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ABSTRACT

The article presents the results of a study on the possibility of synthesizing biodegradable poly(3-hydroxybutyrate-
co-4-hydroxybutyrate) [P(3HB-co-4HB)] from renewable waste fish oil (WFO) by the Cupriavidus necator
B-10646 bacterium. For the first time, waste oil generated during the processing of Sprattus balticus in the pro-
duction of sprats was used as the main carbon substrate for the synthesis of P(3HB-co-4HB), and ε-caprolactone
was used as a precursor instead of the more expensive γ-butyrolactone. Samples of P(3HB-co-4HB) with a 4HB
monomer content from 7.4 to 11.6 mol.% were synthesized, and values of the bacterial biomass yield and the total
yield of the copolymer were comparable with the control (where butyric acid was used as carbon source). The
following properties of the samples were studied: molecular weight, temperature characteristics, thermal behavior,
isothermal crystallization of melts, and the formation of spherulites. The renewable fatty substrate of complex
composition was used to synthesize samples of technologically advanced low-crystallinity P(3HB-co-4HB) with
significant proportions of 4HB, without impairing the physicochemical properties of the polymer. The biotech-
nological process involving the use of renewable WFO and ε-caprolactone can be employed to reduce the costs of
producing a promising “green” bioplastic and make it more affordable.
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1 Introduction

Bacterial polymers (polyhydroxyalkanoates, PHAs) play an essential role in the gradual replacement of
petroleum-derived synthetic plastics with degradable polymeric materials. PHAs are biodegradable polymers
with considerable potential in diverse applications: from agriculture, public utilities, textile and packaging
industries to biomedicine and pharmacology [1–5].
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Poly(3-hydroxybutyrate) [P(3HB)] homopolymer is the most studied representative of the PHA family.
However, this polymer is characterized by the high degree of crystallinity and the small difference between
its melting point and thermal degradation temperature. Therefore, P(3HB)-based products lack mechanical
strength and are brittle due to formation of large spherulites and secondary crystallization processes
[6–10]. A way to remedy the undesirable properties of P(3HB) is to synthesize PHA copolymers
containing, in addition to 3HB, monomers of a different structure (4-hydroxybutyrate, 3-hydroxyvalerate,
and 3-hydroxyhexanoate, etc.) [11–13].

PHA copolymers consisting of 3- and 4-hydroxybutyrate monomers [P(3HB-co-4HB)] have good
consumer properties and stand out from other PHA copolymers. Depending on the 4HB content, the
melting point of these copolymers varies considerably (from 40°C–50°C to 150°C–160°C). The degree of
crystallinity of such PHAs can be below 20%, and, therefore, products made of P(3HB-co-4HB)
copolymers exhibit high elasticity: their elongation at break exceeds the values of this parameter of other
PHA types by several orders of magnitude [14–17]. P(3HB-co-4HB) is completely biocompatible because
butyric acid is a natural metabolite of living organisms of various levels of organization. These
copolymers are subject to destruction in vivo not only by PHA depolymerases, but also by lipases, which
accelerate this process [18]. PHAs containing 4HB are considered among the most promising
biomaterials intended for medical applications [15].

The 4HB monomer units in the PHAs are described in the study by Professor Y. Doi [19]. The authors
found the presence of 4HB monomer units in samples synthesized by Cupriavidus necator (formerly known
as Ralstonia eutropha) during growth on 4-hydroxybutyric acid or 4-chlorobutyric acid as a carbon source.
After it was shown that Comamonas acidovorans is capable of synthesizing P(3HB-co-4HB) copolymers on
sugars using γ-butyrolactone or 1,4-butanediol as a precursor of 4HB, extensive in-depth research of these
copolymers was undertaken [20]. The main goal of the research was to find conditions for increasing the 4HB
content to 100 mol.%, that is, producing a homopolymer of 4-hydroxybutyrate. Synthesis of the P(4HB)
homopolymer was first performed in the culture of a recombinant strain of E. coli [21]. To date, a large
body of information has been accumulated on the synthesis of P(3HB-co-4HB) and P(4HB) by
recombinant and wild-type strains [14,17].

Resistant wild-type strains of various taxa (Cupriavidus necator, C. malaysiensis, B. sacchari, D.
acidovorans, A. lata, H. eudoflava, B. cereus, Aneurinibacillus sp.) are capable of synthesizing P(3HB-
co-4HB) copolymers with various 4HB percentages, from just a few mol.% to 96 mol.%. However, an
increase in the 4HB content, as a rule, follows an increase in the amount of the added precursors. This
reduces the overall production of bacterial biomass and synthesis of copolymers because of the toxicity of
the precursors. C. necator is considered as the most promising bacterium for the synthesis of PHAs,
including various copolymers [15,19].

Most studies report the synthesis of P(3HB-co-4HB) copolymers from sugars supplemented with γ-
butyrolactone as the 4HB precursor. These substrates make up a significant portion of the production
costs of these copolymers, increasing their market value and limiting their applications. Economic
analysis showed that in order to reduce the cost and increase the accessibility of P(3HB-co-4HB), glucose
and γ-butyrolactone should be replaced by cheaper substrates and strains capable of metabolizing such
substrates should be found [22].

