is important for the commercialization purposes. Concentration of
nutrients that are fed into the bioreactor can be controlled by regulating the feed rate. In fed-
batch cultivation, the cells are fed continuously depending on the feeding method [11]. It is
well known that fed-batch method yields higher cell densities, thus indirectly reducing the cost
of production [10].

In this study, the ability of a locally isolated strain, Cupriavidus sp. USMAA2-4, to produce
copolymer P(3HB-co-3HV) by using oleic acid as the main carbon source and alcohol-based
3HV precursor, 1-pentanol, was investigated by using fed-batch strategy. There were no
literature available on the production of P(3HB-co-3HV) copolymer by using 1-pentanol
and oleic acid with high productivity by using a locally isolated bacterium. Varying the
frequency of feeding and consideration of dissolved oxygen has improved the productivity
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of copolymer. The molecular mass and thermal and mechanical properties of the copolymer
produced were also evaluated.

Materials and Methods

Bacterial Strain

Cupriavidus sp. USMAA2-4 (DSM 19379) was isolated from a soil sample collected from Sg.
Pinang, Penang, Malaysia.

Synthesis of Copolymer P(3HB-co-3HV) Through Fed-Batch Fermentation

Fed-batch fermentation for copolymer P(3HB-co-3HV) was carried out by using a 3.6-L
bioreactor (Infors HT, Switzerland) with 2-L working volume. Approximately 0.06 g/L of
inoculum was transferred into a 2 L mineral salt medium (MSM) containing sterilized oleic
acid and 1-pentanol at a concentration of 0.56 wt% C. Feeding was carried out based on
dissolved oxygen-stat mode (DO-stat mode). MSMwas prepared according to Amirul et al.
[12]. Approximately 1.1 g/L ammonium sulfate, 6.2 g/L oleic acid, and 1.2 g/L 1-pentanol
were fed into the culture when the dissolved oxygen spike was observed. Three types of
feeding were carried out: one time feeding, two times feeding, and three times feeding.
Each time fixed amount of carbon and nitrogen source was fed. The agitation speed was set
at 525 rpm whereas the aeration rate was maintained at 1 vvm based on previous optimi-
zation. The pH was maintained at around 7.0. Cell growth was monitored by measuring the
optical density (OD) of the culture at 540 nm. Harvested cells were then centrifuged,
freeze-dried, and analyzed using gas chromatography (GC). Polymer films were prepared
according to Amirul et al. [12].

Determination of Oxygen Uptake Rate

The dynamic method measures the respiratory activity of microorganisms which are actively
growing in the bioreactor. In order to determine the oxygen uptake rate of the microorganism,
the gas supply to the bioreactor was turned off. The dissolved oxygen concentration decreased
at a rate equal to oxygen consumption by the respiration of microorganism. The value of
oxygen uptake rate (OUR) was obtained from the slope of the plot of dissolved oxygen
concentration (after stopping air flow) against time. The gas (oxygen) solubility was assumed
to be 1.26 mmol/L at 25 °C [13].

Determination of Volumetric Mass Transfer Coefficient (KLa) and Oxygen Transfer
Rate

Volumetric mass transfer coefficient was measured by elimination of oxygen in the liquid
phase by bubbling nitrogen into the liquid until the oxygen concentration drops to zero. Then,
the liquid was put into contact again with air in order to measure the variation (increase) of the
oxygen concentration with time. The value of KLa was obtained from the slope of the plot
ln(C-CL) versus time (C represents dissolved oxygen concentration and CL represent dissolved
oxygen concentration in equilibrium with mean gaseous oxygen concentration). Oxygen
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transfer rate was determined by multiplying the KLa with the gas solubility. The gas solubility
was assumed to be 1.26 mmol/L for oxygen at 25 °C [13].

Characterization of Polymer Films

The mechanical properties (tensile strength, elongation at break, and Young’s modulus) of
the copolymers were characterized using tensile machine (GOTECH A1-3000 with U60
software, Taiwan). Tensile test pieces with 4-mm width and 45-mm gauge length (dumb-
bell shape) were cut from polymer films using steel ASTM regulation punches. The cross-
head speed used was 10 mm/min. Load cell of 100 N was used for the analysis. The tensile
test was analyzed based on ASTM: D882-91 (ASTM, 1991). Five replicates were prepared
for each sample.

The number average molecular weight (Mn), the weight average molecular weight (Mw),
and polydispersity index (Mw/Mn) data was obtained at 35 °C using a refractive index detector
(RID-10A) and Shimadzu High Performance Liquid Chromatography (Kyoto, Japan) with a
PLgel mixed C column (Polymer Laboratories, Ltd., UK). Polystyrene standards with a low
polydispersity were used to construct a calibration curve. Chloroform was used as eluent at a
flow rate of 1.0 mL/min. Concentration of the samples was fixed at 1.0 mg/mL. Molecular
weight was calculated by using the Mark Houwink equation ([η]=KMVa). The Mark-Houwink
constants for polystyrene in chloroform were taken as K=0.011 mL/mg and α=0.73. Simi-
larly, the equivalent constants for P(3HB) in chloroform was K=0.016 mL/mg and α=0.76
[14].

The melting temperature (Tm) and the enthalpy of fusion (ΔHm) were taken at the
peak of the melting endotherm, respectively, whereas the glass transition temperature
(Tg) was taken at the midpoint of the heat capacity change. Crystallization temperature
(Tc) and crystallization enthalpy (ΔHc) were also obtained from the differential scanning
calorimetry (DSC) curves [15]. The crystallinity of samples was calculated in relation to
a hypothetical 100 % crystalline polymer (PET) with a fusion of enthalpy of 140.1 J/g
[16].

