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ABSTRACT

The P(3HB-co-4HB) is commonly used for biomedical applications. This is due to the desired mechanical properties as well
as biocompatibility, non-genotoxicity, and non-cytotoxicity of this copolymer. However, the production of P(3HB-co-4HB)
with a specific 4HB molar fraction is still limited. In this study, carbon precursors at different combinations and concentration
ratios have been used in the production of P(3HB-co-4HB) bioplastics using locally isolated Cupriavidus sp. TMT11. The
carbon precursors 1,6-hexandiol, 1,4-butanediol, and γ-butyrolactone were used to screen for high cell biomass, PHA content,
and 4HB molar fraction through Gas Chromatography (GC) analysis. Generally, the combination of various carbon precursors
showed an increase in cell biomass. The carbon combination of 1,4-butanediol and γ-butyrolactone at the ratio of 4:2 and
carbon combination of 1,6-hexanediol and γ-butyrolactone at a ratio of 1:5 showed high amount of cell biomass above 0.35
g/L on day 3. Nevertheless, the 4HB molar fraction of both the combination was recorded as 9±0.27 mol% and 14±1.1
mol% respectively. The lowest amount of cell biomass and PHA yield were recorded with the carbon combination of
1,6-hexanediol and 1,4-butanediol with the ratio 5:1 at 0.55±0.13 g/L. However, the highest 4HB molar fraction of 89.37±3.6
mol% 4HB was recorded with this combination. The 4HB molar fraction above 80 mol% was reported with a carbon
combination of 1,6-hexanediol +1,4-butanediol at 5:1, 1:1, and 2:4 ratio. The varying combination of carbon precursors
biosynthesized a wide range of 4HB molar fractions ranging from 9.07 to 89.37 mol% 4HB.
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INTRODUCTION

Polyhydroxyalkanoate (PHA) is a family of
microbial polymers produced intracellularly as
carbon and energy storage material by a wide variety
of bacteria under stress conditions. One of the
unique characteristics of PHA is that it can be
completely degraded in various environments and
this garnered attention worldwide (Vigneswari et al.,
2019).

Poly(3-hydroxybutyrate-co-4-hydroxybutyrate)
[P(3HB-co-4HB)] copolymer is a member of the
bacterial PHAs. P(3HB-co-4HB) has been found to
have desirable mechanical properties for applica-
tions in the medical and pharmaceutical fields. The
biosynthesis of P(3HB-co-4HB) involved the

utilization of specific carbon precursors such as 1,4
butanediol, 1,6-hexanediol, γ-butyrolactone, 1,6-
hexanediol ω-alkanediols with even number carbon
atom numbers (Huong et al., 2018). P(3HB-co-4HB)
was first produced by Cupriavidus necator, which
is previously known as Ralstonia eutropha. There
are many types of bacterial strains that accumulate
P(3HB-co-4HB) such as Hydrogenophaga pseudo-
flava (Choi & Lee, 1999), Comamonas acidovorans
(Lee et al., 2004), and Alcaligenes latus (Lefebvre
et al., 1997). The bacterial strain that has been used
in this study is Cupriavidus sp. TMT11, a locally
isolated from Teguh Megah Timur pond in Kuala
Terengganu, Malaysia (Chai et al., 2017).

The production of P(3HB-co-4HB) with a wide
range of 4HB molar faction is vital to tailor the
various application of this copolymer. Effective
approaches in biosynthesizing P(3HB-co-4HB) with
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varying 4HB molar fraction is necessary due to the
increasing applications in medical and pharma-
ceutical sectors such as cardiovascular, orthopedic,
drug delivery, and tissue engineering applications
(Chee et al., 2008; Rahayu et al., 2008; Faezah et
al., 2011). In this study, the three main carbon
precursors namely 1,6-hexandiol, 1,4-butanediol,
and γ-butyrolactone which are commonly used in
the biosynthesis of P(3HB-co-4HB) are used to
determine the effect the biomass of P(3HB-co-4HB)
and the varying 4HB molar fraction using the
locally isolated Cupriavidus sp. TMT11.