For P(3HB-co-4HB) synthesis, glucose was replaced by the less expensive sucrose and acetate [23,24],
gluconate [25], methane [26]. Renewable wastes of various origins have been also studied as potential
substrates. These are glycerol (biodiesel production waste) [27], hydrolysates of renewable agricultural
waste [28–30], xylose [31], hydrolysates of wheat straw containing a mixture of pentoses and hexoses
[32]. Moreover, P(3HB-co-4HB) was synthesized from fat-containing substrates, including fatty acids
[33], soybean oil [34], and crude palm oil [35].
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Today, waste fat is being studied as a renewable carbon substrate for biotechnology. The amount of
waste fat generated globally every year is about 29 million tons [36]. Waste fat includes fatty acids, low-
grade vegetable oils and animal fats, and, more recently, fish processing waste. The prospects for
microbial valorization of fat-based substrates for PHA production indicate considerable potential of this
renewable source [34,37–39].

Waste fish oil (WFO) is a poorly studied carbon source for PHA synthesis. Renewable fish processing
waste (or fish waste) is a by-product generated during the production of food from fish. According to the
Technical Regulations of the Eurasian Economic Union TR EAEU 040/2016, “fish waste is the residue
generated during the production of fish food products that is unsuitable for the production of fish food
products”. This regulation came into force on 01.09.2017 and is a legislative requirement for all EAEU
member countries. Fish waste, as a rule, has increased fat content, which varies considerably and depends
not only on the fish species and age and time of catch, but also on the habitat and food supply, as well as
on the source (heads, entrails, fins, etc.) [40].

There are rather few available studies addressing WFO for PHA synthesis. It was found that PHA
synthesis is, in principle, possible from several fish processing wastes, including hydrolyzed pollock fat
[41], fatty acids extracted from fish processing waste [42], waste fat from tuna canning production
[43,44], wastewater from fish canning production [45], and fatty waste from Basa fish (Pangasius
bocourti) (Vietnam) [46,47]. PHA synthesis from waste fish oil generated during the processing of sprat,
mackerel, and pike-perch was recently described by our team [48].

The purpose of this work was to study the possibility of synthesizing P(3HB-co-4HB) copolymers using
renewable WFO as a growth substrate and ε-caprolactone as a precursor of 4HB and examine their
properties.

2 Materials and Methods

2.1 Materials
P(3HB-co-4HB) samples were produced at the Laboratory of Chemoautotrophic Biosynthesis at the

Institute of Biophysics of the SB RAS (Siberian Branch of the Russian Academy of Sciences). The wild-
type strain C. necator B-10646 capable of synthesizing copolymers of various monomer compositions
was used as a producer using the author’s cultivation technology [49].

2.2 Methods

2.2.1 Cell Cultivation Technique
The bacterial cells were cultivated in aerobic batch mode under sterile conditions at a temperature of

30°C in 1.0 L flasks in the PHA synthesis mode with a reduced nitrogen concentration in the medium
(Incubator Shaker Innova, New Brunswick Scientific, Edison, NJ, USA). Schlegel’s salt mineral medium
was used [50]. It was based on phosphate buffer (Na2HPO4, 9.1 g/L; KH2PO4, 1.5 g/L) containing a
source of magnesium (MgSO4, 0.2 g/L), iron (Fe3C6H5O7, 0.025 g/L), nitrogen source (NH4Cl, 0.7 g/L)
and a set of microelements (3 mL solution/L of medium; solution composition (g/L): H3BO3 (0.228),
CoCl2 × 6H2O (0.03), CuSO4 × 5H2O (0.008), MnCl2 × 4H2O (0.008), ZnSO4 × 7H2O (0.176), NaMoO4

× 2H2O (0.05), NiCl (0.008). WFO was used as the carbon substrate and its concentration in the nutrient
medium was 15 g/L, as described in detail earlier [48]. 3-caprolactone (C6H10O2) (Geyer GmbH & Co.,
Renningen, Germany) was used as a 4HB precursor. To avoid its inhibitory effect, the precursor was
added to the nutrient medium fractionally (a single addition varied from 0.5 to 2.0 g/L); the total
concentration of the precursor was from 1.0 to 4.0 g/L. Butyric acid at a concentration of 2.0–4.0 g/L as
the main carbon source was used as a control (C4H8O2) (Acros Organics, Geel, Belgium). In all
experiments, the duration of the cultivation process was 48 h.
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2.2.2 Cell Cultivation Technique
Waste fish oil from canning industry enterprises (the State Concern “Za Rodinu” and JSC “RosCon”

Kaliningrad region, Russia) was used as a renewable carbon source. The fat was obtained by a thermal
method from Baltic sprat (Sprattus balticus). The general chemical composition and content of individual
fractions (and their possible fluctuations) of the used fish waste (Baltic sprat heads) according to data
[51,52] are presented in Table 1.