The randomness of the copolymer P(3HB-co-3HV) was determined using the 13C
nuclear magnetic resonance (13C-NMR) analysis. About 25 mg of purified copolymer
was dissolved in 1 mL of deuterated chloroform (CDCl3). The

13C-NMR spectra were
measured at 100 MHz in a 400 Ultrashield (Bruker, Switzerland). Tetramethylsilane
(Me4Si) was used as an internal chemical shift reference, and the chemical shifts were
reported relative to Me4Si [17]. Morphology of the isolate and the PHA granules were
examined by transmission electron microscopy (Philip CM 12/STEM) as described by Loo
and co-workers [18].

Determination of Residual Protein

Samples were centrifuged to obtain the supernatant. Approximately 0.5 mL supernatant and
2.5 mL solution 1 [1 % (1 % CuSO4·5H2O)+1 % (2 % NaIK tartarate)+98 % (1 % Na2CO3 in
0.1 M NaOH)] were mixed in a test tube. The test tube was incubated for 10 min at 37 °C.
Then, 0.25 mL phenol and 0.25 mL H2O were added into the test tube. The tubes were
incubated at room temperature for 30 min. The OD measurement was obtained at 750 nm. The
standard was performed by using bovine serum albumin (BSA). The absorbance value of the
standard was then plotted against the concentration. This standard curve was then used to
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determine the protein concentration in the samples. The method was modified from Lowry
et al. [19].

Determination of Residual Nitrogen

Samples were centrifuged to obtain the supernatant. Approximately 5 μL of the superna-
tant and 2.5 mL of Solution A (10 g phenol+0.0568 g sodium nitroprusside dissolve in 1 L
H2O) and 2.5 mL of Solution B (5 g NaOH+53.6 g disodium phosphate anhydrous+
10 mL sodium hypochlorite dissolve in 1 L H2O) were mixed together in a test tube. The
test tube was vortexed for 5 s before incubating it at room temperature for 30 min. The test
tube was then placed on ice for 30 min. The test tubes were then left until it reaches room
temperature before measuring the OD at 625 nm. The standard was performed by using
known concentration of ammonium sulfate. The absorbance value of the standard was then
plotted against concentration. The method was modified from Jeong et al. [20] and
Solorzano [21].

Determination of Residual Oleic Acid

The samples were centrifuged to obtain the supernatant. Approximately 2 mL of the
supernatant was mixed with 2 mL of chloroform in a test tube. The tube was then vortexed
for 2 min to mix the solutions. The test tube was then left at room temperature for 1 h for
phase separation to occur. The lower layer was transferred into a GC bottle containing
anhydrous Na2SO4 to remove the water. About 0.5 mL of this solution was mixed with
2.0 mL of chloroform and 2.0 mL of methanol sulphuric acid in the test tube. Methanolysis
was carried out for 30 min. The test tube was left to cool at room temperature. About
1.0 mL of water was added to the test tube and vortexed. The lower layer was then
transferred into a GC bottle containing anhydrous Na2SO4. About 0.5 mL of this solution
was then transferred into GC vial. Then, 0.5 mL caprylic methyl ester (CME) was added
into a GC vial. The standard was performed by using known concentration of oleic acid.
The method was modified from Braunegg et al. [22]. The ratio of area (area of oleic acid/
area of CME) of the standard was plotted over the concentration. Gas chromatography
machine SHIMADZU Gas Chromatograph GC-2010 was used. About 1 μL of the samples
was injected using AOC-20i auto-injector.

Determination of Residual 1-Pentanol

The samples were centrifuged to obtain the supernatant. Approximately 1 mL of the
supernatant was mixed with 2 mL of chloroform in a test tube. The tube was then vortexed
for 2 min to mix the solutions. The test tube was left at room temperature for 1 h for phase
separation to occur. The lower layer was then transferred into GC bottle containing
anhydrous Na2SO4 to remove water. About 0.5 mL of this solution was then transferred
into GC vial. Then, 0.5 mL CME was added into the same vial. The method was modified
from Braunegg et al. [22]. The standard was performed by using known concentration of
1-pentanol. The ratio of area (area of pentanol/ area of CME) of the standard was plotted
against the concentration. The gas chromatography (GC) machine used was SHIMADZU
Gas Chromatograph GC-2010. About 1 μL of the samples was injected using AOC-20i
auto-injector.
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Results and Discussion

Production of Copolymer P(3HB-co-3HV) by Cupriavidus sp. USMAA2-4
Through Fed-Batch Strategy

The main goal of any biotechnological process development is to maximize the productivity.
This can be obtained by producing a culture with high concentration of PHA in a reaction
volume with the shortest time [23]. In addition, the implementation of various production
strategies and supplementation of different concentrations of carbon and nitrogen sources can
improve the residual cell dry weight (RCDW), PHA content, and 3HV monomer composition
which is the targeted product in this study. Currently, repeated batch, continuous, and fed-batch
cultures are the main culture strategies being used in order to obtain higher productivity
cultures for PHA production. Fed-batch cultures have been widely used for the production
of P(3HB) because fed-batch cultures require low investment and production costs [24, 25].

Fed-batch strategy was employed to produce culture with high PHA and cell dry weight
(CDW) in this study. The concentration of 1-pentanol (0.04 wt% C), incubation time (54 h),
aeration rate (1 vvm), and agitation speed (525 rpm)were fixed based on previous study. The same
concentrations of oleic acid (6.2 g/L), 1-pentanol (1.2 g/L), and nitrogen source (1.1 g/L) as initial
concentrations were fed based on the dissolved oxygen (DO) spike observed. The controlled
parameters in bioreactor were as follows: total volume 3.6 L, working volume 2 L, temperature
28 °C, pH 7, and cell concentration 0.06 g/L.

