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Abstract

BACKGROUND: P(3HB-co-3HHx) copolymers are very promising biomaterials. The main challenge in the production of these
polymers is to simultaneously achieve high cell biomass; high P(3HB-co-3HHx) content; and high molar fraction of 3HHx in
P(3HB-co-3HHx). The most common approach to production of these copolymers is the use of recombinant bacterial strains. The
purpose of this study was to optimize the process of production of P(3HB-co-3HHx) copolymers containing high molar fractions
of 3HHx by using the wild-type strain Cupriavidus eutrophus B10646.

RESULTS: Kinetic properties of C. eutrophus B10646 were studied during cultivation of the cells on substrates necessary
for P(3HB-co-3HHx) synthesis: glucose, nitrogen, sodium hexanoate, and sodium acrylate. The physiological ranges of their
effects were determined experimentally, and C. eutrophus B10646 was grown in culture media with different dosages of
these substrates. P(3HB-co-3HHx) copolymers with different molar fractions of 3HHx, including high ones (12 to 68%), were
synthesized, and their physicochemical and mechanical properties were investigated.

CONCLUSION: For the first time, cultivation conditions of Cupriavidus eutrophus B10646 enabled production of high biomass
yields (5–6 g L-1) and high content of the polymer (60–75%) that contained high 3HHx molar fraction. By varying the 3HB/3HHx
ratio, one can change physicochemical and mechanical properties of P(3HB-co-3HHx) copolymers.
© 2014 Society of Chemical Industry
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INTRODUCTION
Natural polyesters polyhydroxyalkanoates (PHAs) are synthesized
by prokaryotic microorganisms in a complex multistage biosyn-
thetic process, with each stage catalyzed by specific enzymes.
This type of natural macromolecule includes structurally diverse
polymers composed of monomers with different chemical struc-
ture (saturated and unsaturated, linear and branched, aliphatic,
aromatic, etc.) and with different numbers of carbon atoms.1 PHA
synthase – one of the key enzymes of PHA synthesis – catalyzes
formation of ester bonds during polymerization of monomers.2,3

Based on the notion of substrate specificity of synthases, all
known types of PHAs have been divided into three groups:
short-chain-length (PHAsSCL), medium-chain-length (PHAsMCL),
and long-chain-length (PHAsLCL) PHAs. PHAsSCL are composed
of monomers consisting of three to five carbon atoms (C3 –C5),
PHAsMCL – C6 to C14, and PHAsLCL – more than C17 and C18.4

PHA copolymers are of the greatest interest to researchers
since the basic physicochemical properties of this type of

PHAs vary widely depending on the composition and frac-
tions of monomers comprising them.5 The most variable
properties of PHA copolymers are their degree of crys-
tallinity and temperature characteristics – parameters that
determine the conditions of polymer processing and prop-
erties of the resulting products. Copolymers composed of
short-chain-length (SCL) and medium-chain-length (MCL)
monomers make up a special group of PHAs, as these copoly-
mers, such as poly(3-hydroxybutyrate-co-3-hydroxyhexanoate),
P(3HB-co-3HHx), or poly(3-hydroxybutyrate-co-hydroxyoctanoate),
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P(3HB-co-3HO), have elastomeric properties and a decreased
degree of crystallinity, in contrast to the homogenous
poly(3-hydroxybutyrate), P(3HB).6

Both wild-type and genetically modified microorganisms are
capable of synthesizing PHAs composed of SCL and MCL monomer
units. Wild-type producers of SCL-MCL PHAs described in the lit-
erature represent different taxa: Pseudomonas putida,7 Rhodococ-
cus sp. NICMB 40126,8 Aeromonas caviae 440,9 Ectothiorhodospira
shaposhnikovii,10 etc. This is by no means an exhaustive list. The
authors of those studies described synthesis of SCL-MCL PHAs on
various substrates (sugars, organic and fatty acids), which served
as the main carbon source. The nutrient media also contained
additional carbon sources – the so-called precursor substrates for
the synthesis of medium-chain-length monomers (hexanoic acid,
octanoic acid, etc.), most of which inhibit the growth of PHA pro-
ducing microorganisms. The total PHA yields were considerably
lower than potentially attainable ones, and the molar fractions of
medium-chain-length monomers were low. For instance, the frac-
tions of 3HHx in the PHA reported so far varied from 1–5 mol% to
15–20 mol%.

Recombinant PHA producing strains, harboring genes of PHA
synthesis enzymes from different bacteria, have been engi-
neered to achieve more productive synthesis of SCL-MCL PHAs.
Recombinant PHA producers are engineered by using both
PHA-synthesizing microorganisms (Pseudomonas, Aeromonas,
Ralstonia) and ones incapable of PHA synthesis (E. coli). If
PHA-synthesizing bacteria are used, the aim is overexpression
of the genes that control PHA synthesis. Non-PHA producers
are also used to study the mechanism of PHA synthesis and
detect additional participants in biosynthesis. For instance, E. coli
is a promising bacterium for engineering recombinant strains
because its metabolism has been studied thoroughly; moreover,
E. coli has high growth rate, can use a wide range of substrates,
and has no intracellular depolymerases, i.e. it may synthesize
polymers in high yields.11 However, even the use of recombinant
PHA producers to synthesize SCL-MCL PHA copolymers has not
resulted in the simultaneous production of large amounts of
biomass and high total yields of polymers containing high molar
fractions of medium-chain-length monomers. There are very few,
if any, published studies that report a successful combination of
all of these parameters. For instance, Jian et al. used a recombinant
strain Aeromonas hydrophila AKJ1 to synthesize P(3HB-co-3HHx)
copolymers and achieved high molar fractions (94.5–94.6 mol%)
of 3HHx, but biomass production and total PHA yields were as
low as 3.00–4.07 g L-1 and 25.99–54.49% DCW, respectively.12

In a study by Wong et al., recombinant strain Cupriavidus neca-
tor Re2160/pCB113 with the cloned PHA synthase gene of
R. aetherivorans and an enol-CoA hydratase gene from Ps. aerugi-
nosa produced higher biomass concentrations and polymer yields
(6.27–6.73 g L-1 and 82–83% DCW, respectively), but the molar
fraction of 3HHx was only 56–59 mol%.13

Chemolithoorganotrophic bacteria of the genus Cupriavidus
(formerly known as Ralstonia) are regarded as very promising PHA
producers, as these bacteria are capable of synthesizing PHAs in
very high yields (80–90% of DCW) from various substrates.4,14,15

It was previously believed that the PHA synthase of Ralstonia
strains, which is a Class I synthase, is substrate specific, and, thus,
wild-type bacteria of this genus are capable of accumulating only
short-chain-length PHAs.1 The first data showing the ability of the
wild-type strain R. eutropha B5786 to synthesize P(3HB-co-3HHx)
copolymers with 3HHx reaching 10–16 mol% when grown in
autotrophic culture on CO2 and hexanoate as an additional

substrate were reported by Volova et al.16,17 Several years later,
Green et al.18 also showed that the wild-type R. eutropha H16 was
capable of synthesizing SCL-MCL PHAs containing 3HHx. In the
copolymers synthesized by the cells grown on octanoic acid as
a carbon source, in the medium supplemented with different
concentrations of sodium acrylate, the molar fraction of 3HHx
reached 5.7 mol%. The study comparing two strains – R. eutropha
B5786 and R. eutropha H16 – showed that the H16 strain was also
capable of synthesizing P(3HB-co-3HHx).19 The molar fraction of
3HHx in P(3HB-co-3HHx) reached 50 mol% in experiments with
R. eutropha B5786 strain grown heterotrophically on fructose, in
the medium supplemented with sodium hexanoate and sodium
acrylate (the latter blocking reactions of the fatty acid oxidation
cycle and preventing the carbon chain of hexanoic acid from
shortening).20

The PHA synthase gene of R. eutropha B5786 was cloned and
characterized, and molecular structure of the enzyme was com-
pared with PHA synthases of several strains accumulating SCL-MCL
PHAs.21 Homology of the PHA synthase of R. eutropha B5786 to
the PHA synthase of R. eutropha H16 was 99%. Homology of the
R. eutropha B5786 synthase to the synthases of some strains pro-
ducing SCL-MCL PHAs was between 26% and 41%. Thus, no direct
relationship was found between molecular organization of PHA
synthases and their functions, namely, their ability to synthesize
PHAs with certain structures.