MATERIALS AND METHODS

Bacterial strain and maintenance
Cupriavidus sp. TMT 11 used in this study was

isolated from Teguh Megah Timur pond in Kuala
Terengganu, Malaysia as previously described
(Meng et al., 2019). Briefly, it is maintained in
20% (v/v) glycerol solution and stored at -20°C for
long term storage. The bacteria were revived in
nutrient-rich (NR) broth for 24 hr at 200 rpm at 30°C
(Huong et al., 2018).

Biosynthesis of P(3HB-co-4HB) copolymer
The production of the P(3HB-co-4HB) co-

polymer was carried out in a shake flask system.
The inoculum was prepared with bacterial strain
Cupriavidus sp. TMT11 was grown in nutrient broth
containing 10 g/L peptone, 10 g/L meat extract, and
2 g/L yeast extract at 30°C and placed in an orbital
shaker for 15-18 hr at 200 rpm. Later, 10% (v/v)
inoculum was transferred into the mineral medium
to produce P(3HB-co-4HB) copolymer when the
bacterial growth based on optical density measured
using a spectrophotometer (540 nm) reaches
0.4-0.5. The mineral salt media (MSM) was prepared
with 5.8g/L K2HPO4, 3.7 g/L KH2PO4 and 1.1 g/L
(NH4)2SO4, trace elements (2.78 g/L FeSO4 .7H2O,
1.98 g/L MnCl2.4H2O, and 2.81 g/L CoSO4.7H2O,
1.67 g/l CaCl2.2H2O, 0.17 g/L CuCl2.2H2O and 0.29
g/L ZnSO4.7H2.O and 0.29 g ZnSO4.7H2O) and
MgSO4.7H2O (0.1M) which were sterilised at 121°C
for 15 min. The MSM was prepared in 50 mL in a
250 mL conical flask was added with a specific
combination and concentration ratio of carbon
precursor (Table 1). The MSM was then inoculated
with inoculum grown in NR and incubated at 30°C
in an orbital shaker at 150 rpm for 72 hr. Bacterial
growth will be monitored at intervals of 24 hr. The
carbon sources used were 1,6-hexanediol, 1,4-
butanediol, and γ-butyrolactone with a total carbon
concentration of 0.6 wt% C but with a varying ratio
as listed in Table 2.1. The cells were harvested by
centrifugation (Centrifuge 5804 R) at 10000 rpm
for 15 min. The cell pellet was subjected to

lyophilization before further analysis (Norhafini et
al., 2017).

Analytical procedure
The contents of P(3HB-co-4HB) and its

composition which includes the 4HB molar fraction
was obtained using gas chromatography (GC)
analysis using Shimadzu GC-17A (Shimadzu, Japan)
analysis (Braunegg et al., 1978) with Supelco
SPBTM -1(L × I.D. 30 M × 0.25 mm) [Sigma, USA]
column (Amirul et al., 2009).

Statistical analysis
All experimental values are presented as means

and standard deviation. The data were analyzed
using ANOVA and Turkey’s Test using SPSS 25
software. The p<0.05 were considered significant.

RESULTS AND DISCUSSION

Effect of different ratio of carbon precursors on
bacterial growth

Cupriavidus sp. TMT11 obtained from Teguh
Megah Timur pond in Kuala Terengganu, Malaysia
was cultivated using 1,6-hexanediol, 1,4-butanediol,
and γ-butyrolactone with varying combinations and
concentration ratio of carbon precursors. The effect
of different ratios of carbon source in the biomass
of P(3HB-co-4HB) production was observed at
intervals of 24 hr for a total of 72 hr. Figure 1
highlights the biomass of the cells at different time
intervals. Based on the results obtained in Figure 1,
the carbon combination of 1,4-butanediol and
γ-butyrolactone at the ratio of 4:2 and carbon
combination of 1,6-hexanediol and γ-butyrolactone
at a ratio of 1:5 showed the highest amount of
cell biomass above 0.35 g/L on day 3. The carbon
combination of 1,6-hexanediol and 1,4-butanediol
at a ratio of 5:1 recorded the lowest amount of cell
biomass of 0.045 ± 0.004 g/L at day 3 of cultivation.
The varying combination of carbon precursors using
the mixed-substrate strategy of 1,4-butanediol and
1,6-hexanediol to regulate the molar fraction of