DO-stat is crucial in increasing the cell density besides minimizing the accumulation of
incompletely reduced substrates. Throughout the fermentations that have been carried out, the
dissolved oxygen showed a decrease from 100 to 0 % before DO spike occurs. It was
maintained until the DO spike occurs which was used as an indicator for depletion of carbon
source. At this point, feeding was carried out in order to allow the bacteria to grow and
accumulate copolymer. The DO-stat mode was applied since the DO was sensitive with the
depletion of carbon source and precursors. Lee and co-workers [26] also applied DO-stat in
producing high cell density culture of P(3HB) by using Alcaligenes latus. A few other
strategies have been applied for the production of a wide range of 3HV precursors such as
alternate feeding [27], sequential feeding [28], and feeding based on pH-stat [29].

Table 1 depicts the production of copolymer where the carbon source and nitrogen source
were fed once (after 12 h). The feeding was carried out based on the DO spike observed at
12 h. After 24 h, the DO spike was observed again but feeding was not carried out in order to
allow the bacteria to accumulate copolymer since there was still oleic acid present with trace
amount of nitrogen. The PHA content increased sharply from 18±6 wt% at 12 h to 53±3 wt%
at 24 h (12 h after the feeding was carried out). Under the nitrogen-sufficient condition, cell
growth was apparent from the increase of RCDW from 3.4±0.3 to 11.8±0.8 g/L. However,
RCDW does not increase under the nitrogen-limited condition, and CDW increased only due
to the increase of PHA concentration.

As illustrated in Fig. 1, the P(3HB-co-3HV) synthesis rate reached a maximum value of
0.55 g/L/h after the feeding was carried out and then decreased to 0.30 g/L/h when the PHA
content reached a value of 68 wt%. No residual 1-pentanol was present in the bioreactor under
the copolymer accumulation conditions (24 h). A cell concentration of 25 g/L was obtained in
24 h, resulting in the highest productivity of 0.55 g/L/h. As predicted, the yield of copolymer
production over biomass was found to increase throughout cultivation due to the increase in
PHA concentration as the RCDW decrease.
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Based on one time feeding, it was found that after the feeding, the nitrogen and 1-pentanol
leftover started to drop. As for the oleic acid, slow utilization of oleic acid was observed until
the end of fermentation process. The limitation of carbon source might have contributed to the
constant polymer accumulation after 24 h. Therefore, a second set of experiment was carried
out by using the same culture condition, but the feeding was carried out two times (12 and
24 h) based on the DO spike observed.

Fig. 1 Kinetic analysis of copolymer P(3HB-co-3HV) production in a 3.6-L bioreactor through fed-batch
fermentation by feeding one time. Values are mean of triplicate. Dashed line indicates feeding. Sampling for
12 h was carried out before the feeding. Data are mean derived from three independent repeats. Oleic acid at
0.52 wt% C and 1-pentanol at 0.04 wt% C were added for each combination. Nitrogen (1.1 g/L), oleic acid
(6.2 g/L), and 1-pentanol (1.2 g/L) were fed after 12 h. It was incubated at 525 rpm at 30 °C with 1 vvm

Table 1 Production of copolymer P(3HB-co-3HV) by Cupriavidus sp. USMAA2-4 by single feeding of carbon
and nitrogen source

Time
(hours)

CDW PHA
content

PHA composition
(mol%)

PHA
concentration
(g/L)f

RCDW
(g/L)

3HV
concentration
(g/L)

(g/L) (wt%)e 3HB 3HV

12 4.1±0.0d 18±6c 70±0 30±0a 0.7±0.2d 3.4±0.3c 0.22±0.1c

24 25.0±0.3b 53±3b 85±1 15±1b 13.2±0.8c 11.8±0.8a 1.93±0.2a

36 28.0±0.1a 67±3a 91±0 9±0c 18.7±0.8a 9.3±0.9b 1.68±0.1ab

48 28.0±0.1a 67±4a 91±0 9±0c 18.6±1.0a 9.1±1.1b 1.68±0.1ab

54 24.0±0.1c 68±2a 92±2 8±2c 16.4±0.3b 7.6±0.4b 1.42±0.3b

Data are mean derived from three independent repeats. Oleic acid at 0.52 wt% C and 1-pentanol at 0.04 wt% C
were added for each combination. Nitrogen (1.1 g/L), oleic acid (6.2 g/L), and 1-pentanol (1.2 g/L) were fed after
12 h. It was incubated at 525 rpm, 1 vvm at 30 °C

CDW cell dry weight, PHA polyhydroxyalkanoate, RCDW residual cell dry weight, 3HB 3-hydroxybutyrate,
3HV 3-hydroxyvalerate
a–d Superscript letters a–d within the same column are significantly different at p≤0.05 level (ANOVA test)
e Calculated from GC analysis
f Calculated based on CDW
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Table 2 shows the time profile of the production of copolymer by feeding a second dose of
carbon and nitrogen source. The result demonstrated that at the end of cultivation (54 h), the
CDWand PHA content obtained were 35.2±0.1 g/L and 57±3 wt%, respectively. The first DO
spike was observed at 12 h and the second DO spike was observed at 24 h. After 36 h, the DO
increased until the end of fermentation. No further feeding was carried out since there was still
remaining oleic acid and nitrogen source left in the medium after 24 h. The second feeding was
carried out after 24 h at which the nitrogen in the medium has been exhausted. This resulted in
an increase of PHA concentration from 12.8±0.9 g/L at 24 h to 20.8±0.3 g/L at 36 h. This was
most probably because the feeding of the carbon source during nitrogen limitation led to an
increase in the amount of the copolymer produced. The same trend was reported by
Majid et al. [30].