The technological process for extracting fat from fish waste is schematically shown in Fig. 1. Fat was
extracted from pre-crushed fish waste (smoked sprat heads), after which it was mixed with water in a
1:1 ratio, heated and kept at a temperature of 90°C with stirring for 15–20 min. The cooled mixture was
centrifuged at 3000 g; the fat fraction of the supernatant was separated from the non-fat fraction by
decantation [53]. The resulting fat fraction was analyzed and used in the nutrient medium. The total
content of lipids, protein, carbohydrates in sprat oil was determined by conventional methods [54].

2.2.3 The Parameters of the Bacterial Growth Process
The total copolymer content in cell biomass and samples isolated from cell biomass and purified from

cellular metabolites were determined by gas chromatography of the preliminarily derived methyl ester
monomers (7890A/5975C Agilent Technologies, Santa Clara, CA, USA). The chromatography conditions
were as follows: carrier gas flow (helium) 1 mL/min; starting temperature 120°C, increase to 230°C

Table 1: Chemical composition and content of individual fractions in fish waste (Baltic sprat heads) (g/100 g)

Water Protein Minerals Total lipids Triacylglycerols Fatty acids (total)

65.5–76.0 12.0–20.0 4.5–7.5 6.0–15.5 5.8–6.2 5.7–6.2

Figure 1: Scheme of stages of thermal method of fat extraction from fish processing waste (smoked sprat
heads)
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(5°C/min), isothermal mode for 5 min, increase to 310°C (10°C/min), isothermal mode for 3 min. To
correctly determine the ratio of monomers and the content of 4HB in the copolymer, NMR spectroscopy
was used. 1H NMR spectra of PHA were recorded at room temperature in CDCl3 on a Bruker Avance III
600 spectrometer (Germany) operating at 600.13 MHz.

Extraction and purification of polymer samples and methods for analyzing physicochemical properties
have been described previously [49]. To study the molecular properties the size-exclusion chromatography
was applied (Agilent Technologies 1260 Infinity, Waldbronn, Germany; Agilent PLgel Mixed-C column).
Molecular-weight characteristics (the weight-average molecular weight (Mw), number-average molecular
weight (Mn) and polydispersity (Ð)) were determined. The melting point was determined from the
exothermic peaks in the thermograms (STARe software) using a DSC-1 differential scanning calorimeter
(Mettler Toledo, Schwerzenback, Switzerland); the thermal degradation temperature was determined by
the TGA2 (Mettler Toledo, Schwerzenback, Switzerland). The theoretical degree of crystallinity was
calculated using the formula Cx ¼ DHið Þ � DH0ð Þ, where ΔHi is specific enthalpy of melting of the
sample (J/g); ΔH0 is specific enthalpy of melting of 100% crystallized P(3HB), 146 J/g [55].

2.2.4 An Optical Study of Spherulite Formation
P(3HB-co-4HB) samples were subjected to isothermal crystallization at different temperatures, and their

morphology and radial growth rate were studied (polarizing optical microscope (Nikon, Eclipse E600 POL,
Tokyo, Japan) equipped with a heating stage (Linkam LTS420, Redhill, UK)). The samples were first melted
at 195°C for 3 min to destroy the thermal prehistory and then cooled to the desired (studied) crystallization
temperature. The growth rate of the spherulites (G) was calculated by measuring the radius (R) as a function
of crystallization time (t) and expressed in m/min. The observation was continued until the field of view was
completely covered by spherulites.

2.2.5 Statistics
All experiments were performed in five replicates (n = 5). Standard deviations and arithmetic means

were calculated using the generally accepted methods embedded in the Microsoft Excel software package
(Ver. 15.0.4420.1017). The Mann–Whitney test was used to compare groups (significance level p ≤ 0.05).

3 Results and Discussion

Growth media containing fat-containing substrates are heterophase systems of complex composition, in
which fat forms an “oil-in-water” emulsion. Such emulsions are thermodynamically unstable complex
systems, which can be separated into water and oil over time [56]. Emulsification of fat is necessary to
ensure its availability to microbial cells: metabolism of this substrate depends on the degree of
emulsification in the culture medium and the activity of lipolytic enzymes of the microorganisms. It is
known that lipases secreted by microbial cells into the medium catalyze hydrolysis of triacylglycerols
with the formation of free fatty acids and glycerol, resulting in an emulsion formation in the culture
medium at the interface between the fat and water phases; and the original complex substrate becomes
available to the cells, enters them and is metabolized [57]. Cupriavidus strains, similar to Bacillus sp. and
Halomonas sp., have lipase activity and are capable of hydrolyzing fats of various origins with the
formation of free fatty acids accessible to cells, in contrast, for example, to P. putida, for which the fat
must first be hydrolyzed [39,58]. Free fatty acids released from fat are the actual growth substrate for
microorganisms.