Cupriavidus eutrophus B10646, a recently isolated wild-type
strain showing enhanced tolerance to precursor C-substrates
necessary for PHAMCL synthesis, is capable of synthesizing
SCL-MCL PHAs. The first studies of this strain showed that when
grown in autotrophic culture on CO2 as the main carbon source,
with sodium hexanoate as an additional substrate, Cupriavidus
eutrophus B10646 cells synthesized PHA copolymers containing
20–25 mol% 3HHx.22 PHA terpolymers, P(3HB-co-3HV-co-3HHx)
synthesized by Cupriavidus eutrophus B10646 cells in het-
erotrophic culture on sugars and sodium valerate and sodium
hexanoate as additional substrates contained 13.6 mol% 3HHx.23

The purpose of this study was to investigate the accumulation
of P(3HB-co-3HHx) copolymers with high molar fractions of 3HHx
synthesized by the wild-type strain Cupriavidus eutrophus B10646
and characterize these copolymers.

EXPERIMENTAL
Bacterial strain
The strain used in this study was C. eutrophus B10646, regis-
tered in the Russian National Collection of Industrial Microorgan-
isms. The strain has a broad organotrophic potential and can
use different carbon sources; it is tolerant to concentrations of a
number of organic C-substrates (sodium valerate and hexanoate,
𝛾-butyrolactone) reaching 3–5 g L-1 in the culture medium and
is able to use them to synthesize PHA copolymers containing
short- and medium-chain-length monomer units. As a nitrogen
source, the strain utilizes nitrates, ammonium salts, urea, and
amino acids.24

Media
Schlegel’s mineral medium was used as a basic solution for grow-
ing cells:25 Na2HPO4.H2O – 9.1; KH2PO4 – 1.5; MgSO4·H2O – 0.2;
Fe3C6H5O7·7H2O – 0.025; CO(NH2)2 – 1.0 (g L-1). The main carbon
substrate was glucose (China), which was sterilized by membrane
filtration using Opticap XL300 Millipore Express SHC filters (US),
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in order to prevent the pH from falling. Nitrogen was provided
in the form of urea, and, thus, no pH adjustment was needed.
The pH level of the culture medium was stabilized at 7.0± 0.1.
A solution of iron citrate (5 g L-1), which was used as a source of
iron, was added to reach a concentration of 5 mL L-1. Hoagland’s
trace element solution was used: 3 mL of standard solution per
1 L of the medium. The standard solution contains H3BO3 – 0.288;
CoCl2·6H2O – 0.030; CuSO4·5H2O – 0.08; MnCl2·4H2O – 0.008;
ZnSO4·7H2O – 0.176; NaMoO4·2H2O – 0.050; NiCl2 – 0.008 (g L-1).
Substrate feeding strategies were varied depending on the tech-
nique of bacterial cultivation employed: culture in flasks in a
shaker or culture in a fermentation system.

Growth conditions
Cells were grown in batch and continuous cultures. Inoculum was
produced using an Innova® 44 constant temperature incubator
shaker (New Brunswick Scientific, USA). Inoculum was prepared
by resuspending the stock culture maintained on agar medium.
Bacteria were grown in 0.5 L to 2.0 L glass flasks half-filled with min-
eral medium, with the initial concentration of glucose 10 g L-1 at
30 ∘C and 200 rpm. Cells were cultivated to reach a concentration
of 1 g L-1 (with polymer content not higher than 10%).

Growth kinetics of bacterial cells was studied in continuous
mode in a BioFlo-115 automated laboratory fermentor, with an
8 L fermentation vessel and the working volume of the culture
from 3 L to 5 L, under strictly aseptic conditions. The mass flow
of the fermentor is controlled by the air flow rate and agitation
speed; the latter can be varied from 300 to 1000 rpm, and, thus, air
transfer rate varies from 2 to 8 L min-1. The fermentor is equipped
with a control station with a liquid crystal display, which records
the cultivation process data, pH probes, O2 probes, a system for
automatic substrate feeding, and a thermal stabilization system.
Dissolved oxygen saturation level was maintained at 25–30%; as
cell concentration increased, dissolved oxygen began to decrease
and agitation speed increased (cascaded control).

The synthesis of P(3HB-co-3HHx) copolymers was studied in the
batch culture, by using the previously developed procedure.23

Cultivation was performed in an Innova® 44 constant tempera-
ture incubator shaker (New Brunswick Scientific, USA). Cells were
grown in 2.0 L glass flasks half-filled with mineral medium at
30 ∘C and 200 rpm. Synthesis of PHA copolymers was achieved
as follows: the culture medium was supplemented with pre-
cursor substrate (different concentrations of sodium hexanoate)
(Acros Organics, USA) at 24 h, and cultivation lasted 48–72 h. In
a number of experiments, the culture medium was also supple-
mented with sodium acrylate (Sigma, USA) (simultaneously with
sodium hexanoate supplementation), which blocked reactions of
the fatty acid 𝛽-oxidation cycle and enhanced the synthesis of
3HH× monomer units.

Monitoring process parameters
During the course of cultivation, samples of culture medium
were taken for analysis every 4 h (in the continuous culture in
the fermentor) or every 8 h (in the batch culture in flasks); cell
concentration in the culture medium was determined based on
the weight of the cell samples dried at 105∘C for 24 h (DCW)
per 1 L. Cell concentration in the culture medium was monitored
every hour by converting the optical absorbance at 440 nm of
culture broth to dry cell weight by using a standard curve prepared
previously.

Glucose concentration was determined using the ‘Glu-
cose – FKD’ (‘Fermatsevtika i klinicheskaya diagnostika’, Moscow,

Russia), which contained chromogenic enzyme substrate and a
calibrator (a 10 mmol L-1 glucose solution). Optical density of the
study sample and calibration sample were compared photomet-
rically with the optical density of the blank, with optical path
length 10 mm at wavelength 490 nm. Glucose concentration in
the samples was calculated using the following formula:

C =
(

E0∕Ek

)
× 10

where C is glucose concentration, mmol L-1; E0 is optical density of
the sample tested, units of optical density; Ek is optical density of
the calibration sample, units of optical density; 10 is the glucose
concentration in the calibrator, mmol L-1.

Sodium hexanoate concentrations in the culture medium
were controlled using a gas chromatography analysis (GC-MS
6890/5975C, Agilent Technologies, USA) of the culture medium
samples, which was done after preliminary extraction with chlo-
roform from acidified samples. Nitrogen concentration in the
culture medium was analyzed at different time points, using a
photometric method, with Nessler’s reagent.26

P(3HB-co-3HHx) biosynthesis was evaluated based on cell
concentration, polymer yield, the amount of the main growth
substrate used, and process duration and productivity. The cell
biomass yield (X , g L-1), and the specific growth rate (μ, h-1) were
calculated.