Figure 2 shows the kinetic study of the production of copolymer when two times feeding
was carried out. The yield (product/biomass) was highest at the end of cultivation (1.33 g/g)
indicating that more PHA accumulates in the cell as less growth was observed. The highest
productivity was recorded at 36 h (0.58 g/L/h) at which the CDW was 37.9±0.1 g/L and the
PHA concentration was 20.8±0.3 g/L. Ma et al. [31] reported that higher cell densities of PHA
contributed to the increase in PHA concentration which results in higher PHA productivity.

By comparing one time feeding and two times feeding, it was found that two times feeding
has resulted in an increase of productivity from 0.30 g/L/h in one time feeding to 0.37 g/L/h in
two times feeding and decrease in yield (product/biomass) from 2.16 g/g at one time feeding to
1.35 g/g in two times feeding. The increase in productivity was due to the increase in PHA
concentration with the time.

It was found that after the second feeding, the C/N drops to 11.9. As reported previously, a
higher C/N ratio favors the accumulation of copolymer. In order to increase the C/N ratio, a third
set of experiment which involves feeding the oleic acid (6.2 g/L), 1-pentanol (1.2 g/L), and

Table 2 Production of copolymer P(3HB-co-3HV) by Cupriavidus sp. USMAA2-4 by feeding two doses of
carbon and nitrogen source

Time
(hours)

CDW PHA
content

PHA composition PHA
concentration
(g/L)g

RCDW
(g/L)

3HV
concentration
(g/L)(mol%)

(g/L) (wt%)f 3HB 3HV

12 4.1±0.0e 18±6c 70±0 30±0a 0.7±0.2d 3.4±0.3e 0.22±0.1e

24 25.4±0.3d 50±4ab 82±0 18±0d 12.8±0.9c 12.6±1.0d 2.35±0.1d

36 37.9±0.1b 55±1a 78±0 22±0b 20.8±0.3a 17.1±0.2b 4.64±0.1a

48 39.1±0.7a 42±2b 79±0 21±0c 16.2±0.6b 22.9±0.9a 3.36±0.1c

54 35.2±0.1c 57±3a 79±0 20±0c 20.2±1.0a 15.0±0.9c 4.23±0.2b

Data are mean derived from three independent repeats. Oleic acid at 0.52 wt% C and 1-pentanol at 0.04 wt% C
were added for each combination. Nitrogen (1.1 g/L), oleic acid (6.2 g/L), and 1-pentanol (1.2 g/L) were fed two
times (12 and 24 h). It was incubated at 525 rpm, 1 vvm at 30 °C

CDW cell dry weight, PHA polyhydroxyalkanoate, RCDW residual cell dry weight, 3HB 3-hydroxybutyrate,
3HV 3-hydroxyvalerate
a–e Superscript letters a–e within the same column are significantly different at p≤0.05 level (ANOVA test)
f Calculated from GC analysis
g Calculated based on CDW
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nitrogen source (1.1 g/L) three times (12, 24, and 36 h) was carried out. Table 3 shows the profiles
of P(3HB-co-3HV) accumulation and the variations in polyester composition during cultivation
after three times feeding was carried out. Three DO spikes were observed at 12, 24, and 36 h.

Throughout the feeding period, the residual biomass varied between 3.4±0.3 g/L at 12 h to
16.4±3.2 g/L at 54 h (end of fermentation). The CDW increased nearly ninefold from 12 h

Fig. 2 Kinetic analysis of copolymer P(3HB-co-3HV) production in a 3.6-L bioreactor through fed-batch
fermentation by feeding two times. Values are mean of triplicate. Dashed lines indicate feeding. Sampling was
carried out before the feeding. Data are mean derived from three independent repeats. Oleic acid at 0.52 wt% C
and 1-pentanol at 0.04 wt% C were added for each combination. Nitrogen (1.1 g/L), oleic acid (6.2 g/L), and 1-
pentanol (1.2 g/L) were fed two times (12 and 24 h). It was incubated at 525 rpm at 30 °C with 1 vvm

Table 3 Production of copolymer P(3HB-co-3HV) by Cupriavidus sp. USMAA2-4 by feeding the carbon and
nitrogen source three times

Time
(hours)

CDW PHA
content

PHA composition PHA
concentration

Residual
biomass

3HV
concentration

(g/L) (wt%)f (mol%) (g/L)g (g/L) (g/L)

3HB 3HV

12 4.1±0.1c 18±6b 70±0 30±0a 0.7±0.2c 3.4±0.3c 0.22±0.1d

24 22.7±0.1b 46±3a 81±0 19±0e 10.5±0.6b 12.2±0.5b 2.00±0.1cd

36 37.7±3.5a 54±4a 79±0 21±0d 20.6±3.0a 17.2±0.5a 3.42±1.0bc

48 37.7±2.5a 55±5a 74±0 26±0b 20.8±3.3a 16.9±0.8a 5.26±0.7a

54 37.0±0.1a 56±9a 76±0 24±0c 20.5±3.2a 16.4±3.2a 4.93±0.8ab

Data are mean derived from three independent repeats. Oleic acid at 0.52 wt% C and 1-pentanol at 0.04 wt% C
were added for each combination. Nitrogen (1.1 g/L), oleic acid (6.2 g/L) and 1-pentanol (1.2 g/L) were fed three
times (12, 24, and 36 h). It was incubated at 525 rpm, 1 vvm at 30 °C