The WFO samples used as the growth carbon substrate contained 97.2 ± 2.9 of fat (total lipids), 0.40 ±
0.02 of carbohydrates, and 2.13 ± 0.15 of “crude” protein (total nitrogen × 6.25) (% of absolutely dry
material, ADM). The fat contained 20 fatty acids with different C-chain lengths, from 14 to 24 carbon
atoms. The dominant FAs were palmitic (28.0%), oleic (25.3%), docosahexaenoic (16.7%), and
eicosapentaenoic (8.7%) FAs. The content of stearic, linoleic, linolenic, and myristic FAs was determined
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at the level of 2.5%–4.5%. The content of long-chain monounsaturated fatty acids (C20 and C24) does not
exceed 1.1%–1.5%. Minor fatty acids (content less than 1%) are represented by saturated C15, C20 and C22,
as well as monounsaturated C16:1 and C17:1 FA. The total amounts of saturated and unsaturated fatty acids
are 38.5% and 61.5%, respectively.

3.1 Synthesis of P(3HB-co-4HB) Using Waste Fish Oil
The results of C. necator B-10646 cultivation and P(3HB-co-4HB) synthesis using WFO, a fat-

containing substrate of complex composition, compared with the control (sole substrate–butyric acid) are
presented in Fig. 2 and Table 2. The more affordable 3-caprolactone was used as a precursor of
4-hydroxybutyrate [59,60]. The precursor was introduced into the growing bacterial culture at 12 h from
the start of the process, fractionally by means of two additions (at 12 and 24 h of growth) in a
concentration that did not significantly inhibit bacterial growth (one dose contained 0.5–2.0 g/L of
ε-caprolactone). The duration of the process was 48 h, which is significantly shorter than in the case of
P(3HB) homopolymer synthesis (60–70 h). This is due to the fact that the highest rate of PHA synthesis
in a batch culture of PHA-producer strains, including C. necator B-10646, and the activity of the PHA-
synthase enzyme is characteristic of the exponential growth phase (the first 15–20 h from the beginning
of the cultivation). It was shown that the inclusion of 4HB monomers into the polymer chain is usually
observed 12–24 h after the precursor was added to the culture [61]. Further, as the culture ages and the
activity of intracellular PHA depolymerases increases, endogenous breakdown of PHA molecules occurs.
Thus, the content of polymer and monomers other than 3HB decreases against the background of an
increase in the content of 3HB monomers. Therefore, in the case of the synthesis of copolymer PHAs, it
is necessary to sacrifice the total PHA and the cell biomass yield, reducing the duration of the bacterial
growth process.

Figure 2: (Continued)
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The bacterial culture parameters in the control and in the experiment without the use of the precursor
were comparable. The precursor dosing mode affected the bacterial biomass yield, P(3HB-co-4HB)
yields, and the 3HB/4HB monomer ratio. At the same time, with the same precursor dosing mode in the

Figure 2: Parameters of the batch culture of Cupriavidus necator B-10646 grown on WFO as the main
C-substrate (A) with the addition of ε-caprolactone relative to the control (butyric acid) (B): total cell
biomass yield, X (g/L), intracellular content of P(3HB-co-4HB), % of CDW; content of 4HB monomers
in the copolymer (mol.%). The symbol «*» indicates a statistically significant difference from the control
when comparing groups using the Mann–Whitney test at a level of p < 0.05, n = 5. Arrows point at the
addition of ε-caprolactone

Table 2: P(3HB-co-4HB) synthesis parameters of C. necator B-10646 bacteria using WFO and ε-caprolactone
as a precursor of 4HB monomers

Number of ε-caprolactone
additions, S concentration
(g/L)

Х (g/L) P(3HB-co-4HB) 4HB
(mol.%)

Productivity (g/L·h)

(g/L) (%) Biomass, PХ P(3HB-co-4HB),
PP(3/4HB)