Specific growth rate of the culture (μ, h-1) was determined using
the following equation:

𝜇 = (dx) ∕dt

where x is biomass, g L-1, t is duration of cultivation, h.
Kinetic constants of the culture (saturation constant, Ks and

inhibition constant, Ki) were determined by using the conventional
Lineweaver–Burk semi-graphical method: by linearizing inverse
values of the relationship between the specific growth rate of
bacterial cells and substrate concentration.27

Analysis of P(3HB-co-3HHx) structure and physicochemical
properties
Intracellular polymer content at different time points was deter-
mined by analyzing samples of dry cell biomass. Intracellular
PHA content and composition of extracted polymer samples were
analyzed by a GC-MS (6890/5975C, Agilent Technologies, USA).
Both lyophilized cells and extracted polymer were subjected to
methanolysis in the presence of sulfuric acid, and polymer was
extracted and methyl esterified at 100 ∘C for 4 h. Benzoic acid was
used as an internal standard to determine total intracellular PHA.28

Monomer units of P(3HB-co-3HHx) were identified in the extracted
and purified polymer samples based on their retention times and
mass spectra.

Molecular weight and molecular-weight distribution of the
copolymer were examined using a gel permeation chromato-
graph (1260 Infinity, Agilent Technologies, USA) with a refractive
index detector, using an Agilent PLgel Mixed-C column. Chlo-
roform was the eluent, at a flow rate of 1.0 mL min-1 at 40 ∘C.
Typical sample volumes were 50 μL at a polymer concentration of
2 mg mL-1. Narrow polydispersity polystyrene standards (Agilent,
USA) were used to generate a universal calibration curve, from
which molecular weights (weight average, Mw, and number aver-
age, Mn) and polydispersity (D=Mw/Mn) were determined. The
measurement accuracy was 2%.
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Thermal analysis of P(3HB-co-3HHx) specimens was performed
using a DSC-1 differential scanning calorimeter (Mettler Toledo,
Switzerland). Powdered samples (4.0± 0.2 mg each) were placed
into the aluminum crucible and compressed prior to measure-
ment. Every sample was measured at least three times. Samples
were preheated to 60 ∘C and cooled to 25 ∘C. The specimens
were heated to temperatures from 25 ∘C to 300 ∘C, at 5 ∘C min-1

(measurement precision 1.5 ∘C); melting point (Tm) and thermal
decomposition temperature (Td) were determined from exother-
mal peaks in thermograms. The thermograms were analyzed using
the STARe v11.0 software.

X-ray structure analysis and determination of crystallinity of
copolymers were performed employing a D8 Advance X-ray pow-
der diffractometer equipped with a Vantec fast linear detector,
using CuKa radiation (Bruker, AXS, Germany). In order to determine
the crystallinity of the P(3HB-co-3HHx), three film samples 2 cm
in diameter and 0.15 mm thick were prepared from a 2% polymer
solution in chloroform. The samples had a circular shape because
during measurement the sample spins in a direction perpendicu-
lar to the surface. The scan step was 0.016∘, measurement time in
each step 114 s, and scanning range from 5∘ to 60∘ (from 48∘ to
60∘ there only was a uniformly decreasing background); the reg-
istered parameter was intensity of X-rays scattered by the sample;
55∘/0.016∘ = 3438 times. The degree of crystallinity was calculated
as a ratio of the total area of crystalline peaks to the total area of
the radiograph (the crystalline+ amorphous components). Mea-
surement accuracy: point measurement accuracy ±0.4 PPS, with
the lowest intensity 1.5 PPS and the highest intensity 32 PPS; the
error in determination of the degree of crystallinity, which was cal-
culated based on multiple measurements, was 2% or less.

Analysis of P(3HB-co-3HHx) physical–mechanical properties
Surface properties of P(3HB-co-3HHx) films prepared by coating
glass with the chloroform solution of the polymer were studied
with a Drop Shape Analyzer – DSA-25E (Krüss GmbH – Germany)
for measuring contact angles of water and diiodomethane drops
by the Owens–Wendt–Rabel–Kaelble method:29 – 31 surface free
energy (SFE) and its dispersion and polar components were mea-
sured, and the data were processed by the DSA-4 software.

Physical and mechanical properties of the films prepared from
P(3HB-co-3HHx) with different compositions were investigated
using an Instron 5565 electromechanical tensile testing machine
(UK). Dumbbell-shaped samples 50 mm long, 6.1 mm wide, and
25–30 μm thick were prepared to study physical and mechanical
properties of the films. The thickness of films was measured
prior to testing, using a Legioner EDM-25-0.001 electronic digital
micrometer.

Samples were maintained at room temperature in the laminar
flow box for at least two weeks to reach equilibrium crystalliza-
tion. At least five samples were tested for each type of film. Mea-
surements were conducted at room temperature; the clamping
length of the samples was 30 mm. The speed of the crosshead
was 3 mm min-1 at room temperature. Young’s modulus (E, MPa),
tensile strength (𝜎, MPa) and elongation to break (𝜀, %) were auto-
matically calculated by the Instron software (Bluehill 2, Elancourt,
France). To obtain Young’s modulus, the software calculated the
slope of each stress–strain curve in its elastic deformation region.
Measurement error did not exceed 10%.

Statistics
Statistical analysis of the results was performed by conventional
methods, using the standard software package Microsoft Excel.

Arithmetic means and standard deviations were found. The sta-
tistical significance of results was determined using Student’s test
(significance level: P ≤0.05).

RESULTS
The effects of the substrates necessary for the synthesis
of P(3HB-co-3HHx) polymers on kinetic properties of C.
eutrophus B10646 culture
This study was performed with continuous culture, in which
parameters of the medium can be maintained at preset levels for
long time periods and which is used to determine the accurate
physiological ranges of effects of glucose, nitrogen, sodium hex-
anoate, and sodium acrylate on the study strain, μ/S relationships,
and substrate constants (Ks and Ki). We varied the concentration
of one substrate in the culture medium, while the other parame-
ters of the medium were maintained at optimal levels. Results are
shown in Fig. 1.

The study of the effect of glucose concentration on the growth
rate of the glucose-utilizing strain, C. eutrophus B10646, deter-
mined the physiological limits of the effect of this substrate. Results
of experiments showed that for this strain, glucose concentration
in the culture medium should be maintained within a range of 5 to
35 g L-1 (Fig. 1(a)). Glucose concentrations below 5 g L-1 and above
35 g L-1 adversely affected cell growth rate. Glucose concentrations
below and above these limits caused a decrease in the cell yield; at
glucose concentration of 50 g L-1, specific growth rate of the cells
dropped to 0.050 h-1, and at 80–100 g L-1, cell growth was com-
pletely inhibited. Saturation constant (Ks) and inhibition constant
(Ki) of the main growth substrate (glucose) for C. eutrophus B10646
cells were found to be 12.7 g L-1 and 38.5 g L-1, respectively. Thus,
in the case of the batch culture, with varying cell concentration
and substrate concentration, glucose should be fed to the culture
medium periodically or continuously, and its concentration should
be constantly monitored.

Figure 1(b) shows the relationship between specific growth
rate of C. eutrophus B10646 cells and nitrogen concentration. If
the nutrient medium contains ammonium chloride, Cl- ions are
accumulated in the culture medium, and their concentration in
the cell culture asymptotically reaches their concentration in the
nutrient medium and acidifies it;32 thus, pH needs to be adjusted.
Therefore, in our experiments, we used urea as nitrogen source in
the culture medium: the urea molecule is completely assimilated
by bacterial cells, the ionic composition of the medium remains
unchanged, and, thus, no adverse effects occur, unlike in the case
of other nitrogen forms.