CDW cell dry weight, PHA polyhydroxyalkanoate, 3HB 3-hydroxybutyrate, 3HV 3-hydroxyvalerate
a-e Superscript letters a–e within the same column are significantly different at p≤0.05 level (ANOVA test)
f Calculated from GC analysis
g Calculated based on CDW
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(4.1 g/L) to 54 h (37 g/L). Little accumulation (18 wt%) was observed at 12 h, and the
copolymer content increased to 56 wt% at the end of fermentation. Figure 3 illustrates the
kinetic analysis for the production of copolymer by three times feeding. It was found that after
the third feeding, oleic acid and nitrogen source were not utilized. Even after the third feeding,
the DO did not drop. This might have contributed to the constant accumulation and growth
observed after 36 h. The highest yield (product/biomass) was obtained at the end of fermen-
tation (54 h) which was 1.25 g/g. The highest PHA content was also achieved at this time (56±
9 wt%). The productivity was highest at 36 h (0.57 g/L/h) and then decreased to 0.38 g/L/h at
the end of fermentation because after 36 h, the CDW and PHA content remain relatively
constant; therefore, this resulted in a constant value of PHA concentration.

A comparison of two times feeding and three times feeding resulted in increase in CDWand
3HVmonomer composition. The CDW increased from 35.2 g/L in two times feeding to 37 g/L
in three times feeding whereas the 3HVmonomer composition increased from 20 mol% in two
times feeding to 24mol% in three times feeding. PHA content, PHA concentration, and residual
biomass remain relatively constant between two times feeding and three times feeding despite
additional feeding. As for the productivity, no significant difference was observed. The
productivity in two times feeding was 0.37 g/L/h and in three times feeding was 0.38 g/L/h.

Therefore, it can be suggested that the limiting factor after three times feeding was not due
to the carbon source or nitrogen source. Choi and Lee [29] reported that during the active
P(3HB) production in fed-batch culture, insufficient oxygen resulted in high P(3HB) concen-
tration and high P(3HB) content which directly increase the productivity. Garcia et al. [32]
reported that oxygen might be one of the factors that limit the accumulation of PHA. In another
study by Quangliano and Miyazaki [33], it was reported that sufficient aeration rate but
oxygen-limiting conditions are necessary to achieve high P(3HB) production for
A.chrococcum strain. Therefore, by observing the DO which did not drop after three times

Fig. 3 Kinetic analysis of copolymer P(3HB-co-3HV) production in a 3.6-L bioreactor through fed-batch
fermentation by feeding three times. Values are mean of triplicate. Dashed lines indicate feeding. Sampling
was carried out before the feeding. Data are mean derived from three independent repeats. Oleic acid at 0.52 wt%
C and 1-pentanol at 0.04 wt% C were added for each combination. Nitrogen (1.1 g/L), oleic acid (6.2 g/L), and 1-
pentanol (1.2 g/L) were fed three times (12, 24, and 36 h). It was incubated at 525 rpm at 30 °C with 1 vvm
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feeding, it was presumed that limiting the oxygen after the third feeding might have contrib-
uted in the increase in growth and accumulation of copolymer. The next set of experiment
involved creating a condition of oxygen limitation after the third feeding.

In order to determine the exact amount of oxygen being supplied, the OUR, oxygen transfer
rate (OTR), and KLa need to be determined. Due to the low solubility of oxygen, these three
parameters need to be determined to ensure an adequate delivery of oxygen [34]. Table 4
shows the data for OUR, OTR, and KLa under various agitation and aeration. Based on the
table, the OTR and KLa decrease from 53.58 mmol/L/h at 525 rpm, 1 vvm, to 13.57 mmol/L/h
at 200 rpm, 0.5 vvm, whereas the KLa decreases from 44.76 h−1 at 525 rpm, 1 vvm, to
11.34 h−1 at 200 rpm, 0.5 vvm. The same trend was reported by Zafar et al. [35] that KLa value
increased with increase in agitation and aeration rates.

The OUR by the microorganisms remains relatively constant (7.3 to 7.5 mmol/L/h)
regardless of agitation and aeration. The highest KLa was recorded when the agitation and
aeration rate was the highest. This indicates that more oxygen was transferred to the culture
medium. The oxygen transfer rate of microbial cell strongly affects growth and product
formation [13]. Oxygen is known to play a crucial role as terminal electron acceptor during
ATP production. Since oxygen plays a role as the terminal electron acceptor during ATP
production, more ATP will be produced when more oxygen is supplied. This resulted in the
acceleration of the bacterial metabolic process [36]. Therefore, the agitation and aeration rate at
which the OTR was almost near to OUR was chosen (200 rpm, 0.5 vvm). Agitation rate with
200 rpm and 0.5 vvm has the lowest KLa. Low value of KLa represents the reduction in the
dissolved oxygen of the culture medium. Another set of experiment was carried out with the
optimized agitation and aeration rate.

Table 5 shows the production of copolymer after three times feeding was carried out. After
the third feeding, the agitation and aeration rate was reduced. The dissolved oxygen concen-
tration was maintained at a low level until the end of fermentation to allow the accumulation of
copolymer. Based on Table 5, an almost comparable result was obtained between three times
feeding and the last run based on OUR and OTR up to 36 h. The PHA concentration and PHA
content increase after 36 h proving the efficiency of controlling the dissolved oxygen level in
the fermentation medium. The CDW and PHA content recorded were 37.0±1.0 g/L and 52±
2 wt%, respectively, at 36 h. At the end of fermentation (54 h), the CDW and PHA content
increase to 39.0±0.1 g/L and 66±2 wt%, respectively. The 3HV molar fraction and 3HV
concentration also increased to 24 mol% and 6.16 g/L.