2 additions (0.5 + 0.5 g/L),
total 1.0 g/L

3.0 ± 0.3a* 2.0 ± 0.2a 66 ± 5a 7.4a 0.063 ± 0.007a 0.042 ± 0.005a

2 additions (1.0 + 1.0 g/L),
total 2.0 g/L

2.8 ± 0.3a 1.8 ± 0.3a 65 ± 4a 9.6ab 0.059 ± 0.007a 0.038 ± 0.005a

2 additions (1.0 + 2.0 g/L),
total 3.0 g/L

2.1 ± 0.3b 1.2 ± 0.3b 56 ± 6a 11.6b 0.043 ± 0.006b 0.024 ± 0.006b

Note: The letters indicate the significance of differences when groups are compared according to the Mann–Whitney test at the level of p < 0.05, n = 5;
identical letters indicate no significant differences.
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bacterial culture, the incorporation of 4HB into the polymer chain of 3-hydroxybutyrate occurred differently.
At a ε-caprolactone concentration of 1.0 g/L fed to the culture, the cell biomass yield, intracellular content of
the copolymer, and 4HB monomers (6.1–7.4 mol.%) did not differ statistically. In the case of a higher
precursor concentration (2.0 g/L) in the control (butyric acid) and in the treatment (WFO), the copolymer
and 4HB monomer contents were comparable (increasing to 9.6–9.7 mol.%). However, the inhibitory
effect of the precursor was evident. That negatively affected the biomass yield in the treatment, in
contrast to the control. A further increase in the precursor concentration (up to 3.0 g/L) enhanced
the inhibitory effect in the treatment. The value of X (g/L) and the yield of the copolymer decreased. The
content of 4HB in the control (19.0 mol.%) statistically significantly exceeded this parameter in the
treatment (11.6 mol.%). A further increase in the precursor concentration (up to 4.0 g/L) dramatically
inhibited the growth of cells in the treatment. By contrast, in the control, the 4HB content and the total
yield of the copolymer, as well as the yield of bacterial biomass, did not change. The use of several more
variants of the dosing regimens of ε-caprolactone in the culture of C. necator B-10646 did not allow us
to obtain copolymer samples in which the 4HB content would be higher than 11.6 mol.%.

Previously, in the culture of C. necator B-10646, using glucose as the main carbon substrate and
γ-butyrolactone as a precursor (the number of additions varied from one to 5-6), samples of P(3HB-co-
4HB) with a significantly higher content of 4HB, from 10 to 56 mol.% and 75 mol.%, as well as 3- and
4-component copolymers, respectively, P(3HB-co-4HB-co-3HV) and P(3HB-co-4HB-co-3HV-co-3HHx),
in which the 4HB content varied from 9 to 55 mol.% (valeric acid or valeric + hexanoic acids were
additionally used as precursors) were obtained [49]. In this paper, the authors did not discuss or take into
account the production parameters of the strain in terms of the total bacterial biomass yield, since they
mainly considered the composition of the copolymers and their 4HB content. At the same time, it was
shown that the bacterial biomass yield with a large amount of precursor additions and high 4HB content
was extremely low, about 0.30–0.50 g/L (unpublished data of the authors of the present article).

The production parameters of C. necator B-10646 culture grown on WFO with the addition of ε-
caprolactone in different concentrations are given in Table 2.

Thus, the production parameters of the C. necator B-10646 bacterial culture in terms of bacterial
biomass yield (X (g/L)), total copolymer yield (P(3HB-co-4HB) (g/L), as well as the process productivity
in terms of biomass and copolymer (PX and PP(3/4HB)) during growth on WFO decreased with an increase
in the precursor concentration to 3.0 g/L (Table 2). At the same time, in general, the possibility of
synthesizing P(3HB-co-4HB) copolymers with the inclusion of 4HB monomers from 7.4 to 11.6 mol.%
with satisfactory parameters in terms of the total bacterial biomass yield (X (g/L)) was shown, using
WFO derived from accessible and renewable fish processing waste.

The review of the literature showed that the ability of wild-type and recombinant Cupriavidus strains to
synthesize P(3HB-co-4HB) with a 4HB monomer content from units to 90–96 mol.% when they were grown
on sugars and γ-butyrolactone as a precursor has been studied and discussed in many publications, including
reviews [14,15,17]. However, data on the synthesis of P(3HB-co-4HB) on fat-containing substrates, mainly
on vegetable oils and low-grade animal fats and their waste, are very limited. At the same time, the synthesis
of P(3HB-co-4HB) copolymers on fatty waste from fish processing is reported in only one work. The
bacterium Salinivibrio sp. M318 (VTCC910086) grown on fish processing waste and glycerol with the
addition of 1,4-butanediol, γ-butyrolactone, or sodium 4-hydroxybutyrate synthesized copolymers P(3HB-
co-4HB) with yields of bacterial biomass and copolymer, respectively, up to 9.8–10.2 g/L and 49.2%–

54.6%, but the content of 4HB did not exceed 5.2–5.9 mol.% [62].

In the present work, P(3HB-co-4HB) productivity in the experiment with C. necator B-10646 grown on
WFO in flasks was close to the values found for wild-type Cupriavidus strains, but was somewhat inferior to
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recombinant strains [27,63]. This is significantly inferior to the productivity parameters for the synthesis of
the P(3HB) homopolymer (3.14 g/L·h) [5]. Thus, in general, the synthesis of PHA copolymers is less
productive.

In synthesis of copolymers, the affinity of PHA synthases to certain monomers is of great importance for
the production of PHA copolymers and the content of monomers of different structures [64]. The results of
the P(3HB-co-4HB) synthesis in the Cupriavidus sp. culture demonstrate that the activity of PHA synthase is
the “bottleneck” in increasing the 4HB content of copolymers [65]. However, this aspect of PHA
biosynthesis still represents an insufficiently studied niche today. Therefore, the study of PHA synthases
in new wild-type and engineered PHA producers, as well as in new strategies for conducting biosynthesis
processes on complex C-substrates, is important for planning and organizing efficient processes for the
production of technological PHAs [14,15,17]. The detected decrease in the incorporation of the studied
precursors into 4HB in the case of P(3HB-co-4HB) synthesis by C. necator B-10646 cells during growth
on WFO (a complex fatty substrate) compared to a sole substrate (butyric acid) may also be associated
with the mechanism of precursor transport into cells. However, this complex issue requires additional and
special studies.