Experiments were carried out with varied nitrogen concentra-
tions in the nutrient medium to find the relationship between spe-
cific growth rate of C. eutrophus B10646 cells and nitrogen supply
and to determine nitrogen requirements of the cells. The nitro-
gen supply tested in these experiments was varied between 0.1
and 0.22 g g-1 of the cell biomass synthesized. The highest intra-
cellular nitrogen concentration at the highest specific growth rate
(about 0.24–0.27 h-1) reached 0.12± 0.005 g g-1. Nitrogen supply
below this value limits cell growth. In the case of excessive nitrogen
supply, its residual concentration in the culture medium increases.
At the same time, residual concentration of the element must
not drop below the critical level, i.e. the concentration gradient
between the medium and the cell must be large enough for
the rate of the diffusion of molecules toward the cell surface to
be greater than the rate of their consumption by the cells. On
the other hand, bacterial cultivation with considerable residual
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Figure 1. Specific growth rate of C. eutrophus B10646 cells in continuous culture as related to (a) glucose, (b) urea, (c) sodium hexanoate, and (d) sodium
acrylate concentrations (g L-1) in the culture medium.

concentrations of elements is technologically uneconomical, as
large amounts of mineral substrate will be wasted. Therefore, it is
important to know the lowest concentration of the element that
does not affect the process of bacterial cultivation. In continuous
culture, specific growth rate of the cells was not affected by resid-
ual nitrogen concentration varied within a wide range of 0.05 to
0.3 g L-1 (Fig. 1(b)). It is generally possible to reduce residual nitro-
gen concentration to trace amounts, but then this parameter must
be continuously monitored. Another important issue is that during
cultivation of bacterial cells on urea, ammonia produced in hydrol-
ysis of urea by bacterial urease may accumulate in the culture
medium. It has been found that in the case of using urea, about
half of the nitrogen in the culture medium is ammonia nitrogen.
If residual nitrogen concentration exceeds 0.3 g L-1, large amounts
of ammonia inhibit cell growth. Hence, during bacterial cultivation,
nitrogen should be constantly controlled. The saturation constant
(Ks) and inhibition constant (Ki) for nitrogen found in this study
were 0.005 g L-1 and 0.28 g L-1, respectively.

As sodium hexanoate is a necessary precursor substrate for syn-
thesis of P(3HB-co-3HHx) copolymers, experiments were carried
out with different amounts of sodium hexanoate added to the
culture medium. The relationship between specific growth rate of
C. eutrophus B10646 cells and sodium hexanoate concentration in
the culture medium is shown in Fig. 1(c). As this strain was selected
for sodium hexanoate tolerance, the physiological range of the
sodium hexanoate effect on this strain is rather wide. Cell growth is
inhibited by sodium hexanoate concentrations more than 4 g L-1;
the Ki for this strain is 3.96 g L-1.

Another substrate studied was sodium acrylate (Fig. 1(d)). When
fatty acids are added as a supplementary substrate, 𝛽-oxidation is
the most likely source of monomers for heteropolymer synthesis.
Short-chain-length FAs – butyric acid, valeric acid – are reduced
to D-𝛽-OH-derivatives during 𝛽-oxidation, skipping the main

pathway of monomer synthesis. These two monomers exhibit
high affinity for PHA synthase, and, thus, they are not involved
in the cycle of FA 𝛽-oxidation any more, but are immediately
directed to the synthesis of the polymer.33 When the synthesis of
P(3HB-co-3HHx) is induced by addition of sodium hexanoate, just
a small part of it is incorporated into the polymer as 3HHx, while
the major part is converted to 3HB after losing the C2-fragment
in reactions of 𝛽-oxidation. The reason may be that the affinity
of synthase for this monomer is two orders of magnitude lower
than for 3HB and 3HV, so the larger part of sodium hexanoate
goes through at least one cycle of 𝛽-oxidation. Hence, incorpo-
ration of 3HHx into the PHA can be enhanced by creating the
conditions favoring intracellular accumulation of this monomer.
3-ketoacyl-CoA thiolase inhibition is the most likely way to
suppress the 𝛽-oxidation reaction, which is responsible for the
shortening of the carbon chains of monomers, 3HHx in particular.
Acrylic acid is one of 3-ketoacyl-CoA thiolase inhibitors.18 Acrylic
acid strongly inhibits C. eutrophus B10646 cell growth (Fig. 1(d));
at concentrations below 0.3 g L-1, this substrate has no noticeable
inhibitory effect on the strain. At a sodium acrylate concentration
of 0.5 g L-1, specific growth rate of C. eutrophus B10646 cells drops
by nearly half, i.e. the Ki for acrylate is 0.23 g L-1.

Based on the relationships between substrate concentrations
necessary for P(3HB-co-3HHx) synthesis and specific growth rate of
C. eutrophus B10646 cells and the physiological ranges of effects of
these substrates on the strain found in the experiments described
above, we created the conditions necessary for the synthesis of
P(3HB-co-3HHx) in a two-stage batch culture (Fig. 2). In Stage
1, which lasted 32 h, cells were grown in medium containing an
excessive amount of glucose, under nitrogen deficiency. Instead
of 1 g L-1, 0.5 g L-1 of urea was added to the nutrient medium. After
24 h of cultivation, when cell concentration reached 3.0 g L-1 and
intracellular polymer content 28–30% of DCW, sodium hexanoate

J Chem Technol Biotechnol (2014) © 2014 Society of Chemical Industry wileyonlinelibrary.com/jctb



www.soci.org TG Volova et al.

Figure 2. Parameters of continuous culture of C. eutrophus B10646 (1 – end
cell concentration, X g L-1; P(3HB-co-3HHx) yield, % of DCW; 3HHx frac-
tion – mol%): (a) with a single addition of sodium hexanoate (1 g L-1) to the
culture medium; (b) with a single addition of sodium hexanoate (1 g L-1)
together with sodium acrylate (0.1 g L-1). Arrows show additions of sodium
hexanoate and sodium acrylate to the culture medium. Time of cultivation
72 h.

was added in one portion, at a non-inhibitory concentration
(1 g L-1) (Fig. 2(a)). In 8 h after sodium hexanoate was added to
the culture medium, the second stage of cultivation started: bac-
terial cells were grown in nitrogen-free medium, with controlled
glucose concentration maintained at levels that did not limit cell
growth. Bacterial biomass and intracellular polymer concentration
increased: at the end of the experiment (72 h), X (g L-1) was 7.5 g L-1

and copolymer content reached 85% of DCW. The 3HHx molar
fraction of the copolymer reached its maximum (11 mol%) at 40 h
after sodium hexanoate was added to the culture medium. Then,
however, the 3HHx fraction decreased while the molar fraction of
3-hydroxybutyrate increased. The end concentration of 3HHx in
the copolymer was 5.5 mol%.

Results of an experiment done in a similar fashion but with
sodium hexanoate and sodium acrylate (0.1 g L-1) simultaneously
added to the culture medium are shown in Fig. 2(b). The trends in
changes of the study parameters were similar to those in the pre-
vious experiment, but the simultaneous joint effect of two factors
(sodium hexanoate and sodium acrylate) inhibited cell growth,
although when added separately, the same concentrations of
these substrates had not caused any inhibition of cell growth

(Fig. 1(c), (d)). After 72 h of cultivation, cell concentration and
intracellular polymer content were 5.8 g L-1 and 72% of DCW,
respectively, or 14–23% lower than in the experiment with
sodium hexanoate alone added to the culture medium (Fig. 2(a)).
The maximum fraction of 3HHx was also reached at 40 h after
sodium hexanoate and sodium acrylate were added to the culture
medium, but it was larger (35 mol%). Then, as cell concentration
and intracellular polymer content grew somewhat, the 3HHx
fraction decreased while the 3HB fraction increased. The end
concentration of 3HHx in the copolymer was 25 mol%.