Table 4 OUR, OTR, and KLa at different agitation and aeration rates

Agitation speed (rpm) Aeration rate (vvm) OUR (mmol/L/h) OTR (mmol/L/h) KLa (h
−1)

525 1.0 7.5 53.58 44.76

525 0.5 7.3 39.60 33.12

250 0.5 7.4 16.88 14.10

200 0.5 7.3 13.57 11.34

The OUR was obtained from the slope of the plot of dissolved oxygen concentration (after stopping air flow)
against time. The value of KLa was obtained from the slope of the plot ln(C-CL) versus time. OTR was obtained
by multiplying the KLa with the gas solubility. The gas solubility was assumed to be 1.26 mmol/L for oxygen at
25 °C

OUR oxygen uptake rate, OTR oxygen transfer rate
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A lower KLa value indicates lower DO concentration in the medium. Therefore, in the last
run carried out with a low KLa value, a higher copolymer content was obtained as compared to
that with a high KLa value. Choi et al. [37] stated that PHA content is usually enhanced at a
lower KLa value because more carbon flux will be directed to the PHA biosynthetic pathway
when oxygen is limited. Figure 4 shows the kinetic analysis for the last run. It can be seen that
the productivity of the copolymer was the highest at 36 h (0.54 g/L/h) and the value decreases
after that period to 0.48 g/L/h. The yield of the copolymer increased almost linearly from 12 to

Table 5 Production of copolymer P(3HB-co-3HV) by Cupriavidus sp. USMAA2-4 based on OUR and OTR
(200 rpm with 0.5 vvm)

Time
(hours)

CDW PHA
content

PHA composition PHA
concentration

Residual
biomass

3HV
concentration

(mol%) (g/L)g (g/L) (g/L)

(g/L) (wt%)f 3HB 3HV

12 4.3±0.1c 14±4c 72±1 28±1a 0.6±0.2d 3.7±0.2c 0.17±0.1d

24 24.1±0.5b 46±3b 84±1 16±1d 11.0±0.4c 13.0±0.9b 1.81±0.2c

36 37.0±1.0a 52±2b 81±0 19±0c 19.3±0.3b 17.7±1.3a 3.60±0.1b

48 38.0±2.0a 62±5a 76±1 24±1b 23.7±3.0a 14.3±1.3b 5.71±0.9a

54 39.0±0.1a 66±2a 76±0 24±0b 25.7±0.8a 13.3±0.7b 6.16±0.2a

Data are mean derived from three independent repeats. Oleic acid at 0.52 wt% C and 1-pentanol at 0.04 wt% C
were added for each combination. Nitrogen (1.1 g/L), oleic acid (6.2 g/L), and 1-pentanol (1.2 g/L) were fed three
times (12, 24, and 36 h). Initial agitation was 525 rpm and aeration was 1 vvm. Agitation was reduced to 200 rpm
and aeration to 0.5 vvm after 36 h

CDW cell dry weight, PHA polyhydroxyalkanoate, 3HB 3-hydroxybutyrate, 3HV 3-hydroxyvalerate
a–e Superscript letters a–e within the same column are significantly different at p≤0.05 level (ANOVA test)
f Calculated from GC analysis
g Calculated based on CDW

Fig. 4 Kinetic analysis of copolymer P(3HB-co-3HV) production in a 3.6-L bioreactor through fed-batch
fermentation by feeding three times and by considering the OUR and OTR. Sampling was carried out before
the feeding. Values are mean of triplicate. Agitation was reduced to 200 rpm and aeration to 0.5 vvm after 36 h.
Dashed lines indicate feeding. Data are mean derived from three independent repeats
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54 h. Table 6 shows the comparison between the optimized condition obtained from bioreactor
(before and after various feeding). Overall, the method of feeding has significantly increased
the productivity of copolymer. By comparing the three times feeding run with the last run, it
clearly shows that the productivity of the copolymer increased 26 % from 0.38 g/L/h in three
times feeding to 0.48 g/L/h in the last run. The yield of the copolymer increased 54 % from
1.25 g/g in three times feeding run to 1.93 g/g in the last run. It can be suggested that limiting
the oxygen after the third feeding allows the transition of culture from growth phase to
accumulation phase. Besides, consumption of excess oleic acid and nitrogen source that was
still present after the third feeding was initiated by creating a condition of oxygen limitation.
The maximum amount of 3HVobtained was 24 mol% after the third feeding.

Characterization of Copolymer P(3HB-co-3HV) Produced by Cupriavidus sp.
USMAA2-4 Through Fed-Batch Strategy

Table 7 shows the molecular weight and the randomness of the copolymer produced. The
copolymers were extracted and purified before analyzing their properties. Based on the table, it
was observed that the number average molecular weight (Mn) values of the copolymer
obtained ranged from 23 to 344 kDa with polydispersity index of 2.5 to 7.8. Based on the
table, it can be inferred that the polydispersity of the copolymer increases (2.5 to 7.8) as the
number of feeding increases. The increase in polydispersity suggests that the incorporation of
3HV monomer in chain segment has widened its monomer distribution. More repeated chain
segments containing 3HB and 3HV monomer units were produced instead of random assem-
bly of this monomer on the chain segment. The same trend was reported by Madden and
Anderson [27] that the polydispersity produced by alternate feeding was slightly higher than
the random copolymer.

Table 6 Summary of production of copolymer P(3HB-co-3HV) by Cupriavidus sp. USMAA2-4

Runa PHA content
(wt%)

3HV composition
(mol%)

PHA concentration
(g/L)

RCDW
(g/L)

Productivity
(g/L/h)

Yield
(g/g)

1 47±1 8±1 8.7±0.1 9.80±0.2 0.160 0.888

2 68±4 8±2 16.4±0.3 7.60±0.4 0.304 2.158

3 57±3 20±0 20.2±1.0 15.0±0.9 0.374 1.347

4 56±9 24±0 20.5±3.2 16.4±3.2 0.380 1.250

5 66±2 24±0 25.7±0.8 13.3±0.7 0.476 1.932

Data are mean derived from three independent repeats.