3.2 Properties of P(3HB-co-4HB) Synthesized on Waste Fish Oil
PHA properties (temperature characteristics, molecular weight, degree of crystallinity) vary significantly

depending on the composition and ratio of monomers; this makes it possible to obtain products with different
physical and mechanical characteristics. The chemical composition of polyhydroxyalkanoates and the
resulting properties are determined by the physiological and biochemical characteristics of the PHA
producer strains and the substrate specificity of PHA synthases responsible for the assembly of monomers
into PHAs, as well as the conditions of carbon nutrition and the biochemical pathways by which the C-
substrate is metabolized [66].

A few publications show that the polymer usually synthesized from fat-containing substrates, including
WFO, is the poly(3-hydroxybutyrate) homopolymer, although isolated cases of copolymer formation have
been reported. For example, Salinivibrio sp. M318 (VTCC910086) grown on WFO and glycerol
synthesized only poly(3-hydroxybutyrate), but it synthesized poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) [P(3HB-co-3HV)] copolymers when propionate was added and P(3HB-co-4HB)
copolymers when 1,4-butanediol, γ-butyrolactone, or sodium 4-hydroxybutyrate was added [62]. Some
Pseudomonas strains synthesized polymers containing, in addition to 3HB, medium-chain monomers,
with 2–3 mol.% of 3-hydroxyhexanoate, and 3-hydroxyoctanoate and 3-hydroxyhexanoate dominated
when they were grown on the fatty waste of the Alaska pollock fish [41]. Synthesis of P(3HB-co-3HV)
copolymers was detected in C. necator TISTR 1095 cells grown on the wastewater of a tuna cannery
[44]. When WFO was used as a carbon substrate for the cultivation of the C. necator B-10646 strain
studied in this work, it mainly synthesized P(3HB), but in some cases it synthesized a three-component
polymer with a dominant fraction of 3HB monomers and a minor content of 3-hydroxyvalerate and 3-
hydroxyhexanoate monomers [48].

The use of WFO or butyric acid (control) as the main growth substrate and ε-caprolactone as the
precursor made it possible to synthesize P(3HB-co-4HB) copolymers with different 4HB contents; their
chemical composition and properties are illustrated in Table 3 and Fig. 3–7.

The inclusion of 4HB in the structure of P(3HB-co-4HB) was confirmed by NMR. Fig. 3 shows, as an
example, the 1H NMR spectra of P(3HB-co-4HB) samples with similar contents of 4HB (9.6 and 9.7 mol.%),
synthesized on WFO and on butyric acid. Both spectra are equivalent and do not depend on the type of
substrate used.

JRM, 2025, vol.13, no.3 421



Table 3: Chemical composition and properties of P(3HB-co-4HB) samples synthesized by C. necator B-
10646 grown on WFO and butyric acid

Sample
number

Composition of
copolymers
(mol.%)

Mn

(kDa)
Mw

(kDa)
Ð Cx

(%)
Tmelt

(°C)
Hmelt

(J/g)
Tdegr

(°C)
Tg

(°C)
Tc
(°C)

3HB 4HB

The main substrate is WFO

1 92.6 7.4 332 593 1.8 40 143 58 275 –2.7 50

167 57

2 90.4 9.6 199 419 2.1 28 138 41 285 –2.1 55

160 55

3 88.4 11.6 160 330 2.1 33 128 48 258 –4.1 49

156 48

The main substrate is butyric acid (control)

4 93.9 6.1 170 376 2.2 42 135 62 265 –1.7 50

154 58

5 90.3 9.7 172 389 2.3 20 126 30 275 –4.1 52

167

6 81.0 19.0 120 317 2.6 16 158 24 264 –4.1 52
Note: Mn—weight average molecular mass; Mw—number average molecular mass; Ð—polydispersity; Cx—crystallinity; Tmelt—melting point;
Hmelt—enthalpy of melting; Tdegr—thermal degradation temperature; Tg—glass transition temperature; Tc—crystallization transition temperature.

Figure 3: 1H NMR spectra of copolymers synthesized by C. necator B-10646 grown on WFO (A) and
butyric acid (B)
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For a comparative study of the physicochemical properties of P(3HB-co-4HB) copolymers synthesized
on WFO or butyric acid, samples with similar 4HB contents were selected (Table 3).

Analysis of the molecular weight characteristics of the copolymers produced in this study (Table 3,
Fig. 4) showed that in the treatment and in the control, as the 4HB content increased, there was a
decrease in the molecular weight values. This is typical for the PHA copolymers in contrast to P(3HB).
When WFO was used, a decrease in Mn from 332 to 160 kDa (Mw from 593 to 330 kDa) was noted with
an insignificant increase in polydispersity (Ð). A similar pattern is typical for the control. At the same

Figure 4: Chromatograms of molecular weight distribution of P(3HB-co-4HB) samples synthesized on
WFO (A) and butyric acid (control) (B). Sample numbering corresponds to Table 3

Figure 5: Thermal characteristics (DSC, TGA) of P(3HB-co-4HB) samples synthesized on WFO (A) and
butyric acid (control) (B). Sample numbering according to Table 3
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time, in general, the molecular weight characteristics of the P(3HB-co-4HB) samples synthesized on WFO
are 1.5–2.0 times higher than those of P(3HB-co-4HB) synthesized on butyric acid with a similar content
of 4HB.