Thus, results of experimental studies showed that the highest
intracellular copolymer content and the largest 3HHx fraction of
the copolymer are reached at different times. Further research
is needed to maximize the major parameters of P(3HB-co-3HHx)
synthesis: bacterial biomass yield, total copolymer content, and
the 3HHx fraction of the copolymer.

A study of the conditions necessary for effective synthesis
of P(3HB-co-3HHx) in the culture of C. eutrophus B10646
In order to find the conditions for increasing cell concentration,
P(3HB-co3HHx) content, and the 3HHx molar fraction, in a series
of experiments, we varied the amounts of sodium hexanoate and
sodium acrylate added to the culture medium and used different
supplementation schedules while maintaining glucose and nitro-
gen concentrations of the medium within the physiological ranges
of their effects on C. eutrophus B10646.

Results of studying the effect of sodium hexanoate concentra-
tion in the culture medium on cell concentration, copolymer con-
tent, and the 3HHx molar fraction are shown in Fig. 3(a). Based on
the results suggesting a decrease in the molar fraction of 3HHx at
longer time intervals after the addition of sodium hexanoate to the
culture medium, the cultivation lasted no more than 40 to 48 h.
As sodium hexanoate concentration in the culture medium was
increased, the 3HHx fraction of the copolymer increased, too. The
highest molar fraction of 3HHx (12 mol%) was achieved at sodium
hexanoate concentration of 2 g L-1. The total biomass production
and copolymer yield remained almost unchanged: 4.7–5.0 g L-1

and 63–70% of DCW, respectively.
The other factor influencing the formation of 3HHx monomer

units is acrylic acid, which blocks the reactions of the fatty acid
𝛽-oxidation cycle. Results of studying the effect of sodium acrylate
concentration on the parameters of the C. eutrophus B10646 cul-
ture are shown in Fig. 3(b). Sodium acrylate concentration in the
culture medium was varied between 0.1 g L-1 and 1.0 g L-1, while
sodium hexanoate concentration was maintained at a steady level
of 1.0 g L-1.

From Fig. 3(b) we can see that as sodium acrylate concentration
was increased from 0.1 to 0.4 g L-1, the 3HHx molar fraction of the
copolymer increased from 5 mol% to 56 mol%, the cell concen-
tration showed little change, but polymer content decreased. At
sodium acrylate concentration of 0.5 g L-1, a decrease in cell con-
centration and an even more significant decrease in copolymer
content were observed, while the 3HHx molar fraction increased
to 65.7 mol%. As the concentration of sodium acrylate in the nutri-
ent medium was increased further (from 0.5 to 1.0 g L-1), the cell
concentration dropped to 3.3 g L-1 and polymer content to 25%
of DCW, whereas the 3HHx molar fraction remained rather high,
reaching 58 mol%.

Since sodium hexanoate and sodium acrylate simultaneously
added to the culture medium inhibited cell growth, we tried
adding these substrates portion-wise. The batch culture of C. eutro-
phus B10646 in the mode of PHA synthesis was supplemented with
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(a)

(b)

(c)

Figure 3. Parameters of the C. eutrophus B10646 culture (1 – end cell con-
centration, X g L-1; P(3HB-co-3HHx) yield, % of DCW; 3HHx fraction – mol%)
synthesizing P(3HB-co-3HHx) under different modes of sodium hexanoate
and acrylate supplementation of the culture medium: (a) under different
sodium hexanoate concentrations of the medium, without sodium acry-
late addition; (b) under different sodium acrylate concentrations of the
medium, with sodium hexanoate maintained at a steady level of 1 g L-1; (c)
dependent on the number of sodium hexanoate portions added to the cul-
ture medium (one portion of 0.5 g L-1) with sodium acrylate added at the
same time (one portion of 0.1 g L-1). Sodium hexanoate and sodium acry-
late were first added at 24 h of culture; subsequent additions were done
every 6 h. Time of cultivation is 48 h. In the experiment with five additions
of sodium hexanoate and sodium acrylate, cultivation lasted 54 h.

sodium hexanoate portions (one to five) (one portion of 0.5 g L-1)
every 6 h. Sodium acrylate was added simultaneously with sodium
hexanoate, at concentrations that did not limit cell growth of
the study strain (0.1 g L-1) (Fig. 3(c)). Intracellular polymer content
varied from 31% to 75% of DCW in different experiments, and
the 3HHx molar fraction reached 17–68 mol%. The largest molar
fraction of 3-hydroxyhexanoate (68 mol%) was achieved when
2.5 and 0.5 g L-1 of sodium hexanoate and sodium acrylate (total

concentration), respectively, were added to the culture medium;
the biomass yield in that experiment was 3.5 g L-1, and polymer
content was rather low (31% of DCW). The experiments showed
that the adverse influence of sodium acrylate on polymer synthe-
sis and biomass yield is greater than that of sodium hexanoate.
The highest 3HHx fraction of the copolymer was achieved when
sodium hexanoate and sodium acrylate were added to the culture
medium with decreased residual glucose concentration.

Thus, by varying the conditions of carbon supply and supple-
mentation schedules of the additional substrate (sodium hex-
anoate) and sodium acrylate, we managed to achieve increased
intracellular polymer content and biomass yield in C. eutrophus
B10646 culture and synthesis of P(3HB-co-3HHx) copolymers with
different 3HHx molar fractions, including high ones.

Physicochemical and mechanical properties
of P(3HB-co-3HHx) copolymers with different molar fractions
of 3HHx.
Physicochemical and mechanical properties of P(3HB-co-3HHx)
copolymers with different 3HHx molar fractions are given in
Supplementary Tables 1 and 2. Analysis of the influence of
the 3HHx molar fraction on molecular weight parameters of
the copolymers did not reveal any strong relationship between the
weight-average molecular weight of the polymer and the 3HHx
fraction (Mw/3HHx) (Supplementary Table 1). Melting tempera-
ture and thermal decomposition temperature of P(3HB-co-3HHx)
copolymers are generally lower than those of P(3HB), but no
clear relationship was found between these parameters and
3HHx molar fractions. It is important to note that a decrease in
the melting point and thermal decomposition temperature of
P(3HB-co-3HHx) does not reduce the characteristic difference
between these temperatures. The considerable (about 100 ∘C)
difference between Tm and Td is an essential processing property
of P(3HB-co-3HHx) copolymers. X-ray structure analysis revealed
significant influence of the 3HHx fraction on the crystalline to
amorphous ratio in different P(3HB-co-3HHx) samples. As the
3HHx molar fraction increased, the degree of crystallinity (Cx)
of the copolymers consistently decreased. By varying the 3HHx
molar fractions of P(3HB-co-3HHx) copolymers, we managed
to prepare thermally stable samples with significantly different
degrees of crystallinity.

Physical and mechanical properties of P(3HB-co-3HHx) copoly-
mers were studied in smooth 0.03-mm-thick films prepared from
solutions of copolymers with different fractions of monomer units.
The water contact angle of P(3HB-co-3HHx) was higher than that
of P(3HB), reaching 95.9–109∘ (Supplemental Table 2). No corre-
lation was found between the contact angle of diiodomethane
and liquid surface tension and the 3HHx molar fraction in polymer
films. At the same time, the polar part of liquid surface tension in
P(3HB-co-3HHx) films decreased significantly.