PHA polyhydroxyalkanoate, RCDW residual cell dry weight, 3HB 3-hydroxybutyrate, 3HV 3-hydroxyvalerate
a Runs are as follows:

Run 1: Production obtained from optimized bioreactor, incubated at 525 rpm, 1 vvm

Run 2: Nitrogen (1.1 g/L), oleic acid (6.2 g/L), and 1-pentanol (1.2 g/L) were fed one time (12 h), incubated at
525 rpm, 1 vvm

Run 3: Nitrogen (1.1 g/L), oleic acid (6.2 g/L), and 1-pentanol (1.2 g/L) were two times (12 and 24 h), incubated
at 525 rpm, 1 vvm

Run 4: Nitrogen (1.1 g/L), oleic acid (6.2 g/L), and 1-pentanol (1.2 g/L) were fed three times (12, 24, and 36 h),
incubated at 525 rpm, 1 vvm

Run 5: Nitrogen (1.1 g/L), oleic acid (6.2 g/L), and 1-pentanol (1.2 g/L) were fed three times (12, 24, and 36 h),
incubated at 525 rpm, 1 vvm. Agitation was reduced to 200 rpm and aeration to 0.5 vvm from 36 h onward
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Weight averaged molecular weight (Mw) decreased as the mol% of 3HV monomer in-
creased (number of feeding increases). The Mw of the copolymer produced ranged between
233 and 849 kDa. It can be suggested that the copolymer with higher composition of 3HV has
a lower molecular weight. Feeding was carried out when there is depletion of carbon and
nitrogen source. It was assumed that each time the carbon source and nitrogen source were fed,
the formation of copolymer chain might stop. This contributes to more cut in the chain
formation which resulted in the shortening of polymer chain. Nyman [38] reported that periods
of substrate accessibility might affect the Mw of the copolymer produced. This study shows
that it is possible to regulate Mn and PDI of the copolymer by manipulating the frequency of
feeding. The ability to control the molecular weight of the copolymer is an added advantage as
it offers the prospects of exploring a wide range of biopolymer applications.

In order to determine the relationship between the polydispersity index and the granule
formation, the cells of Cupriavidus sp. USMAA2-4 under different feeding were observed
under transmission electron microscope. Figure 5 shows the transmission electron micrograph
image for the copolymer produced at different feeding times. Under electron microscope, cells
occurred singly and gradually swollen during polymer accumulation. The granules were
smaller in size when no feeding was carried out. The granules do not occupy the cells fully.
When one time feeding was carried out, one to two granules were observed. About three
granules were observed when two times feeding was carried out, and the number of granules
increases to five granules after three times feeding. The last run with high PHA content and
high CDW produced a granule which was fully occupied with the copolymer. This was most
probably due to the crowding and fusion of granules. It can be postulated that as the number of
feeding increases, the formation of short-chain polymer occurred which contributed to the
increase in granule formation. This result was strengthened further with the polydispersity
value obtained whereby the value increases as the number of feeding increases.

Randomness of different copolymers was determined by using the 13C-NMR carbon
carbonyl resonance spectrum. Table 7 shows the dyad sequence distribution of the 3HB and
3HV units in the copolymers as determined from the peak areas of the carbonyl resonance in

Table 7 Molecular weight and dyad sequence distribution of P(3HB) and P(3HB-co-3HV) polymer films

Polymer Molecular weighta Dyad sequence distributionb

Mn Mw PDI FBB FBV+FVB FVV D

kDa kDa FBBFVV/FBVFVB

P(3HB) 350±2 980±3 2.8±0.2 – – – –

P(3HB-co-6 mol% 3HV)
(optimized bioreactor)

344±2 849±4 2.5±0.1 0.7297 0.2075 0.0628 4.3

P(3HB-co-7 mol% 3HV)
(one time feeding)

319±4 805±2 2.5±0.0 0.8675 0.0989 0.0336 11.9

P(3HB-co-18 mol% 3HV)
(two times feeding)

93±4 378±1 4.1±0.0 0.6969 0.2231 0.0799 4.5

P(3HB-co-23 mol% 3HV)
(three times feeding)

51±2 313±1 6.1±0.0 0.5817 0.2961 0.1222 3.2

P(3HB-co-24 mol% 3HV)
(last run)

23±3 233±4 7.8±0.2 0.6411 0.2633 0.0956 3.5

aMolecular weight was determined using GPC. Three replicates were prepared for each sample
b Dyad sequence distribution was determined from 13C-NMR spectra
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the 13C-NMR spectra. The dyad sequence distribution of the 3HB and 3HV units in the
copolymers can be summarized as follows:

FVV ¼FV
2

FVB ¼ FBV ¼ FV 1−FVð Þ
FBB ¼ 1−FVð Þ2

The parameterD was defined to measure the degree of variation from a random sequence of
monomer units. This can be calculated from the diad fractions using the equation below:

D ¼ FBBFVV

FBVFVB

The copolymer is a statistically random copolymer if theD value is close to 1. The D values
less than 1 represent alternating copolymer while the copolymers with D value larger than 1
represent block or blend copolymers [39].