PHA molecular weight is a highly variable parameter, significantly depending on the cultivation mode
and duration, the polymer extraction procedure and other factors; therefore, the data on the molecular weight
may differ significantly [67]. The published data on the molecular weight characteristics of PHA containing
4HB synthesized from fat-containing substrates as the main carbon source vary widely [61,68].

On the thermograms double wide melting peaks were recorded for all samples (Fig. 5) and melting
points lower compared to P(3HB). In the experimental group, an increase in the 4HB content leads to a
decrease in the melting point from 167°C to 156°C and a decrease in the enthalpy of melting (Table 3). A
decrease in the enthalpy of melting indicates a decrease in the degree of crystallinity and amorphization
of the samples with an increase in the 4HB monomer content. In the control group, the sample with a
4HB content of 9.7 mol.% had the highest melting point, 167°C. A decrease in the glass transition
temperature is also noted in both groups with an increase in the 4HB content. The lowest glass
transition temperature of –4.1°C was recorded for the sample with a 4HB content of 11.6 mol.% in the
treatment group and for the samples containing 9.7 and 19 mol.% (control group). All samples
demonstrated good thermal stability; thermal degradation of the samples began when they were heated
above 250°C, and the maximum rate of weight loss was reached in the temperature range of 274°C–
302°C. In both groups, the best thermal stability was noted for samples with 4HB monomer contents of

Figure 6: Isothermal crystallization of P(3HB-co-4HB) samples with different 4HB monomer contents
synthesized on WFO (A) and butyric acid (control) (B). Sample numbering according to Table 3
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9.6 and 9.7 mol.%; the thermal degradation temperature was 285°C and 275°C with a maximum weight loss
at 302°C and 298°C, respectively.

Jo et al. points to a decrease in the degree of crystallinity with an increase in the 4HB content, as well as
the appearance of cold crystallization peaks, which the authors associate with an increase in chain
randomness [69]. Double melting peaks and lower melting point (158°C) than for P(3HB) (170°C) and

Figure 7: Morphology of spherulites of P(3HB-co-4HB) samples with different 4HB monomer contents,
synthesized on WFO (A) and on butyric acid (control) (B), formed during isothermal crystallization of
copolymer melts at different temperatures. Bar = 100 μm (sample numbering according to Table 3)
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crystallinity degree of 40% were observed for the copolymer with 4HB content of 19 mol.%, which was
synthesized by Comamonas acidovorans on mixed carbon sources (n-butyric acid and 1,4-butanediol) [70].

Crystallization kinetics plays a central role in determining the mechanical properties of polymer
products. This indicates the importance of studying this process in PHA. Fig. 6A,B illustrates the
crystallization and melting of the obtained P(3HB-co-4HB) crystals with different 4HB contents, under
isothermal conditions at different temperatures (60°C, 70°C, 80°C, 90°C, 100°C). For all samples, the
crystallization enthalpy rises with increasing crystallization temperature, which may be due to the
emergence of nucleation difficulties at higher temperatures. In the melting thermograms of crystals
obtained by crystallization at 60°C, the melting peaks have a small shoulder on the side of low
temperatures. With increasing crystallization temperature, this shoulder develops into a separate peak, the
area of which increases. Thus, all thermograms of crystallization at high temperatures have two peaks:
one in the region of low temperatures (138°C–157°C) and the other in the region of higher temperatures
(154°C–169°C). The position of the first peak is not constant, and with an increase in the crystallization
temperature it shifts towards higher temperatures; the location of the second melting peak on the
thermogram does not differ significantly. In many studies, double melting peaks for copolymers of this
type are associated with the formation of two phases: a phase enriched in molecules containing 4HB and
forming defective crystals and a phase enriched in 3HB, in which more perfect crystals with a higher
melting point are formed [71].

This behavior during isothermal crystallization is typical for all PHA copolymers. Increasing the content
of monomers other than 3HB disrupts the regularity of the P(3HB) chain, which hinders crystallization, but
can also promote crystallization due to the higher flexibility of some monomers compared to 3HB at the
corresponding isothermal temperatures. The presence of other monomers in the P(3HB) chain reduces the
rate of crystallization; however, an increase in the flexibility of the copolymer chain above a certain
content of other monomers can lead to an increase in the rate of crystallization and the formation of
defective crystals [67,71–73].