The mechanical properties of a polymer product largely depend
on the production technique employed and chemical composition
of the polymers used.5 Mechanical properties of P(3HB-co-3HHx)
films were considerably influenced by the molar fraction of 3HHx
in the copolymer. All copolymer films had significantly higher
values of elongation to break, as a parameter of polymer elasticity,
than films prepared from the highly crystalline P(3HB) homopoly-
mer (2.5%) (Supplemental Table 1). Elongation of P(3HB-co-3HHx)
films was enhanced as the 3HHx molar fraction of the copolymer
was increased: it was almost 40–50 orders of magnitude higher
in P(3HB-co-3HHx) films with 3HHx more than 60 mol% than in
the films with 12 mol% 3HHx. Higher elasticity of P(3HB-co-3HHx)
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films, characteristic of medium-chain-length copolymers, was
accompanied by lower mechanical strength of the films, expressed
as Young’s modulus and tensile strength. Young’s modulus of all
P(3HB-co-3HHx) films was considerably lower than that of the
homogenous P(3HB) (2071.2 MPa). As the 3HHx molar fraction
of the copolymers was increased (from 12 mol% to 68 mol%),
Young’s modulus dropped from 1286.4 to 217.0 MPa and tensile
strength – to 6.6–7.8 MPa. Hence, the degree of crystallinity and
mechanical properties of P(3HB-co-3HHx) products can be signifi-
cantly altered by varying the fractions of 3HHx monomer units in
the PHA.

DISCUSSION
The structure of this research was determined by the fact that bac-
terial culture synthesizing PHA copolymers is a very complex sys-
tem controlled by various factors. First, for PHA synthesis to occur a
sufficient amount of carbon substrate should be present in the cul-
ture medium; at the same time, substrate concentration should be
maintained within the physiological range for each specific strain,
to avoid both substrate deficiency and its inhibitory effect. Sec-
ond, to promote PHA accumulation, one of the substrates of con-
structive metabolism (for the study strain, this is nitrogen) must
limit cell growth. Third, the culture medium must contain precur-
sor substrate (sodium hexanoate) concentrations that would be
sufficient to enable 3HHx formation but would not profoundly
inhibit the cell culture. Fourth, in order to facilitate incorporation
of 3-hydroxyhexanoate into the P(3HB-co-3HHx) copolymers, reac-
tions of fatty acid 𝛽-oxidation should be blocked, e.g. by acrylic
acid, to prevent the carbon chain of sodium hexanoate from short-
ening; acrylic acid, however, may inhibit cell growth. Hence, to
achieve productive synthesis of P(3HB-co-3HHx) by the wild-type
strain C. eutrophus B10646, it was necessary to study the rela-
tionship between specific growth rate of the cells and concentra-
tions of glucose, nitrogen, sodium hexanoate, and sodium acry-
late and estimate the influence of these substrates on the yield of
P(3HB-co-3HHx) copolymers and their 3HHx fraction and on the
total production of bacterial biomass.

Synthesis of medium-chain-length PHAs is a complex process, as
it involves the use of precursor substrates, which are usually toxic
to PHA producing strains. Therefore, production of high yields of
bacterial biomass with high intracellular content of polymers that
contain MCL monomer units is a challenging task. As already men-
tioned above, the available literature describes synthesis and com-
position of PHAs produced by wild-type strains of various genera
(Ralstonia, Pseudomonas, Rhodospirillum, Rhodococcus, Thiocapsa,
Aeromonas, Ectothiorhodospirai), which generally contain rather
low molar fractions of medium-chain-length monomer units (from
2–6 mol% to 10–20 mol%). Various PHA-producing bacteria are
used and special cultivation modes are developed to attain high
yields of bacterial biomass and polymers and to produce polymers
with high molar fractions of MCL monomer units.

Another approach to synthesizing high fractions of MCL
monomer units is engineering recombinant producers of PHA
copolymers. The highest molar fractions of medium-chain-length
monomers, 3HHx, have been recently produced in the culture of
recombinant strain Cupriavidus necator Re2160/pCB113 with the
cloned PHA synthase gene of R. aetherivorans and an enol-CoA
hydratase gene from Ps. aeruginosa. Cultivation of this strain on
plant oils resulted in copolymer yield and 3HHx molar fraction
reaching 74% of DCW and 20–40 mol%, respectively.34 On crude
palm kernel oil and soybean oil (2.5 g L-1), the 3HHx molar fraction

reached 55 to 70 mol% and polymer yields 45–48% of DCW, and
the 3HHx fraction did not decrease in the steady-state phase
of the culture, as is usually the case, when the total polymer
yield is the highest.13 Insomphun et al. studied the influence of
deletion of some genes (fadB’, fadB1 and fadB2) on synthesis
of PHA copolymers by recombinant strain R. eutropha H16 and
showed that fadB1 deletion was effective for increasing the 3HHx
molar fraction in the copolymer, with the total PHA production
being rather high (65.7% of DCW).35 The 3HHx fraction reached
23.6 mol.% in the early phase of the culture, but then decreased
to 15.7 mol%.

In this study, high yields of P(3HB-co-3HHx) copolymers contain-
ing large molar fractions of 3HHx (reaching 50–68 mol%) were
synthesized by the wild-type strain C. eutrophus B10646. Kinetic
properties of the culture were studied in experiments with four
substrates involved in P(3HB-co-3HHx) synthesis: glucose (major
C-substrate); nitrogen (the factor limiting cell growth and inducing
accumulation of storage PHAs); sodium hexanoate (the precursor
substrate for synthesis of 3HHx monomer units); and sodium acry-
late (the factor blocking reactions of fatty acid 𝛽-oxidation cycle
and enhancing incorporation of 3HHx into P(3HB-co-3HHx)).

Based on results of these experimental studies, bacterial cells
were cultivated under different conditions of sodium hexanoate
and sodium acrylate supply. We studied the effects of the sodium
hexanoate and sodium acrylate supplementation schedules on
bacterial biomass production, copolymer content, and the 3HHx
molar fraction of the copolymer. We found that intracellular poly-
mer content and the 3HHx molar fraction of the copolymer
reached their peaks at different times, and that the combined
inhibitory effect of sodium hexanoate and sodium acrylate on
C. eutrophus B10646 cell growth was stronger than the separate
effects of these substrates. Synthesis of P(3HB-co-3HHx) copoly-
mers with 45–68 mol% 3HHx was achieved by using scheduled
portion-wise supply of sodium hexanoate and sodium acrylate;
the total P(3HB-co-3HHx) content varied from 25 to 54% of DCW,
depending on the number of supplementations and the duration
of the cultivation following supplementations. Thus, the parame-
ters of P(3HB-co-3HHx) synthesis by the wild-type strain C. eutro-
phus B10646 are comparable with the best results reported in the
literature,13 which were obtained by using the recombinant strain
Cupriavidus necator Re2160/pCB113 with the cloned PHA synthase
gene of R. aetherivorans and an enol-CoA hydratase gene from Ps.
aeruginosa.

The study of the properties of purified P(3HB-co-3HHx) sam-
ples with different monomer fractions showed that the molar
fraction of 3HHx influenced physicochemical properties of the
polymers. The molecular weight and temperature parameters
of P(3HB-co-3HHx) decreased as the molar fraction of 3HHx
increased, and this result is consistent with the data reported by
other authors.13,34 The molar fraction of 3HHx had the strongest
influence on the degree of crystallinity of copolymer samples,
decreasing the Cx to 20%, or more than threefold, when the 3HHx
molar fraction of the copolymer increased from 10 to 68 mol%.