Table 1. Carbon concentration of carbon sources

Carbon
Carbon sources concentration

ratio

1,6-Hexanediol + 1,4-Butanediol 5:1
1,6-Hexanediol + γ-Butyrolactone 1:5
1,6-Hexanediol + γ-Butyrolactone 4:2
1,4-Butanediol + γ-Butyrolactone 1:5
1,4-Butanediol + γ-Butyrolactone 4:2
1,6-Hexanediol + 1,4-Butanediol 4:2

1,6-Hexanediol + 1,4-Butanediol 1:5
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Table 2. Regulating the molar fraction of P(3HB-co-4HB) through combined carbon precursors using Cupriavidus sp. TMT11

Carbon PHA                     PHA composition (mol%)* PHA
Carbon combination concentration content* yield

ratio (wt%) 4HB 3HB (g/L)*

1,4-butanediol + γ-butyrolactone 1:5 24.48 ± 10.98a 33.87 ± 6.37a 66.13 ± 26.37a 0.36 ± 0.14a

1,4-butanediol + γ-butyrolactone 4:2 51.09 ± 12.69bc 9.07 ± 0.27b 90.93 ± 0.27b 4.70 ± 1.70b

1,6-hexandiol + γ-butyrolactone 1:5 54.82 ± 10.33c 14.06 ± 1.10c 85.94 ± 14.10a 4.89 ± 0.74b

1,6-hexandiol + γ-butyrolactone 4:2 82.38 ± 93.31c 20.10 ± 9.78a 79.90 ± 19.78a 3.54 ± 4.05b

1,6-hexanediol +1,4-butanediol 1:5 44.62 ± 14.25ab 30.12 ± 18.77a 69.88 ± 18.77a 2.96 ± 0.80c

1,6-hexanediol +1,4-butanediol 4:2 24.15 ± 5.36ab 23.77 ± 3.07a 76.23 ± 3.07a 1.55 ± 0.37ac

1,6-hexanediol +1,4-butanediol 5:1 1.68 ± 1.08d 89.37 ± 3.60d 10.63 ± 3.60c 0.55 ± 0.13a

Data show the mean ± standard deviation of three replicates. Means with different alphabets (a–d) within the same column are significantly
different at p<0.05 level (Tukey test).
* Data determined from GC analysis.

Fig. 1. Biomass of cells obtained at every 24 hr time interval using different combinations and concentration ratio of carbon
precursors. Means with different alphabets (a–g) are significantly different at p<0.05 level (Tukey test).

P(3HB-co-4HB) had been demonstrated by Huong
et al. (2015) through their work. It was reported that
the combination of carbon precursors showed a
better increment of the bacteria biomass as com-
pared to using sole carbon precursor. It was reported
that the combination of more than one physio-
logically similar substrate provides increasing cell
biomass, which can overcome the limitation faced
by single-stage cultivation in biosynthesis (Syafiq
et al., 2017). Furthermore, it was observed that as
the concentration of 1,6-hexanediol decreases while
1,4-butanediol increases, the biomass of bacteria
showed an increment. A similar trend was observed
across different 1,6-hexanediol and 1,4-butanediol
combination. A similar observation was also
reported by Chanprateep et al. (2008), which stated
that 1,4-butanediol is one of the effective carbon