Based on the table, the D value for all the copolymers produced were in the range of 3.2
to 11.9, suggesting that these copolymers are blends or blocky copolymers having a block
copolymer with either a mixture of rich HVand HB homopolymers or a mixture of HVand
HB-rich random copolymers [39]. These NMR diad fractions correlate well with the
monomer composition whereby as the number of feeding increases the 3HV molar fraction
shows increment. Excess of 3HB inside the microbial cell led to a higher level of block
homopolymer arrangement of the monomer units, and this is consistent with the values of
D parameter calculated. Madden and Anderson [27] reported that alternate substrate
feeding of glucose and propionic acid in their studies resulted in a significant increase in
VV diad fractions. Ivanova et al. [40] also reported that the total B/V ratio in the polymer
can be completely reversed by changing the feeding strategy. This proves that the chemical
composition and microstructure of P(3HB-co-3HV) can be manipulated through the
feeding procedure.

Table 8 shows the mechanical and thermal analysis of the P(3HB) and P(3HB-co-
3HV) polymers. One of the factors that contribute to tensile strength of polymer is

I II III

IV V

47 ± 1 wt% 68 ± 4 wt% 57 ± 3 wt%

56 ± 9 wt% 66 ± 2 wt%

P(3HB-co-3HV) 

granules

P(3HB-co-

3HV) 

granules

Fig. 5 Transmission electron micrograph of Cupriavidus sp. USMAA2-4 containing P(3HB-co-3HV) before
feeding and after feeding. (I) Optimized bioreactor, (II) one time feeding, (III) two times feeding, (IV) three times
feeding, (V) last run. Bars represent 500 nm
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molecular weight. The increase in molecular weight caused an increase in tensile
strength. The tensile strength was in the range of 14 to 25 MPa. However, as the number
of feeding increases, the tensile strength decreases. This result correlates with the
molecular weight obtained whereby the molecular weight decreases as the number of
feeding increases.

A reduction in Young’s modulus from 245 to 187 MPa was also seen as the number of
feeding increases (as the mol% of 3HV increases). The lower Young’s modulus represents high
flexibility of the copolymer produced. Therefore, feeding of the carbon and nitrogen source
resulted in a more flexible copolymer. The copolymer produced in last run exhibits the lowest
Young’s modulus of 107 MPa. The lower Young’s modulus obtained in this study could be
associated with the low molecular weight obtained as reported by Luo and co-workers [41].
Elongation at break increases as the number of feeding increases (as the mol% 3HV increases)
whereby 3HV fraction from 7 to 23 mol% showed an increase in elongation at break from 111
to 193 %. This was most probably because the rigidness of the 3HB polymer backbone was
reduced by the incorporation of 3HV monomers.

Thermal stabilities of the copolymer were studied using differential scanning calo-
rimetry (DSC). Scandola et al. [42] reported that melting temperature (Tm) and glass
transition temperature (Tg) are the two important physical features that determine their
properties commercially. The incorporation of 3HV monomer was found to lower the
Tg. Tg decreased from –6.9 to −9.3 °C as the 3HV monomer increased from 7 to
23 mol%. The decrease of glass transition temperature will lead to an increase in
elastomeric properties of the copolymer [43]. This was most probably because the
incorporation of 3HV monomer to P(3HB-co-3HV) copolymer increased the mobility
in the amorphous state. This offers a larger volume of molecular movement [44].
Regulation of the copolymer composition can change their Tg to suit certain applica-
tions since Tg can affect the polymer morphology [45]. It could also be seen that the
Young’s modulus and tensile strength of the copolymer decreased with the decrease of
Tg indicating that the polymers become soft and flexible as the number of feeding
increases.

The Tm decreases as the 3HV monomer composition increases. The Tm of P(3HB) in this
study was 170 °C and the enthalpy of melting (ΔHm) was 79 J/g indicating that the polymer
crystallizes in the P(3HB) lattice. The lowered melting temperature allowed the molding of the
polymer besides reducing the thermal degradation of the polymer for better processing. ΔHm

is the indicator of crystallinity. Copolymer with lowerΔHm value indicates lower crystallinity
degree. The enthalpy of the copolymer decreased from 64 to 28 J/g as the 3HV monomer
increased from 7 to 23 mol% reflecting the depression in crystallinity for the copolymer
sample. That was because the 3HV monomers was incorporated within the P(3HB) lattice
where they act as defects in the lattice causing an increase in dimension and decrease in
melting temperature [46].

The calculated crystallinity percentages are shown in Table 8. It was found that the
crystallinity decreases from 46 to 20 % as the 3HV monomer composition increases
from 7 to 23 mol% (number of feeding increases). The same trend was reported by
Galego et al. [47] whereby the crystallinity decreases from 58.7 to 54.7 % as the 3HV
monomer composition increases from 8 to 24 mol%. It was reported by Kunioka et al.
[46] that the rate of crystallization depends on crystal growth and rates of nucleation.
At lower 3HV monomer composition, the P(3HB-co-3HV) copolymer crystallized in
the P(3HB) lattice.
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Conclusion

The development of fermentation strategies through fed-batch has shown promising results in
terms of productivity whereby the highest productivity obtained was 0.48 g/L/h. Undoubtedly,
consideration of OUR and OTR in this strain seems to be a preeminent strategy in improving
the P(3HB-co-3HV) production. By comparing with the batch fermentation, fed-batch fer-
mentation has resulted in 200 % increment in productivity. The different frequency of feeding
carried out has produced a blend copolymer and has broadened the monomer distribution. In
addition, an increase in the number of granules was also observed as the frequency of feeding
increased. The copolymer produced exhibited a wide range of material properties depending
on the feeding frequency and the composition of the copolymer. Therefore, these strategies
will facilitate the process developments and can be applied in industrial production of
copolymer P(3HB-co-3HV) by using oleic acid and 1-pentanol as the substrate.
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