The composition of P(3HB-co-3HHx) and the 3HHx molar frac-
tion have a considerable effect on mechanical properties of
P(3HB-co-3HHx) films. As the 3HHx molar fraction grows, the elas-
ticity of P(3HB-co-3HHx) films is increased considerably, as indi-
cated by elongation to break, which increases from several per
cent to several hundred per cent, while mechanical strength of
the films decreases to a similar extent, as indicated by tensile
strength and Young’s modulus. The trends of elasticity increase
and mechanical strength decrease with the increase in the molar
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fraction of 3HHx in the P(3HB-co-3HHx) copolymers, consistent
with the data reported by other authors,5,9,13,34 but the values
of elongation to break of P(3HB-co-3HHx) films are different. The
available data on elongation to break are very contradictory. Alata
et al. reported elongation to break of the copolymers with 12 mol%
3HHx to be equal to 579.5%.36 However, in the study by Zhao
and Chen, copolymers with the same molar fraction of 3HHx had
much lower elongation to break – 107.7%.37 Moreover, Asrar et al.
reported elongation to break of merely 25–60% for samples that
contained 8–13 mol% 3HHx.38 Chen et al. studied copolymers with
similar molar fractions of 3HHx (9.5 and 10%), but their elongation
to break differed almost tenfold: 43% and 400%, respectively.39 In
a study by Wong et al. no clear relationship was found between
molar fractions of 3HHx and elongation to break. Films with
32 mol% 3HHx had elongation to break of 856%, while elonga-
tion to break of a sample with 56 mol% 3HHx was only 368%.13

It is difficult to interpret these differences, as most of the authors
did not describe the conditions of producing P(3HB-co-3HHx) films
(whether they were produced from the solution or melt), the thick-
ness of the specimens tested, and their shape and size. The physical
and mechanical properties of the P(3HB-co-3HHx) films reported
in this study only characterize the thin films (0.03 mm) prepared
by the solvent evaporation technique.

Thus, by varying the 3HB and 3HHx composition of
P(3HB-co-3HHx) copolymers synthesized by the wild-type strain
C. eutrophus B10646 grown under different cultivation condi-
tions, one can alter physicochemical and mechanical properties
of the P(3HB-co-3HHx) products and prepare P(3HB-co-3HHx)
copolymers with high 3HHx molar fractions and with improved
properties.

ACKNOWLEDGEMENTS
This study was supported by the Russian Science Foundation
(grant No. 14-26-00039).

Supporting Information
Supporting information may be found in the online version of this
article.

REFERENCES
1 Valentin HE and Steibüchel A, Application of enzymatically synthesized

short-chain-length hydroxy fatty acid coenzyme A thioesters for
assay of polyhydroxyalkanoic acid synthases. Appl Microbiol Biotech-
nol 40:699–709 (1994).

2 Rehm BHA and Steinbüchel A, PHA synthases: key enzymes of PHA
biosynthesis, in Biopolymers. Polyesters I, ed by Steinbüchel A and Doi
Y. Wiley-VCH, Weinheim, pp. 73–215 (2001).

3 Rehm BHA, Polyesters synthases: natural catalysts for plastics.
J Biochem 376:15–33 (2003).

4 Steinbüchel A and Valentin HE, Diversity of bacterial polyhydroxyalka-
noiv acids. FEMS Microbiol Lett 128:219–228 (1995).

5 Laycock B, Halley P, Pratt S, Werker A and Lant P, The chemomechan-
ical properties of microbial polyhydroxyalkanoate. Prog Polym Sci
38:536–583 (2013).

6 Madison LL and Huisman GW, Metabolic engineering of
poly(3-hydroxyalkanoates): from DNA to plastic. Microbiol Mol
Biol Rev 63:21–53 (1999).

7 Wang HH, Zhou XR, Liu Q and Chen G, Biosynthesis of polyhydrox-
yalkanoate homopolymers by Pseudomonas putida. Appl Microbiol
Biotechnol 89:1497–1507 (2011).

8 Haywood GW, Anderson AJ, Williams GA, Dawes EA and Ewing DF,
Accumulation of a poly(hydroxyalkanoate) copolimer containing
primarily 3-hydroxyvalerate from simple carbohydrate substrates by
Rhodococcus sp. NICMB 40126. Int J Biol Macromol 13:83–87 (1991).

9 Doi Y, Kitamura S and Abe H, Microbial synthesis and characteri-
zation of poly(3-hydroxybutyrate-co-3-hydroxyhexanoate). Macro-
molecules 28:4822–4828 (1995).

10 Zhang S, Kolvek S, Goodwin S and Lenz RW, Poly(hydroxyalkanoic acid)
biosynthesis in Ectothiorhodospira shaposhnikovii: characterization
and reactivity of a type III PHA synthase. Biomacromolecules 5:40–48
(2004).

11 Choi J, Lee SY and Han K, Cloning of Alcanigenes latus of polyhydroxi-
alkanoate biosynthesis genes and use of these genes for enhanced
production of poly(3-hydroxybutirate) in Escherichia coli. Appl Envi-
ron Microbiol 64:4897–4903 (1998).

12 Jian J, Li ZJ, Ye HM, Yuan MQ and Chen GQ, Metabolic engineer-
ing for microbial production of polyhydroxyalkanoates consisting
of high 3-hydroxyhexanoate content by recombinant Aeromonas
hydrophila. Bioresource Technol 101:6096–6102 (2010).

13 Wong YM, Brigham CJ, Rha C, Sinskey AJ and Sudesh K, Biosyn-
thesis and characterization of polyhydroxyalkanoate containing
high 3-hydroxyhexanoate monomer fraction from crude palm ker-
nel oil by recombinant Cupriavidus necator. Bioresource Technol
121:320–327 (2012).

14 Yang YH, Brigham CJ, Budde CF, Boccazzi P, Willis LB, Hassan MA, Yusof
ZAM, Rha C and Sinskey AJ, Optimization of growth media com-
ponents for polyhydroxyalkanoates (PHA) production from organic
acids by Ralstonia eutropha. Appl Microbiol Biotechnol 87:2037–2045
(2010).

15 Sudesh K, Bhubalan K, Chuah JA, Kek YK, Kamilah H, Sridewi N and Lee
YF, Synthesis of polyhydroxyalkanoates from palm oil and some new
applications. Appl Microbiol Biotechnol 89:1373–1386 (2011).

16 Volova TG, Belyaeva OG, Gitelzon II, Kalacheva GS, Lukovenko SG and
Plotnikov VF, Production and research of microbial heteropolymeric
polyhydroxyalkanoates. Articles of the Russian Academy of Sciences
347:256–258 (in Russian) (1996).

17 Volova TG, Kalacheva GS and Plotnikov VF, Biosynthesis of heteropoly-
meric polyhydroxyalkanoates by chemolithoautotrophic bacteria.
Microbiology 67:420–424 (1998).

18 Green PR, Kemper J, Schechtman L, Guo L, Satkowski M, Fiedler S, Stein-
büchel A and Rehm BHA, Formation of short chain length/medium
chain length polyhydroxyalkanoate copolymers by fatty acid
𝛽-oxidation inhibited Ralstonia eutropha. Biomacromolecules
3:208–213 (2002).

19 Volova TG, Kalacheva GS and Steinbüchel A, Biosinthesis of
multi-component polyhydroxyalkanoates by the bacterium Wauter-
sia eutropha. Macromol Symp 269:1–7 (2008).