precursors for the increase in the 4HB molar fraction
as compared to γ-butyrolactone. Biosynthesis of
P(3HB-co-4HB) involves the conversion of 1,4-
butanediol to 4-hydroxybutyryl-CoA, before being
converted to 4-hydroxybutyrate, where only a
portion of 4-hydroxybutyrate will undergo a
complex pathway to form 3-hydroxybutyrate
(Steinbüchel & Lütke-Eversloh, 2003; Iqbal &
Amirul, 2014; Norhafini et al., 2017). Hence, this
further confirmed that the utilization of the optimum
amount of 1,4-butanediol could greatly promote
the production of 4HB monomer in copolymer
P(3HB-co-4HB).

The percentage of increase in cell biomass
between 24 hr to 72 hr was shown in Figure 2. It
was reported that the carbon combination of
1,6-hexanediol and 1,4-butanediol at a ratio of 4:2
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reported the highest percentage of increment at
99.14%. Whereas the carbon combination of 1,6-
hexanediol and α-butyrolactone at 4:2 ratio has the
lowest percentage of increment at 39.08%. This
could probably be attributed to the presence of
1,4-butanediol which further supports the fact that
this carbon precursor 1,4-butanediol is one of the
effective carbon precursors to not only increase the
4HB molar fraction but also cell biomass.

Effect of mixed-substrates with a various
concentration on copolymer P(3HB-co-4HB)
production

The regulation of 4HB molar fraction of P(3HB-
co-4HB) through combined carbon precursors using
Cupriavidus sp. TMT11 was shown in Table 2. A
high 4HB molar fraction of above 80 mol% was
recorded with a carbon combination of 1,6-
hexanediol +1,4-butanediol at the ratio of 5:1, 1:1,
and 2:4. The highest PHA yield of the samples was
observed with the carbon combination of 1,6-
hexanediol +1,4-butanediol at the ratio of 1:1 and
2:4. However, the carbon combination of 1,6-
hexanediol + γ-butyrolactone at 1:5 ratio recorded
the lowest PHA yield at 0.36 g/L. A similar
observation was reported by Syafiq et al. (2017).
The carbon precursors used during biosynthesis
affect the composition of polymer produced by the
bacterial cells. Generally, the carbon combination
of 1,4-butanediol and α-butyrolactoneat at the ratio
of 1:5 has recorded relatively the lowest PHA yield.
This could be because γ-butyrolactone could have
been toxic to the bacterial cells (Steinbüchel &

Lütke-Eversloh et al., 2003). Huong et al. (2015)
reported that synergistic of 1,4-butanediol and 1,6-
hexanediol shows a better increment of the bacteria
biomass as well as 4HB molar fraction as compared
to using sole carbon precursor. This study was
carried out to evaluate the bacterial growth as well
as regulating the 4HB molar fraction by varying the
carbon precursor. This indicates that the varying
combination of carbon precursors used gave a wide
range of P(3HB-co-4HB) ranging from 9.07 to 89.37
mol% 4HB biosynthesized using Cupriavidus sp.
TMT11.

CONCLUSION

The 4HB molar fractions of P(3HB-co-4HB)
copolymer can be regulated using the combination
of varying carbon precursor with a wide range of
4HB molar fraction exhibited. This work confirmed
that the Cupriavidus sp. TMT11 has the highest
bacterial biomass and highest 4HB mol%
accumulated when the combination of 1,6-
hexanediol and 1, 4-butanediol were used. This will
enable the scale-up of P(3HB-co-4HB) copolymer
production in a bioreactor to regulate the 4HB molar
fractions. Carbon precursor concentration and
combination based on ratio should be optimized to
prevent the carbon precursors to become toxic to
the bacteria, thus enhance the production of
P(3HB-co-4HB). The biosynthesized P(3HB-co-4HB)
copolymer can be potentially used for various
biomedical applications in the future.

Fig. 2. Percentage of increase in cell biomass between time intervals. Means with different alphabets
(a–f) are significantly different at p<0.05 level (Tukey test).
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