Spherulites are the most common crystalline form of PHAs, formed upon rapid cooling of melts or upon
precipitation from a concentrated polymer solution [74]. Typically, PHAs are characterized by the formation
of extremely large spherulites under certain crystallization conditions [75]. In semicrystalline PHAs,
crystallization occurs near the equilibrium state, at which crystalline lamellae develop into spherulites
[76]. It was found that PHAs can form non-striped and striped spherulites by isothermal crystallization
from a thin melt at both low and higher crystallization temperatures [77]. The present study shows that
the change in the ratio of crystallization and diffusion rates is the reason for the change in spherulite
morphology. The shape and size of spherulites in PHA are influenced by many factors, with the key
factor being the temperature at which crystallization occurs. The periodicity and regularity of the
spherulite band structure can change depending on the crystallization conditions, as well as the molecular
weight of the polymer [78].

The morphology of spherulites of P(3HB-co-4HB) samples with different 4HB contents synthesized by
C. necator B-10646 cells grown on WFO and butyric acid (control) is shown in Fig. 7.

A typical pattern–“Maltese cross” and concentric bands—was recorded for all the studied P(3HB-co-
4HB) samples during crystallization, regardless of the type of the main carbon substrate used and the
monomer ratio in the entire studied crystallization temperature range of the copolymer melts (70°C, 80°C
and 90°C). The dependences of the change in the spherulite sizes of the studied P(3HB-co-4HB) samples
on the crystallization temperature at all values of the content of the molar fraction of 4HB, as well as in
the treatment on WFO and in the control (butyric acid), were comparable. Larger spherulites were formed
at higher crystallization temperatures and a higher 4HB content of the P(3HB-co-4HB) samples. Thus, at
a temperature of 70°C, the size of spherulites varied from 200–300 µm to 1–2 mm, depending on the
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4HB content. At a temperature of 90°C, the range of changes in the size of spherulites was significantly
wider, ranging between 1.5 and 3.0 mm or more. This is presumably associated with the observed lower
nucleation density at a higher crystallization temperature and is consistent with the results obtained by
Hobbs et al. [78].

The size of the spherulites increased linearly throughout the process and regardless of the crystallization
temperature until the moment of collision. This indicates a constant spherulite growth rate for P(3HB-co-
4HB) throughout the crystallization process. The nature of the temperature dependence of the growth rate
of spherulites of the P(3HB-co-4HB) samples was practically independent of the 4HB content in the
copolymer. However, minor differences were revealed in the maximum value of the spherulite formation
rate at similar 4HB contents for samples synthesized on WFO and on butyric acid (control). The
maximum values of the rate were recorded at a temperature close to 85°C. For example, for samples with
similar 4HB monomer contents (9.6 and 9.7 mol.%), the values were 1.32 and 0.95 μm/min for the
samples produced on butyric acid and WFO, respectively. Thus, the type of the main carbon substrate did
not have a significant effect on this parameter.

Regardless of the type of the main substrate, the maximum value of the spherulite growth rate was
proportional to the 4HB content. A similar nature of spherulite formation was found for both the highly
crystalline P(3HB) homopolymer and the PHA copolymers containing 3-hydroxyvalerate (P(3HB-co-
3HV)) [73] and 3-hydroxyhexanoate-P(3HB-co-3HHx) [72]. In that case, the maximum spherulite growth
rate for P(3HB-co-4HB) significantly differed from this parameter (more than 3 μm/min) for P(3HB). A
similar dependence was also described by You [79].

This fact allows us to state that for the P(3HB-co-4HB) copolymers, the effect of 4HB on the
crystallization behavior is complex and is determined by the competition between two factors. On the one
hand, the crystalline structure of the P(3HB) fraction is disrupted by the inclusion of 4HB in its chain.
This leads to a decrease in the crystallization ability of P(3HB). On the other hand, the introduction of
4HB into the 3HB monomer chain can improve the mobility of macromolecular chains. This was also
shown by Wen et al. [80]. However, this effect, favorable for crystallization, apparently does not depend
on the type of C-substrate used.

In general, the obtained results are consistent with the few studies performed by other authors on the
crystallization and formation of spherulites during isothermal crystallization of melts of P(3HB-co-4HB)
samples synthesized by other strains on glucose as the main substrate [80].

4 Conclusion

The present study investigated synthesis of the P(3HB-co-4HB) copolymer, which is one of the most
promising bioplastics among the degradable microbial PHAs, using a renewable growth substrate waste
fish oil. The aim of the study and the results obtained correspond to the current trend of the wider use of
biopolymers that degrade in the environment to form safe substances, and contribute to the modern
concept of “circular economy”. P(3HB-co-4HB) copolymers with 4HB ranging between 7.4 and
11.6 mol.% were synthesized for the first time by Cupriavidus necator B-10646 using renewable waste
fish oil (WFO) generated in Baltic sprat processing as a growth substrate and 3-caprolactone as a 4HB
precursor. The physicochemical properties of the copolymers synthesized in the current study were
comparable with those of the P(3HB-co-4HB) copolymers produced from a sole substrate (butyric acid),
including a reduced degree of crystallinity (up to 16%). The use of renewable WFO and 3-caprolactone
reduces the costs of producing these promising bioplastics and increases their accessibility without
deteriorating their physicochemical properties.
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