20 Syrvacheva DA and Zhila NO, The synthesis of medium-chain-length
polyhydroxyalkanoates. Vestnik Uralskoi medicinskoi akademich-
eskoi nauki. Tematicheskii vipusk po mikrobiologii, immunologii i
biotekhnologii (Herald of Ural Medical Academic Science. Thematic
issue of Microbiology, Immunology and Biotechnology) 4:203 (in
Russian) (2011).

21 Kozhevnikov IV, Volova TG, Hai T and Steinbüchel A, Cloning and
molecular organization of the polyhydroxyalkanoic acid synthase
gene (phaC) of Ralstonia eutropha strain B5786. Appl Biochem Micro-
biol 46:140–147 (2010).

22 Volova TG, Kiselev EG, Shishatskaya EI, Zhila NO, Boyandin AN, Syr-
vacheva DA, Vinogradova ON, Kalacheva GS, Vasiliev AD and Peter-
son IV, Cell growth and accumulation of polyhydroxyalkanoates
from CO2 and H2 of a hydrogen-oxidizing bacterium, Cupriavidus
eutrophus B-10646. Bioresource Technol 146:215–222 (2013).

23 Volova TG, Kiselev EG, Vinogradova ON, Nikolaeva ED, Chistyakov
AA, Sukovatyi AG and Shishatskaya EI, A glucose-utilizing strain,
Cupriavidus eutrophus B-10646: growth kinetics, characterization
and synthesis of multicomponent PHAs. PloS One 9:1–15 (2014).

24 Volova TG and Shishatskaya EI, Bacterial strain VKPM B-10646 – a pro-
ducer of polyhydroxyalkanoates and a method of their production.
RF Patent 2439143 (in Russian) (2012).

25 Schlegel HG, Kaltwasser H and Gottschalk G, A submersion method
for culture of hydrogen-oxidizing bacteria: growth physiological
studies. Arch Microbiol 38:209–222 (1961).

26 Standard Methods, in For the Examination of Water and Wastewater,
17th edn, ed by Clesceri LS, Greenberg AE and Trussell RR. American
Publication of Health Association, Washington (1989).

27 Pirt SJ, Principles of Microbe and Cell Cultivation. John Wiley & Sons, 274
pp. (1975).

28 Brandl H, Gross RA, Lenz RW and Fuller RC, Pseudomonas oleovorans as
a source of poly(beta-hydroxyalkanoates) for potential applications

J Chem Technol Biotechnol (2014) © 2014 Society of Chemical Industry wileyonlinelibrary.com/jctb



www.soci.org TG Volova et al.

as biodegradable polyesters. Appl Environ Microbiol 54:1977–1982
(1988).

29 Owens D and Wendt R, Estimation of the surface free energy of
polymers. J Appl Polym Sci 13:1741–1747 (1969).

30 Rabel W, Einige aspekte der Benetzungs-theorie und ihre anwen-
dung auf die untersuchung und veränderung der oberflächeneigen-
schaften von polymeren. Farbe und Lack 77:997–1005 (1971).

31 Kaelble DH, Dispersion-polar surface tension properties of organic
solids. J Adhesion 2:66–81 (1970).

32 Volova TG, Hydrogen-Based Biosynthesis. Nova Science Publication Inc.,
New York, 287 pp. (2009).

33 Haywood GW, Anderson AJ and Dawes EA, The importance of
PHB-synthase substrate specificity in polyhydroxyalkanoate synthe-
sis by Alcaligenes eutrophus. FEMS Microbiol Lett 57:1–6 (1989).

34 Riedel SL, Bader J, Brigham CJ, Budde CF, Yusof ZAM, Rha C and Sinskey
AJ, Production of poly(3-hydroxybutyrate-co-3-hydroxyhexanoate)
by Ralstonia eutropha in high cell density palm oil fermentations.
Biotechnol Bioeng 109:74–83 (2012).

35 Insomphun C, Mifune J, Orita I, Numata K, Nakamura S and Fukui T,
Modification of 𝛽-oxidation pathway in Ralstonia eutropha for pro-
duction of poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) from
soybean oil. J Biosci Bioeng 117:184–190 (2014).

36 Alata H, Aoyama T and Inoue Y, Effect of aging on the mechani-
cal properties of poly(3-hydroxybutyrate-co-3-hydroxyhexanoate).
Macromolecules 40:4546–4551 (2007).

37 Zhao W and Chen GQ, Production and characterization of terpolyester
poly(3-hydroxybutyrate-co-3-hydroxyvalerate-co-3-hydroxyhexa
noate) by recombinant Aeromonas hydrophila 4AK4 harboring
genes phaAB. Process Biochem 42:1342–1347 (2007).

38 Asrar J, Valentin HE, Berger PA, Tran M, Padgette SR and Garbow
JR, Biosynthesis and properties of poly(3-hydroxybutyrate-co-
3-hydroxyhexanoate) polymers. Biomacromolecules 3:1006–1012
(2002).

39 Chen Q, Liang S and Thouas GA, Elastomeric biomaterials for tissue
engineering. Prog Polym Sci 38:584–671 (2013).

wileyonlinelibrary.com/jctb © 2014 Society of Chemical Industry J Chem Technol Biotechnol (2014)



Table 1 

3HB and 3HHx fractions of P(3HB-co-3HHx) copolymers and their physicochemical and mechanical properties 

PHA composition  
(mol.%) Мw 

(kDa) Ð Сх (%) Тm (оС) 
 

Тd (оС) 
 

 E (MPa) σ (MPa) ε (%) 
3HB 3HHx 
100.0 0 920±15 2.52±0.01 76 180 295 2071.2±23.8 16.7±0.7 2.5±0.1 

88.0 12.0 440±19 3.10±0.05 56 170 275 1286.4±90.8 18.3±1.8 3.6±0.1 

75.4 24.6 620±25 5.42±0.04 53 167 270 1207.5±21.4 21.6±0.8 4.1±0.1 

57.0 43.0 310±9 3.88±0.04 54 176 282 938.0±14.1 19.0±0.3 5.0±0.1 

45.0 55.0 700±18 4.10±0.07 45 171 281 311.4±21.8 6.6±0.3 13.6±0.3 

34.3 65.7 680±24 3.90±0.04 35 173 276 209.5±17.0 7.8±0.7 140.6±5.5 

32.0 68.0 720±6 4.84±0.01 21 172 282 217.0±11.3 7.4±0.7 177.0±4.8 
Tm – melting point; Td – thermal degradation temperature; Cx – crystallinity; Mw – weight average molecular weight; D – polidispersity; E - Young’s 

modulus, σ - tensile strength, ε - elongation to break. 

 
 
 



 
Table 2 
Surface properties of the films prepared from solutions of P(3HB-co-3HHx) copolymers with different molar fractions of 3HHx  

 
PHA composition.  

mol.% Water contact 
angle (θ) 

 
Contact angle of 
diiodomethane 

(θ) 

Liquid surface 
tension (mN/m) 

 
Liquid surface 
tension – polar 
part (mN/m) 3HB 3HHx 

100 0 92.8±0.7 49.4±0.6 35.9±0.4 1.30±0.08 

88 12.0 95.9±0.9 38.3±1.3 40.7±0.6 0.34±0.07 

75.4 24.6 103.0±0.7 44.5±1.0 37.2±0.6 0.04±0.02 

57 43.0 106.2±0.8 48.4±1.1 35.2±0.6 0.03±0.02 

45 55.0 104.7±0.9 49.5±0.2 34.6±0.1 0.04±0.03 

34.3 65.7 109.0±0.5 46.9±0.9 36.1±0.5 0.14±0.03 

32 68.0 99.0±1.2 53.1±0.6 33.1±0.4 0.54±0.15 
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